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Preface

A Ithough study of the physiology of the fung: has not
kept pace with that of for example bactenal metabohism 1t has 1n
recent decades had much the same development It seems far to say
that there have been two disparate types of study Research on some
problems—reproduction parantsm development—has been with sig
mificant but not very numerous exceptions descriptive At the other
extreme 1t has been possible to develop basic biochemical knowledge
on the imphcat assumption that the microbial cell 15 a small bag of
enzymes which only require to be extracted and enumerated Our
need now 15 to extend the valuable results of the abstract analstical
study to the type of problem that has remamed 1n the deseriptive
natural history stage

This howeser 1s for the future  We work with what we have and
1t 13 the purpose of this book to summanze and organize our knowledge
of the physiology of the fungi indicating whenever possible some of
the problems that Lie immediately ahexd  If there 1s one guiding prin
aple 1t 15 that the fungi however unusual or umique they may be as
functiomng mtact orgamsms can be studied at the cellular and moleen
Iar levels only by talung account of the findings of other disciplines
particularly bactenal physiology This 15 the pomt of view of com
parative biochemustry No doubt 1 a decade or two some more
useful prinaple of orgamzation will emerge but for the present an
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PRLFACE n

In the nameng of orgamsms I have followed the vsage of the ong
mal author unless confuston s thereby introduced A few excep
tons to this rule have been mude eg in the use of Streplomyces
for the aerobic actinomycetes forming comdia 1 chains

‘Two important and mnteresting topics have been almost entirely
omited the genetics of fungm and the nteractions of fungy with
other orgamsms m nature  Both of these subjects deserve moTe space
than could here be given to them and the second—the ecology of
fungi—probahly requires a tpe of conceptual approack different
from chat of this book

Individual chapters hise been rerd tn manusenpt by § H Hutner
Fredenck Aavanagh Albert helner Leomard Machls § E A
McCallan W C Spyder and C E Yarwood It 35 a pleasure o
acknowiedge their advice and help 1 am grateful too to the many
authors and publishers who have allowed me to use published mate
] and to the staffs of the Olin Library of Wesleyan Uneversity the
Mann Library of Cornelt Umversity and the New York Agrrcultural
Experiment Staton Library

A consrderable part of the work embodied here was done duting a
szbbatical leave spent as guest of the Department of Plant Pathology
af the University of Gahforma at Berkeley to the members of which
1am greatly indebted  The Board of Trustees of Wesleyan Umnisersity
geaerausty provided support for this period

Jean Conn Cocbrane has given ipvaluable assistance 1n all phases
of preparation of the manuscrspt which without her help would have
been poorer 1n quahty and later 1n appearance

ViNeeNT W Coctirane
October 1953
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ordening of knowledge around this central prinaple seems vahd
To stress the fundamental brochemucal stmularities of all orgamsms
15 10 assert 1n 3 concrete the general pray of the vnuy
of all ving things the umity of the saence of biology The separa
tion of the vanous fields of brology has caused mcaleulable damage
ta all posubly most to the botantcal scences  This 15 not to denv
the need for spectalization within brology but when this speaialization
reaches the point where a student can for example be conmidered
well tramned tn botany without having had any contact with ammal
scrences or with bactertology 1t seems time to reconsider Some way
must be found both at the teaching and at the research level to
ensure that biologsts of all sorts wall be conversant with each others
problems and will be able to draw on each other s experience in the
b 1on of thar own specal
The hiterature on the physiology of fungs 1s very large and 1s grow
g rapidly  Much of 1t 15 of necessity repetitious and himited 1n scope
to particular organisms or to pracucal applications  Same of 1t fmls
to meet criteria of accuracy or logic I have attempted to exercise
the authors prerogative of selection so as to exclude work which m
my judgment falls mto eicher category However 1 have preferred
to err on the sile of citng too much Iterature rather than too hrtle
Al inclusneness s of course out of the guesuon the references are
designed to pne drately most of the work af the last three
decades and to open up the enure lierature for the student or re
search worker In this connection 1t 1s to be regretted that the old
fashioned review of the literature has been largely squeezed out of
medern journal arucles  Ne doubt 1t was often overdone and wasted
valuable space but the current practice of publishing the past month s
work 10 the form of a letter to the edstor has cven less 1o recom
mend 3t
Professor Frank Dichens once spoke 1n a seminar to the effect that
for the purposes of biochemistry the veasts are considered to be am
mals  With something of the sort m nund I have omitted much of
the physiological work on yeasts feehng that 1t has been well treated
elsewhere and that its importance to the filamentous fung 1s of a back
ground nature only On the other hand ¥ have mcluded the aerobic
actnemycetes on the ground that ecologically and physiologically
they have close affimues to the true fungt  Both groups are filamen
tous both require oxygen for growth both form exogenous spores
and both occur 1n stmilar habitats  The scope of the book 1s then
the filamentous fungt and actnomycetes and that work on the yeasts
which has a direct beaning on the physiology of the true funge
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1 Cultivation
and
Growth

r,[;lc prease defimuion of growth in fungt depends on

the method of measurement used  Most methods determune directly
or wndirectly the mcrease 1 mass of an moculum after a known
cubation 1n a complete medium  Increase 1 mass or in number of
cells may therefore be used as an operanonal defimuon of growth

In considening chinvation nd grow th we shall first concem ourselves
with methods of culuvauon and preservation of fungy the dynamics
of growth dimorplism and the measurement of grawth  Then we
wrmn to external factors—temperawre  hydrogen san concentration
oxygen carbon diovide and water—as they affect growth The same
external conditions also influence spore germmauon (Chapter 12)
radiant energy cfects are tiken up in Chapter 13

1 MEHODS OF CULTRATION

Culwres of fung: are usually mamtained on canventional agar slants
and the agar petrs dish has been employed 1n expernimental wark  Most
quantitatve studses however require a hiquid medwum which may be
either surface (still) or submerged (aerated) culture

The general techmque of surface culture 15 too well known 10 require
deseription here It 1s not always realized that normal zerabe grawth
can be obtamned only if the moculum floats on the surface of the
hquid  Many spores float naturatly for those that da nat use of a
bran cultivated snocutum (206) or incluston of a small amount of agar

i






METHODS OF CULTIVATION 3

for Ustslago zeae and 56 mM per liter per hour for Aspergillus miger
{97} Rates of of this magmtude require an app m
which a stenle medium can be agatated and aerated  Vanous labora
tory scale dewrces have been described (10 55 142 168 252) and some
are iy lable Th 1 and practical problems of de
stgn have been studied in several taboratorses (9 49 68 97)

Growth on solid media other than agar 1s useful in special problems
such matersals mnclude soul (224 260} sawdust (6) bran (206) and
cotton (25) The use of plant materals sterthized by treatsment with
propylene oide 1 particularly valuable sn the wduction of sporula
tiont (Chapter 1) and may have wider apphcation i the study of
physiology

The moculum used for coltures 15 usually a populatien of spores
from an agavr slant A common occurrence tn the fungr 1s the replace
ment of the normal type by a var:ant ansing in culture ths develop
ment has been analyzed espectally with regard to sporulatson  Other
examples include the loss of biochermeal capacities (63) charge iz
virulence to a host plant (202) and change sn assimilatory capacity
(246) The ultimate recourse 15 to preservauon of cultures i a
dormant state (p 4) Methods of obtaining single spore cultures of
{ungy are reviewsd by Hhldebrand (136} such cultures may be neces
sary i arder to recover or pursfy the desired type It must however
be remembered that some spores are multtnucieate (Ghapter 12) and
may contain genetically different nucles

Three physiological aspects of the 1noculation process may be men
tuoned  First growth ss more yapud with a heavy than wath a light
moculum 1n addiuon 2 heavy noculation of a submerged culture
usually results i the development of small colonies with less danger
that oxygen diffusion 1nto the colony will It growth or respuration
Secoud the use of old spares of low viability 1s to be avorded both the
age and the conditions of growth of the mnoculum espesially medsam
and remperature should be standardized  For certan fung: the chem
astat provides an easily standardized snoculom (221} Finally a large
snoculum may be required i order to inttiate growth on an un
favorable medium (235)

When rapid growth 1s a desideratum the moculum may be preger
mmnated spares or myceltum (207)  Mech
canbe used a5 inoculum (233 259 Ths 1s often the method of choice

for fungt which do not sporulate (3) The treatment to mummuze
tajury should be as brief as possible

Speaial methods of culvaung particular fungy are too numerous

to mention here  Continuous flow apparatus may have some general




2 CQULTIVATION AND GROWTH

gum arabic or polyvinyl alcohol i the medmm (334) may be neces
sary

Two major objections attach to the use of surface culiure for fung
The cells of the developed mat are nat only visibly of different types—
aeral and submerged growth—but also are exposed to different en
vironmental canditions  Aeral hyphae are remote {rom the nutrnent
supply and are bathed in the atmosphere the Jower cells by contrast
are m close contact with nutrients and with soluble metabolic products
but suffer from a parnally anaerobic environment (167) Examination
of submerged hyphae 1n such a culture shows them to be hihly
vacuolated  The culture as a whole 1s probablv alwavs deficient 1n
oxygen This deficency 1s shown by the favorable effect on sugar
uulizauon of an ncresse w surface volume ratio (208} and by the
effect menuoned below of aeration on growth rate of most fung

‘The commonest and most useful laboratory scale acrated culiure
apparatus 15 the shaker first thoroughlv studied by hiuyver and Per
qumn (161) Flasks are mounted on a platform which s exther rotated
rapidly or moved horizontally with a reaiprocating monion  Problems
of design are considered by Shu and Johnson (270) Paladino (230) «nd
Chamn and Gualand: (5%)

Representatives of all the major groups of fung: and of the genus
Streptomyces have been grown successfully mn surred or shake culture
The growth rate 15 usually at least double that of the same orgamsm
m surface culture (1 61 162 286 319 83v) although some fung do
not show thus effect (14 268) and some grow so poorly that the method
cannot be used for them One of the chief advantages apart from
more rapid growth 15 that shaker grown mycehum 15 usually homo
geneous enough to be used directly 1 respirometnic and other meta
bohic studies

In shale culeure each ¢colony 15 ¢xposed ta a umlorm emronment
1n all spatial direcuions hence the typical colony 15 a globose structure
Colomial morphology vartes however with the speces—even withun
a genus~~and with the medium (43) Sporulwuon ts usually although
not always suppressed—another f1ctor of homogeneity Nicroscopie
charactenstics of the mycefium ate alse affected by aeration and agua
tion (76 B3}

Althaugh a shaken cultare his & measurably Iugher content of dis
solved oxygen and rate of oxygen diffusion than a sull culture (283)
for certain purposes a sull lugher rate of oxygen supply may be de
sirable (249 22) This usually anses when 2 hugh concentration of
a reatily unhzable cisbon sousce 15 emploved the peak oxvgen de
mand under speafied conditions 13 16 mM oxygen per Iiter per hour
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spp tan be successfully hophulized (281)  Hashins and Anastasioun
{126) repart successful use of 2 modification of the lyophl techmque
Too rapid rehvdration of vicuumdred urcdaspores s apparently
wjutious (265a)

For sporulating fungs lyophilization appears to be the best single
method untd more miormation 15 avarlable however preservation
of many fungi will have to be on an experimental basis  Lyophiliza
10N 15 COME iy easv andl app 18 ity labl
Prelumnary studies (197) sndacare that spray drying of {ungus spores
may alsa be feasible

3 THE DYNAMICS OF GROWTH

Crowth cannot be precisely defined a provisional operational defim
tion 15 ¥ncrease in etther mass of cells or number of cells  Mass—dry
weight usually—mn the filamentous fungi may be deceptrve inasmuch
231t can represent in part the accumulon of polysacchandes lipids
or wall materals wihout apy ncrease in hving protoplasm  Con
versely m N, pova crnssn protesn synthesis appeass o for
a pertod of time after wesght increase has ceased (7)

The time course of growth of fitamentous fungt tn hiqusd shalen
cultures 15 exemplified by the data of Figure 1 Simslar curves are ob
tamed with surface cultures (2 100 218) Typical curves are charac
terized by three major phases with transisons between them

1 A phase of no apparent growth
2 A phase of rapid and approumately linear growth
3 A phase of no net growth or of antolysis and decline 1n dry wesght

It shoudd nor however be assnmned that all data fit this scheme  In
patticnlar 2 two phase growth curve o which an imual growth
penod 13 succeeded by a second with a leveling off of growth nter
verung has been reported (30) The second phase may represent
polysaccharide svnthesis only without imncrease i other cell com
ponents or it mav depend on a mobilization of mtrogen from older
hvphae and use of 1t for new growth  The observations of Morton and

Froadbent (205) on Scopulariopsts br Uis support the second ex
planation ut Jeast i a medium yelauvely tugh an carbon 1 appears
that mirogen 15 lized after exh of the avasiabl 5!
m'.n)gm

Yrobably by suitable adjustment of cultural factors especially mu
irient concentranions a vanety of growth curves very different from
those of Figure 1 can be obtained  Provision of calaum for example
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wterest these mnclude devices 1 which only the solution 15 renewed
(345) and those 1n which both nutnients and cell population are con
trolled (138}

Culture medsa for fung: are described by Fred and Waksman (101)
Levine (176} and Lilly and Barnett (180) In general at has been too
readily assumed that fungi need and tolerate high nutrient levels and
high aadity this 13 true of many fung: but by no means of all  For
certamn purposes concentrated medsa are of course useful but mor
phology physiology and reproduction are best studied 1 mare dilute
media than those often used

2 PRESERVATION

Interest mn the preservation of fungi springs from the destre to avoud
excessive labor i mamtatmng stock cultures and more mmportant
the wish to matntain cultures with 2 mmnmum of genetic change  The
problem s to a viable lum n 2 non g g condition

Cultures and herbarium specimens often survive for surpusingly
long periods after drying probably by virtue of the formanion of long
lived spores  Zobl (344) reviews early records of up to 21 year survival
1 his own work he found that survival of dried cultures s common n
ascomycetes and basidiomveetes but the Mucorales are relatively short
hived  The scleroua of several fungi which may le for as long as 13
years (33v) ave Iess viable 1f stored dry (294) A few of the more
leathery basihiomycete sporophores survive dry for a period of years
more succulent tvpes are less durable (41 43)

In the sol tube method (5 121) a fungus s transferred to moist
stenle so1} preferably brought to pH 6-7 with calerum cabonate nd
grows and sporulates unatl the soul dries out  The limited data avad
able indicate that although some fungt survive at least 5 years i soil
tubes too many do not Ine that Jong and the method therefore 1s to
be regarded as a speaial one not adapted for general use

Preservanon of cultures under stenle mineral o1l 1s relxtively sim
ple and has the advantage that sporulation 15 not essentnl (39 267)
Lamuted tests indicate however that although many funge survsee 1t
least 2 years others die out earher (146 331 333}

Lyophuhization of spores suspended m serum gelaun dextran or
other collordal materials appears to be a usable method although again
not successful with some fungr ey the Entomophthorales and the
dermatophytes {199 239 265 337) Swmple vacuum drying without

freening 15 suntable for many fungr (244) ‘The structure of the fungus
s important this 0ogoma but not sporangia or mycelum of Pythim
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occurs only at hyphal ups (270 273 280) Intersor cells of the myce
hum do not normally contnbute 1o the new growth directly although
they supply nutnents 1o penpheral cells especally to aeral structures
wsutl culture  Growth 1 any one time persod 15 therefore a function
not of the total number of cells present as in bactenia and yeasts but
of the number of hyphal tips and of the rate at which these tips are
supphied nutnents

Same of the chemical events during the phase of rapid growth are
ustrated i Figure 3 these include espeaally unhization of carbo
hydrate nutrogen and phosphate  Merabolic products eg aads
may or may not appear in the medium at this ime Charactensstically
Tespuratory activity 1 at 2 maximum (Chapter 7)

Few studies have considered cniucally the relation of reproduction
to growth phases casual observation and the data of Robinson (248)
on Sporodinta grendis indicate that m sull culture spores usually de
velop at the end of the phase of rap:d growth spores may however
appear earhier (205)

The third and last phase 15 as shown n Figure 3 charactenzed usn
ally by a dechine an mycehal weight and i the appearance of nitrogen
and phosphate 1 the medsum  The Joss ; weight vanes from neg
hgble to extreme a common pattern 15 a 1apid loss of weight for 2

T
100
{100
o b 1
- 3
=
31 ¢ 5
2 G
2l o3 2 H
8 450§
; *
H
05
03 3
L L i
20 40 °
Time houts

Figure 2 U e gros th of Newrospora erassa 3¢ a function of tne Cune 1 loga
vt mie plot cutve 2 cube 1001 plot eune 3 hincar plot Relrawn from Frnerson
(86) by permussion of the Walliams and Wilkir s Company
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Figure 1 The granth of Fusersum solant i an acrated medium  Open circles
dry weiht closed avcles optical density

to Streptomyces fradiae delays the onset of the autolytic phase (132)

The growth rate vanes not only hetween species but between differ
ent 15ofates or clones of the same species this has been found to be
true 1n both liquid and agar cultures (71 88 89 130}

The first phase that of no apparent growth presumably has two
components a genuime lag phase before spore genminatton and a
phase m which growth s occurring but 1s undetectable by the methods
used The detatls of this growth period have not been sdied 1 the
fung: In bacteriz 1t appears that growth as measured by protemn and
nuderc aod synthesss begins immediately with no true lag period

298)
f The second phase 1s that of rapid growth  As Emerson (86) has
shown the cube root of the dry weight increases hinearly with time over
a major portion of the period (Figure 2) It should be stressed how
ever that this relation hiolds only i no external factor ¢g oxjgen or
nutrient concentratton 1s hmuting to growth  Conversely a curve con

farming to that of Figure 2 indicates that the organism 1s growing un

restrictedly
The morphological basis of mycelal development 13 that growth
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occurs only at hyphal ups (272 273 280) Intenior cells of the myce
twum do niot normally comribute 10 the new growth directly although
they supply nutrients to peripheral cells especially to aenal structures
m st} culture  Growth in any one time penod 15 therefore a funcnon
not of the total nomber of cells present s 10 bacteria and yeasts but
of the number of hvphal ups and of the rate at which these tips are
supplied nutnents

Some of the chemical events durning the phase of raprd growth are
lustrated 10 Figure 3 these include espeaally utdization of carbo
hydrate gen and phospt Metabolic products ey, acds
may or may not appear n the medium at thus nme Charactensucally
resprratory activaty s at a mavimum (Chapter 7)

Few studies have considered entically the relation of reproductton
10 growth phases casual observation and the data of Robinsan (248)
on Sporodima grandis ndicate that m stidl culture spotes usually de
velop at the end of the phase of rapid growth spores may however
appear earhier (209)

“The third 2nd last phase 15 as shown in Figure 3 charactenzed usu
ally by a dechine 1 mycehial weight and 1n the appearance of nitrogen
and phosphate 10 the medim  The loss in weight varies from neg
Lgble to extreme a common pattern 1s a rapsd loss of weight for a
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Figure 2 ‘Uhe gro th ol Meuro pore ¢ osra 23 3 funcuon of tme Gurse | loga
¥ thmst plot curve 2 ente root plct cumve 3 near plot Redrawn fram Emerson
(86) by permision of the Willams and Wilkins Company
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Figure I ‘The growth of Fusarium solam 1n an acraied mediom  Open aircles
dry weight closed arcles optical density

to Streptomyces fradiae delavs the onset of the autolvtic phase (132)

The growth rate vanes not only between species but between differ
ent wsolates or clones of the same species this has been found to be
true 1 both hiquid and agar cultures (71 88 8% 130}

The first phase that of no apparent growth presumably has two
components a genune lag phase belore spore germmation and a
phase m which growth 1s occurnng but 1s undetectable by the methods
used The details of this growth pertod have not been studted in the
fung:  In bacteria 1t appears that growth as measured by protemn and
nuclesc aad synthesis begins immediately with no true Jag penod
(208)

The second phase 15 that of rapid growth As Emerson (86) has
shown the cube root of the dry weight mcreases hnearly with time over
a mayor portion of the peniod (Figure 2) It should be stressed how
ever that this relation holds only if no external factor eg oxygen or
nutrient concentration 1s hmiting to growth  Conversely 2 curve con
forming to that of Figure 2 sndicates that the organsm 1s growing un

restrictedly
The morphological basis of mycehal deselopment 1s that growth
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media and ammoma 1n high mitrogen media are the compounds most
frequently 1volved

In better balanced and more dilute media the prinapal factor i
cessatton of growth 1s exhaustion of the carbohydrate supply (15 74
79) as shown by the data of Figure 3

The extent of autolyuc breakdown once growth has ceased varies
as mentioned above with species and cultural conditions  Antolytic
breakdown of Aspergilius niger mycelium 1s much more extensive
nutrate than 1n ammonium salt media possibly because of the alkalin
ity of the mitrate medium (15) Howeser utolysis of a thermophilic
Streptomyces sp 15 more rapad at acid than at neutral pH (158)

So much for growth 1n hquid media A fungus colony on an agar
surface follows a diferent course Typically a pertod of little or no
growth 1s succceded by the establishment of a constant growth rate
whch 1s d unless toxic I late (36 93 308)
The growth rate tube of Ryan et al (223) may be used to show this
linear relation of extension to ume the data of Figure 4 are typical
Growth on soil should follow the same course 1f measured by horizontal
spread only specialized rhizomorphs of Armillaria mellea grow several
times as rapidly as unorganized mycelium (111)

Neurospora crasse and other fung: respond to certamn toxicants eg

Growth mm

Time days

Figure 4 The Linear growth of several fumgt n growth rate tubes Curve
Neurospora crassa curve 2 Rhizopus oryzae curve 3 R migricans curve 4 Sordaria
fim cola curve § Fusartum oxysporum lycopersici curve 6 Monlima fructicola
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Figure 3 Growth of and changes in the medium by Aspergillus oryuae  Redrin
from Crewther and Lennox (62) by permussion of the Australian Journal of Rio
logscal Strences

short time with no further change thereafter (151) Autolyzng myce

Tium of P lfium griseofulvum goes an extensive breakdown of
chiun carbohydrates and protein catalyzed by enzymes of the fungus
(275) Other vuc prod wciude (71 80 160) free

ammno aads (71 108) orgamc phosphorus compounds (200) and sul
fur compounds (137 245)

Cells at the cend of the growth phase appear vacuolite younger
cells hare 2 denser and more homogeneous protoplism (49)  Such old
cells of course are found even during the growth period in regions
remote from the growing hyphal tips

From the rather hmited data avaifable the ressation of active
growth appears to be determmed by either of two frctors  In coneen
trated media tovc metabolites can be shown to accumulate and these
matenals earhier called  staling substances  demonstrably retard
growth (27 37 236) Probably orgame acds 10 hugh-carbolndrate
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sity of non mycelial growth phases 1s rendered more likely by the van
ety of sumuh which induce the phase in different fung: (Table 1)

Several theores reviewed elsewhere (152 262) have been proposed
to explain dimorphism 1n the fung: pathogenic to animals  The most
attractine concept 1s that synthesis of new protoplasm and cell division
are separate processes Filaments form when growth occurs under
conditions not permutting rapid cell division  The studzes of Nickerson
and co workers (152 211 212 214 215 217) mmdicate that a supply of
reduced organic sulfhydryl compounds 1s essential for rapid cell divi
ston and hence for maintenance of the unicellular condition At least
m principle all the stmuli known to affect dimorphusm i the patho-
gemc fungs could act through ther effect on sulfhydryl content of the
cells  Whether this will apply to the non pathogenic fung: listed 1n
Table 1 12 not known

The yeast phase of Blastomyces di dis and P diotd
(Bl brasil 1 mul 1 that of some other i
morphic fungt umnucleate (82) The jeast and mycelial forms of
Blastomyces spp duffer in thetr respiratory capacsties (213)

Dimorphism 1nt yeastlike fungi suggests of course that the true yeasts
may have arisen by a more or less permanent acquisition of the um
cellular habit It 15 also perhaps legiumate to ask whether the fila
mentous habit 1n the true fung: and the algae 1s an expression of the
same metabolic 1dtosyncrasy as the fil. habat of Bl es
and Histoplasma

5 THE MELASUREMENT OF GROWTH

As mentioned earhier the meaning of growth 1s determmed by the
method of measurement chosen Some methods are useful only for
particulay organisms of for specal problems no method 1s 50 general
that 1t can be recommended for all

The most widely used and within limits the most satsfactory meas
urement of growth 1s by determination of dry weight of the mycelium
The principal himutation 1s that weight may reflect accumulation of
polysacdmndes or other reserve matenials rather than synthesis of new

P Oxadative 1 {Chapter 7) 1s often very active
n the fung: under conditions which restrict protein synthesis

Various procedures may be used for the determination of dry weight
Often a coherent mycelium can be removed from a liqud medium
washed and dred 1n a tared contaimer More commonly filtration 1s
required tared filter paper p d from pheric or
porous discs (ceramuc or sintered glass) held in a demountable suction
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sorhose bv a more colomal and less rapid growth on agar (293) The
growing hyphal ups are lulled and new branches then form nd grow
laterally (181)

4 DIMORIHISM

Several fungt pathogenic to man are found 1 anfected tissues 1 a
unicellular yeasthke form but when cultnated at room temperature
grow out i 2 mycelal form  The term dunorphusm strictly apphies to
these forms only but related phenomena wn the normally filamentous
fung: may provistonally be considered as i the same category A
dimorphic fungus 1s one therefore in which a reversible transforma
uon from a mycehal to a nonmycelial and unicellular growthk type
accurs

Dimorphusmm 1s common t the yeasts {262) and umicellular bacteria
mav be caused experimentally to form filaments by for example
magnesium deficency (216 326) Some normally flamentous fung
eg smut fungi grow in culwre as unicellular budding cells The
fung hsted m Table 1 include both the pathogenic dumorphic fungt

Table 1  Factors Aflecung Nonmycehal Growth m Funge

Orgamsm Non mycehal Phase Favored by
Ca.da albyans € tropreabss Cystane NH(CL gfucose catbon source {152
211 214 217)
Blastomycss dermatitidys High temperature {35-37 C) culuvauon (177
56)
Histoplosma cabsulatum Cysteine, high temperature (255)
Hustoplasma farevminasum High CO, (40)
Paraoccids 1 s brosib High temp (37 €} cul (82 250)
Sporotrickum schencke High CO, (81 254)
Trichosporon capuatum Cystene (217}
Ceral stomella ubms Aeranon (75} low pH (26}
Dematwum puflfulans Low aeration (11} low carbohydrate (263)
Fusarum oxpsporurs f tucotiange  Aetaton (339)
Musor gullermondit 1 ow acrauon (186)
Opbsostoma multtannulatum High (12 mg per luer) nositol (107)
Raranoe terneols Acration (299)

1nd those filamentous fungi an which production of a umcellular
growth phase can be anduced reveribly It should be stressed that
thus secand group the morphology of the uniceliular phase may not be
the same for all forms listed te the avarlable information docs not
discriminate betseen say comdia and hyphal fragments  The diver
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e may canclude that the agar method 1s adequate for studies of
some environmental factors eg temperature and (probably) com
position of the atmosphere although even m these experiments the
results are not always correlated with dry weight (81 134 145 250) It
1s deadedly not adequate for nutritional studies  Whether 1wt should
be used for essentially chemical problems hike the effct of pH or toxic
agents 1s still uncertain  The burden of proof that spread on agar 15
a fair index of growth rests on the mvestigator who chooses to use the
method  Its value cannot be assumed

6 TEMPERATURE AND GROWTH

Temperature affects growth spore germination reproduction and
ndeed all activities of the organsm  Typical curves of growth as a
function of temperature are shown in Figure 5 There 15 characterisn
cally a limear portion 1n which growth increases directly with tem
perature an optimum range which may be narrow or rather broad
and a descending limb 15 the temperature becomes toe high for growth
The curve as a whole 15 usually skewed to the night an empincal
method for converting this skewed curve to a straight line 1s deseribed
by Cohen and Yarwood (58)

The temperature growth cunve tends to become more nearly sym
metrical as the optimum becomes lower {ungi with optima of 22-24°C
ot less often have a much less skewed curve (55 98 143 171 311) Not
2\l low temperature fung however follow this pattern (113 164)

Fungi with high temperature optima gencrally have the typical
skewed curve even more pronouncedly n a few cases the high opti
mum 15 assoct ated with a broader range of good growth but this 1s nat
the rule

It should be noted that the concept of an optimum usually talen
for granted s not in fact very clear The response of Fhycomyces
blakesleeanus to temperature (247) the principal amb
1 the concept of opumum temperature  First growth 1s most rapsd
at 20-.5°C but the maximum total amount of growth at limuting
levels of thuamune 1s greatest at 10 Second the effect of temperature
an final dry wesght can be aimost wiped out 1f the mitrogen supply 1s
made hmiung

Another mple of the dependence of e charactenstics
on other factors has been eluaidated by L Fncs (103)  Coprinus
fimetarius grows poorly at 44°C becaunse of the failure of methiomne
brosynthesis to keep pace with other processes 1f exogenous methionine
15 supphed growth at the elevated temperature 15 normal The ap
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assembly are practical filtration devices  Gelatinous growth which
filters slowly may be separated by centnifugation The use of solvents
(16) to hasten drying 1s practicable of course only sf the extracted
hipids are neghgpble  Drying 1s usually effected by hugh temperature
70-86°C

The dry weight of agar colonzes although of dubious sigmificance
most contexts has been determined by scraping or peeling off of the
surface growth (91)  Removal of agar with hot water results m a
signtficant lass in dry weight (67)

Turbidimetric measurements of growth are sunable for those fungt
which grow as single cells or very short dispersed hyphae  Ustilago
vtolacea 15 of the first type and turbidity 15 correlated with dry weight
(22)  Methods have been evolved primarily for studies on bactersa
(305 306) although most workers use a colonimeter n prinaple the

phel 1s better adapted to turbidity A turbidt
metric method should of course always be cahbrated agawst dry
weight or ather standard messure  Figure 1 illustrates the correlation

Determinauon of growth by measurement of the total ceflufar
nytrogen has been used only rarelv in work with fung (222)  Although
the chaun 6 pl wntery thrs 15 the best methpd
for determinanion of growth defined as synthesis of protoplasm and
deserves wider use

Laear grawth on agar s the least laborious method of esumating
growth and has been correspondingly popular  The radial spread of 1
calony 10 a petrs dish or linear advance 1 a growth rate tube (83
253) are most frequently deternined  Growth 55 commonly expressed
as the constant rate established atter the :mual peniod of slow growth

Naturaily the impunties present n agar rule out this method for
certain problems There are however more fundamental objections
Chaudhurt (56) found no response of colony diameter to even 2 four
fold dilution of the nutrient medium  Nor does the rate of advance
on agar always respond to necessary vitamns (106 179) or essenuial 1ons
(238) stramn differences in growth on agar are not always reflected in
dry weight measurements (133)

Chaudhun (56) found on the other hand excellent correlation of
radial growth an agar with dry weght and germ tube growth in tem
perature studies on ¥ erticellim albo atrum  more recently Domsch
(77} bas confirmed the correfation 1n temperature tesponse Waad
destroying fung: usually respond to temperature 1 agar culture about
as thev da 10 wood blocks (317)  One crucial detal 18 often over

looked the depth of the mediym infiuences growth and must be
standardized (28 36 56)
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We may conclude that the agar method 1s adequate for studies of
some environmental factors eg temperature and (probably) com
positon of the atmosphere although even i these experiments the
results are not always correlated with dry weight (91 134 145 250) It
15 deaidedly not adequate for nutntional studies  Whether 1t should
be used for essentially chemscal problems like the efict of pH or toxic
agents 15 sull uncertun  The burden of proof that spread on agar 1s
a fair index of growth rests on the imvesugator who chooses to use the
method  Its value cannot be assumed

6 TEMPERATURE AND GROWTH

Temperature affects growth spore germimnation reproduction and
ndeed all activities of the organism  Typical curves of growth as a
function of temperaturc are shown in Figure 5 There 15 charactenisu
cally a hinear portion 1 which growth increases directly with tem
perature an opumumn range which may be nartow or rather broad
and a descending hmb 1s the temperature becomes too high for growth
The curve as a whole 15 usually skewed to the nght an empircai
method for converung this skewed curve to a straight line 1s described
by Cohen and Yarwood (58)

The temperature growth curve tends to become more nearly sym
metrical as the optimum becomes lower fung: with opuma ot 22-24 C
or less often have a much less skewed cunve (53 98 143 171 311) Not
all low temperature fung: however follow this pattern (113 16%)

Fung: with high temperature opuma generally hae the typical
skewed curve even more pronouncediy 1n a few cases the high opt
mum 15 assoaated with a broader range of good growth but this 15 not
the rule

1t should be noted that the concept of an optumum usually taken
for granted 1s not in fact very clear The response of Phycomyces
blakesl 10 temp 247y the principal amb es
in the concept of optimum temperature  First growth 1s most rapid
at 20-25°C but the maximum total amount of growth at Lmting
Ievels of thiamine 15 greatest at 10°  Second  the effect of temperature
on final dry weight can be almost wiped out 1f the nitrogen supply 1s
made Limiting

Another example of the dependence of ): h 15010
on other factors has been clucidated by L Fries (103) Coprinus
fimetanius grows poorly at 44 C because of the fulure of methionine
biosynthess to keep pace with other processes 1f eXogenous methionine
18 supphed growth at the elevated temperature 1s normal The ap
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parent optimum temperature for radial growth of Sclerotinia fructscola
1 affected by pH (301)

1t 13 clear that temperature optima and ranges reported are valid
only under specified conditions of time medium and methed of meas
urement There 13 no single temperature opumum of growth  Never
theless we shall continue to employ the concept of an optimum tem
perature on the grounds that 1t 1s empincally useful and that gross
differences 1n apparent optima provide a basis for ecological studies

A gnen bolic proct b production or
vitamin synthesis—does not of course necessanly respond to tem
perature in the same way as does growth  Studies on peniaillin produc
tion n particular support this generalization (49 227) as do studies of
bacterial growth and metabolism (78)

Over the range 1n which growth 1s proportional to temperature the
relation may be expressed by the value of Q; defined as the rato of
the growth rate at a given temperature to that at a temperature 10°C
lower The values found by Fawcett (92) 1n studies on four fung: are
tomparable 1o those reported for bacterial growth (298)

The shape of the temperature growth curve 1s somewhat affected by
the ume of ;mcubauon  Growth at subopuimal temperatures 15 often so
slow that 1t 1s not apparent at all at a tme when cultures at more
favorable )s are growing vig ly Growth at supra
opuimal temperature may begin rapidly but slow down or cease en
tirely after a peniod of tme (34 223 278 286) Both of these factors
of course affect the curve so that use of only one tncubation perod
may introduce error

Most fungi make at least some growth over 2 25 or 30-degree range
of temperatures but narrower ranges are known eg n AMerulius
lacrymans (53) and Capnodium sahcnum (98) Narrow ranges are
often associated with low optima but the reverse 1s not true—many
fung: with low optima grow over a normally wide Tange of tempera
ture

Temperature optima for plant pathogemc fung: have been collected
by Togashi (307) and are depicted graphically in Figure 6  Not all of
these reports can be accepted and details of the distribution are unduly
affected by popular incubator temperatures but 1t can be seen that
most members of this ecologieal group have optima m the region
20-30 € and about halt have their optima between 26 and 30°C

The relation between temperature and habutat 1s not yet entirely
clear  Many fung: are probably world wide 1n dustribution 1e ther
growth 1s limuted by factors other than temperature  Species of Allo
myces on the other hand are clearly confined naturally to the tropical
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Figuye 6 The opumum temperatures for growth of plant pathogenic funey  Com
puled by Dr € E Yarwood fram Togashr (30/}

and warmer temperate regions of the earth (84) Subtropical strains of
a speaes may have a higher temperature optimum than strains from
temperate regions (38) The distribution of Phymatotrichum omm
vorum 1s determined by winter soil temperature (90) The few marmne
fungs studied so far have temperature optima for growth that are some
whal higher than the (cmpem(ure of the sea (8) The accurrence and

of fungt 1 decomj g plant matenals are largely deter
muned by temperature (150 223)

Dermatophytic fungs grow best 1 culture at 25-35°C 1e below the
host body temperature (284) fung causing systemic mycoses grow well
at 37° but optima have not been reported It 15 significant that dsper
giltus fumigatus a thermotolerant spectes can cause disease mn warm

blooded ammals
Some examples of high and low temperature optima are coliccted 1n
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Table 2 Low and High Temperatute Optima 1n the Fung

Fungus Cnitenion of Growth  Optmum G

Batrytis cinerea (115) Dry weight 15-18
Gromonta spp (135} Linear extension 17-19
Hendersontella sp {98) Linear extension 18
Harpotrickia mgra (113) Linear extension 15
Mastigosporrum album (23) Linear extension 15
Phacidium 1afestans (232) Dry weight 15
Phoma apncola (17) Linear extension 16-20
Phycopns sp (98) Tanear extension 15
Phytophthora primulae (309) Linear extension 15-20
Actinomyees (Streptomyces} sp (123) Lainear extension 35~37
Aspergallus fumigatus (243) Dry weight 37
Aspergillus mdulans (223) Linear extension 40
Caprinus fimetartus (104) Dry weight 35-40
Len tes trabea (53) Linear extension 35
Mucor pusallus (218) Linear extension 40-46
Rhuzopus chinensts (330) Linear extension 375405
Sclerotium (Rhezoctonta) bataticola (224 310) Linear extension 31-3%
Sepedontum sp (223) Linear extension 45

Table 2 It should be menuoned that not only may spectes within a
genus differ widely (300 330) but strains or geographical solates of
the same species may respond differently (832 143)

Surpnisingly many fungi are able to grow although usually only
slowly at0 or shightly less  Plants under snow may be infected by the
parasiuc  snow molds —Typhula spp Fusarium niale and an un
dentified bandiomycete (32 65 242) Phacidium nfestans cause of
a disease of pines 18 able to grow n cultnre at —3° although ats
optmum temperature 1s about 15° (232)

A second ecological group of fung tolerant of low temperature 13
commonly associated with the spoilage of refrigerated foods Fung: of
many different genera fall into this group and some especrally strains
ot Cladosporsum and Sporotrichum grow at temperatures well below
zero eg —51to —8  The hterature on these forms 15 reviewed by
Berry and Magoon (19) and more briefly by Pehrson (232) Agamn
lthough these fung: tolerate extremely low temperatures their optima
are hugher (122)

Survival of spores and mycelium at temperatures 00 low for growth
15 discussed briefly in Chapter 13

Most fung are unable to grow at 35~40 C  There are however
two general types of exceptions to this rule  The first group 1s a
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Figure 6 The opumum temperatures fot growth of plant pathogemc fungt  Corn
piled by Dr C E Yarwood from Togashs (307)

and warmer emperate regions of the earth (84) Subtropical stratas of
a species may have a igher temperature optimurm than stratns from
temperate regions (38) The dntribution of Phymatotricht m omni
vorum 15 determined by winter soil temperature (90)  The few manne
fung: studied so far have temperature optima for growth that are some
nhaz higher than the temperature of the sea (8) The occurrence and
of fungi mn d plant materals are largely deter
mned by temperature (150 223)

Dermatophytic fung grow best o culture at 25-35°C 1e  below the
host body teraperature (284) fungi causing systemic mycoses grow well
at 37° but optima have not been reported It 1s signuficant that Asper
gillus fumigatus 2 thermotolerant species can causc disease 1n warm

blooded animals
Same examples of ngh and Iow temperature optima are collected m
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pathogen (155 156 302 322) However 1t 1s not certain that the
relation 15 as simple as 1t appears and 10 some wilt diseases tempera
ture affects the host (100 171) and probably other soil organisms
which influence the discase (264)

For a few plant discases 1t has been d 1y shown (hat daff
between temperature optima for disease and for growth of the patho-
gen occur and reflect the effect of temperature on the host This has
been established parucularly for the seedling blight of wheat and
corn caused by Gibberella saubinetrs (12 73) and a root rot of sweet
clover caused by Plenodomus meltlott (258} and has been suggested
for other diseases (114)

Fimlly there are some plant diseases in which the obsenved action
of temperature appears to be exerted on the pathogen but on sporc
germnation or sporulanion rather thin on mycchal growth (95 155
156) It 1s concenvable of course that pathogenicty s disunct from
growth 1s affected by temperature but so far this has not been demon
strated

7 pH AND GROWTH

Under given conditions a fungus will grow mavaimally over a
certamn range of imual pH values of the medium and will fail to
grow at high and low extremes However 1t must be borne 1n mind
that pH 1s not a unitary factor the mechanism of 1ts action differs
at different concentrauons of hydrogen 1on  For example one part
of the pH-growth curie may reflect the effect of a low pH on enzyme
systems another the effect of 1 hugh pH on metal solubilities Acidity
may also affect the entry of essential (341) surface bol
reactions entry into the ceil of arganic raids or the uptake of min
erals (226)

It 15 not surprising therefore to find that almost any factor in
the environment may change the shape of the pH growth curve  Such
factors include temperature (282 327) time of hamest (175 210)
gross changes 1n the medium (187 340) growth factor supply (178)
calaum and magnesium levels (314) and nitrogen source (140)

Furthermore pH 1s affected duning growth by metabolic activities
—raised by absorption of amons or production of amamomia from
nitrogenous compounds lowered by formation of orgamic aads or
absorption of cations These effects of growth on pH complicute
results  particularly in the poorly buffered media commeonly em
ployed Tt seems probable that many of the broad optima recorded
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mscellaneous one examples of which appear 1n Table 2 1t includes
saprophytes—especnlly coprophilic forms—and several wood destrov
mg fungt  The second group the true thermophules 1s defined by the
abihity to grow at §0°C or higher and the mabihty to grow at tempera
tures below about 30° Relatnely few such fung: are known ex
amples nclude Thermomyces lanug {81 ora I )
(1852 B13) Thermoascus auvantiscus (201) Pemellum dupont
(240) and Chaetoruum thermophie (169) No study of the funda
mental basts of this behavior in fung: has appeared

Truly thermoplulic forms also are found among the acunomveetes
reviewed by Bernstein and Morton (18) The obligately thermophilic
Micromonospara vulgars 1s disunguished by the high resistance of 1ts
conudia to heat damage (87) Both fungs and actinomycetes are active
1n decomposiion of compost at 50°C (520)

Killing of fungt by kigh temp it dered elsewt {Chap
ter 13) spores are the usual experimental matersal It need only be
noted here that mveelium 15 eanly $1lled by elevated temperatures and
that many fung die slowly when held 1n culture at a temperature just
above the maximum for growth

Fluctuations 1n temperature induce two tvpes of zonation the more
common of which results from the presence of zones of reproductiie
structures (Chaptcr 1) In 2 second type of temperature mnduced
zonation the zones are entirely mycehal this phenomenon occurs 1n
Cercospora beticola (60) and 1 other fung (20 124)

The data corapiled by Togashi (307) indicate that the opumum
temperature for spore germmation 15 generally very close to that for
growth m culture There are mstances however i which spore
germination 15 less intubited than growth by supracptimal tempera
tures (185 330) Spore gernunanon at iemperatures too low for
growth has been reported m Riuzopus spp (330) and 15 presumably
common

The relation between a fungusincited plant disease and temper
ature 15 rather more complex inasmuch as at least two orgamsms are
necessanly ivolved In general storage and transit rot diseases are
most severe at the temperature which favors mycehal growth of the
pathogen  examples anclude the decay of sweet potato by Riuzopus
spp (172 330) and storage 10t caused by Rhuzoctona solane (170
332) Typically however the pathogen will grow 1n culture at tem
peratures below the mimmum for infection (33)

The vascular wilts of plants caused by Fusarium spp often have

the same pattern 1e¢ the duease optimum s clase to that of the
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1n Table 3 reflect the ability of the fungus to ramse or lower the pH
of an 1mtially unfavorable medum data on Colletotrichum hnde
h 178) 1t this phi

The values of Table 3 should therefore be viewed with some cau
tion at best they offer a rough guide to choice of medra and a posst
ble indication of ecological preferences  They are not to be regarded
as ahsolute figures mn any sense

A double pH optimum 1s frequently reported a mimmum appear
ing between two maxima 1 the curve This type of response has
been exhaustively analyzed m studies on Coprinus spp (102 104)
It appears that the minumum merely reflects pH<dependent unavail
ability of one or more norganic elements proviston of wron zing, and
calaum 1n available forms elimtnates the double optimum and re
places 1t with a broad single optimum zone

An organism may also be able to grow even quite well at 2 pH
which does not permue the mitiation of growth (189) The metabolic
basts of this phenomenon 1s not clear agan the artificality of the
simple pH growth curve 1s emphasized

In contrast to the bacteria and the actinomycetes fung are rela
tively more able to imade aad environments although we should
avord the common assumption that they are restricted to such environ
ments In culture the larger basidiomycetes are often unable to grow
at an mtial pH above 70 examples include most species of Ma
rasmius  (182) and Trnchol (222)  Correspondingly Limited
ecological studies of these fungy indicate that they are 1n general
restricted to 2ad environments (33%) However Marasmius rotula
grows 1n culture and 1s found 1n nature on substrates of widely dif
ferent pH (182 338) and several other fleshy basidiomycetes notably
species of Coprinus actually require alkaline conditions for best
growth (104 120 312)

Biological types of fungi may only roughly be characterized as to
PH preference  Most plant pathogens—exceptions are evident in
Table 3—grow best mn media with an imtial pH ol 50 to 65 Species
of Streptomyces are marked by a relative mtolerance of aadity very
few can grow at a pH lower than 50 The same 1ntolerance of
aadity appears also 1 other groups eg the lower phycomycetes
(61 85) The dermatophytic fungt perhaps because they are usually
grown 1n complex media seem rither indifferent to pH over the
range 40 to 100 (481 285)

Other bological activities of the fungi respond to pH but not
necessanly in the same way as growth  As a rule the pH range for
sporulation 15 narrower than that for vegetative growth (Chapter
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Table 3 pH Optima of Some Fung and Actinomycetes*

Organiem Crutenion of Growth Optimum §
Apkanamices eutesches (274) Linear extension 4565
Aspergulus flavus (28) Linear extension 5584
A m,er (28) Linear extension 4475
Boletus varregatus (198) Dry weight 50
Botryostorium (?) sp (1491 Dry weght 66-74
Cereospora kskucke (70) Dry warht 41
Chalara quercina (14) Dry werght 45
Chytndwm sp (61) Dry waght 52-75
Cotletotrichum hibiscr (314) 1 1near extensnion 35-80%
Coprinus sp (154} Dry weight 4869
Fomes annosus (89) Linear extension 4649
F fraxneus (203) Linear exten 1on 6070
Fusarum aquaeductum (229) Dry weight 40-90
F aurartra-um {260} Linear extension 0370
Geotrichum sp (229) Dry weight %0
AMarasmius grammum (182) Dry weight 5764
Verulius confluens (219) Dry weight 490
Afycogone permictosa (311) Dry weght 67
Neurospora crassa (255} 1 inear extension 4365
Opfuobolus graminss (3271 Dry woight 49-74
Pensertlsum expansum (28) Lanear extension 44-75
P glavaum (2) Dry weight 5065
Phivctorhiza vanabihis (251) Dry weight 7276
Flycompces Hokesterarns (47) Dry wesght 3546
Pythao cton sp (52) Dry weight 5
Sepedonsum 3p (230) Dry weight 70-85
Septorta pepls (266) Linear extension 4868
Streptomyees cotltcolor (57} Dry wesight 69-77
S sabees (318) Dry weight 69
Trichaloma nudum (222) Drv weight 5060
Trchophyton persicolor (285 Dry weight 6570
T richosporon cutaneum (229} Dry weight 4G-)0
Verticilfsum malthousis (311) Dry weight 53
V pr lleae (310) Dry weight 67-"0

* For reasons discussed m the text these figures must be considered a3 approxt
matons and af bmuted to the conditions of the partcular experment

 Defined for this table as the pH range tested in which the growih was within
10 per cent of the maximurn growth

4 Wath added caloum and magpesium in the medmm
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1n Table 3 reflect the ability of the fungus to raise or lower the pH
of an mtially unfavorable medium data on Colletotrichum hinde
muthianum (173} 1llustrate this phenomenon

“The values of Table 3 should therefore be viewed with some cau
tion at best they offer a rough guide to choice of media and a posst
ble ind of ecological p es They are not to be regarded
as absolute figures 1n any sense

A double pH optimum 1s frequently reported 2 minimum appear
g between two mavima n the curve  Thus type of response has
been exhaustively analyzed i studies on Coprinus spp (102 104)
It appears that the minimum merely reflects pH-dependent unavail
ability of on¢ or more 1norgamc elements provision of on zing, and
calaum 1n asatable forms eluminates the double optunum and te
Pplaces 1t with 2 broad single optimum zone

An organism may also be able to grow even quite well at a2 pH
which does not permut the mitiation of growth (189) The metabolic
basts of this phenomenon 1s not clear agan the aruficality of the
umple pH growth curve 1s emphastzed

In contrast to the bactena and the actnomycetes fungs are rela
trvely more able to mvade acd emvironments zlthough we should
avord the common assumption that they are restricted to such environ
ments In culture the larger basidiomycetes are often unable to grow
at an mual pH above 70 examples include most speaes of AMa
raymtus  (182) and Trnchol (222)  Correspondingly lhimited
ecological studies of these fungi indicate that they ire in general
restricted to acd environments (338) However Marasmius rotula
grows 1n culture and s found 1n nature on substrates of widely dif
ferent pH (182 338) and several other fleshy basidiomycetes notably
speaies of Coprinus actually require alkahme conditions for best
growth (104 120 312)

Buological types of fungi may only roughly be charactenzed as to
pH preference  Most plant pathogens—exceptions are evident 1n
Table 3—grow best in media with an imutial pH of 50 t0 65  Spectes
of Streptomyces are marked by a relatnne intolerance of aadity sery
few can grow at a pH lower than 50 The same intolerance of
aadity appears also i other groups eg the lower phycomvcetes
(61 85) The dermatophytic fung: perhaps because they are usually
grown m complex media seem rather indifferent to pH over the
range 40 to 100 (284 285)

Other biological activities of the fung respond to pH but not
necessarily m the same way as growth  As a tule the pH range for
sporulation 15 narrower than that for vegetauve growth {Chapter
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Table 3 pH Opuma of Some Fung: and Actinomycetes®

Organtsm Critenion of Growth Optimum
Aphanomyces eutetches (274) Lirear extenston 45-65
spergellus flavus (28) Linear extension 5584
A mger (28) Linear extension 4475
Bole ur canegatus (198) Dry weight 50
Botryosporsum (%) sp (149) Dry weight 6674
Cercospe @ kikacke (70) Dry weight 41
Chalara guercina {14) Dry werght 45
Cty redium sp (61} Dry waight 5215
Coltetotrichum habascs (314) Jinear extens on 35-80%
Coprerus sp (154) Dry weight 48-69
Fomes annosus (89) Lanear extension 46-49
F frax reus (203) Linear extension 60-70
Fusarum aguaeductum (229) Dry weyht 40-90
F qurartircum (260) T1near extension 6%T70
Geotrvhum sp (229) Drv weight 30
Marasmuus graminum (182) Dry wewght 5764
Merulees confluens (219) Dry waght 40
Aycoone permciosa (311) Dry weight 67
Neurospora crassa (253) Tinear extension 43-65
Opheobolus gramms (327) Dry wesght 4974
Per crllant expunsum (28) Lanear extension 44-T5
P glaucum (2) Dry weight 50-65
Phiyctorhiza rartabris (251) Dry waight 72-76
Phy omyces dakesiceanus (47} Dry weight 3546
Pytuogeton sp (52) Dry weight 65
Sepedomsum sp (230) Dry weight 70-85
Septona pepls (266} Linear extension 4868
Streptomyces goelicolor (57) Dry weight 69-77
8 s abees (318} Dry weight 69
Trucholoma nudum (222) Dry weight 50-60
Trachophyton persicolor (285) Dry weight 657D
7 rickosporon cutancum {229} Dry weight 40~90
¥ erticslfium malthousst (311) Dry weight 53
V psolirotar {311) Dry weight 6710

* For reasons discussed 1 the text these figures must be considered as approx
matons and as hmated to the conditions of the particular experiment

 Defined for this table as the pH range tested yn which the growth was within
10 per cent of the maximum growth

4 With added calcium and magnesium 1m the medwm
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1n Table 3 reflect the ability of the fungus to raise or lower the pH
of an imtially unf; bl d data on Coll h linde
h {178) 11 thas ph

The values of Table 3 should therefore be viewed with some cau
tion at best they offer a rough gude to choice of media and a posst
ble mdication of ecologtcal preferences They are not to be regarded
as absolute figures 1n any sense

A double pH optimum 1s frequently reported a mimmum appear
ing between two maxima i the curse This type of response has
been exhaustvely analyzed 1 studies on Coprinus spp (102 104)
It appears that the mummum merely reflects pH-dependent unayvail
ability of one or more tnorgamc elements provision of wron 21, and
calaum 1n avatlable forms elimmates the double optimum and re
places 1t with a broad single optimum zone

An orgamism may also be able to grow even quite well at a pH
which does not permut the inittation of growth (189) The metabolic
basis of this phenomenon 1s not clear again the aruficality of the
sunple pH growth curve 1s emphasized

In contrast to the bacterna and the actinomycetes fung: are rela
tively more able to invade acd environments although we should
avoud the common assumption that they are restricted to such environ
ments In culture the larger basidiomycetes are often unable to grow
at an 1mtial pH above 70 examples include most speaes of Ma

rasmius  (182) and Trickol 222) G ) gly limted
ecological studies of these fung: indicate that they are 1n general
d to aad (338) H M. rotula

grows 1n culture and 1s found tn nature on substrates of widely dif
ferent pH (182 338) and several other fleshy basidiomycetes notably
species of Coprinus actually require alkaline conditions for best
growth (104 120 312)

Biolopical types of fungi may only roughly be characterized as to
pH preference Most plant pathogens—cxceptions are evident in
Table 3—grow best 11 media with an 1mual pH ol 50 0 65  Species
of Streptomyces are marked by a relative mtolerance of aaduy very
few can grow at a pH lower than 50 The same 1ntolerance of
aadity appears also i other groups eg the lower phycomycetes
{61 85) The dermatophytic fungt perhaps hecause they are usually
grown 1n complex media seem rather indifferent to pH over the
range 40 to 100 (281 285)

Other biological actistties of the fung: respond to pH but not
necessanly 1n the sime way as growth  As a rule the pH Tange for
sporufation s narrower than that for vegetatnve growth {Chapter
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Table 3 pH Optima of Some Fungt and Acunomycetes

Organism Criterton of Growth Optmumt
Aphanomyces euterches (274) Lanear extension 4545
Aspergailus favus (28) Lanear extension 55-84
14 ruger (28) Lnear extension 44-75
EBoletus vane, otus {198) Dry weight 50
Botryosporium (?) sp (149} Dry weight 6674
Cercospora kikuchir (70) Dry waight 41
Chulura quererea (14) Dry wesght 45
Chytrdum sp (61) Dry weight 5275
Colfetotrachum fubtses (314) Linear extension 35-80}
Coprinus sp (154) Dry weight 4869
Fomes annasus (89} Linear extension 4649
F fraxineus (203) Linear extension 60-70
Fusarum equaeductum (229) Dry weight 40-90
F aurantiacum (260% Lanear extension 6370
Geotrsehun p (229) Dry weight 30
Aarasmius gramanum {182) Dry weight 57-64
Aerultus confluens (219) Dry weight 49
Mpcogane permctosa (311 Dry weight 67
Newrospora erassa (253) Linear extension 4365
Ophsobolus gramsnts (327) Dry weight 4074
Percrllium expansum (28) Linear extension 44-75
P glaueum (2} Dry weight 50-63
Pnlyctorhiza varabizs (251) Dry waight 72-76
Phycomyces blakesleranys (A7) Dry wesght 1546
Pythuogeton sp (52) Dry weight 65
Sepedontum sp (230) Dry weight 70-85
Sepiona peplr (266) Linear extension 48-68
Streptamyces coehrcolor (57) Dry weight 69-77
S scabies (318) Dry weight 69
Tricholoma nudum (222) Dry weight 50-60
Trichophyton pessiolor (285) Drv weight 6570
Tt buspore cu areur {229} Dry weight 40-90
Verttadlium ral b vt (311) Dry weight 53
V psalliotar (311} Dry werght §7-70
* Far reasons duscussed 1 the texe these figures amust be camxdcrcd as approxc
mations and as hmited to the cond: of the p:

§ Defined for this table as the pH range lcstcd m which (hc growth was withm

10 per cent of the maximum growth
1 With added calcium and magnesium ia the medum
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1n Table 3 reflect the ability of the fungus to raise or lower the pH
of an imtially unfavorable medium data on Colletotrichum linde
h {173) 11l this ph

The values of Table 8 should therefore be viewed with some cau
tion at best they offer a rough guide to choice of media and a posst
ble 1ndication of ecological preferences They are not to be regarded
as absolute figures 1n any sense

A double pH opumum 15 frequently reported a mnimum appear
ing between two maxima 1n the curve This type of response has
been exhaustively analyzed n studies on Coprinus spp (102 10%)
It appears that the mimmum merely reflects pH-dependent unavail
ability of one or more morganic elements proviston of wron zinc and
calaum n avalable forms eliminates the double optimum and re
places 1t with a broad single optimum zone

An orgamsm may also be able to grow even quite well at a pH
which does not permit the intiation of growth (189) The metabolic
basis of this phenomenon 15 not clear agamn the artificiality of the
sumple pH-growth curve 1s emphasized

In contrast to the bacteria and the actinomycetes fung: are rela
tively more able to mvade acd environments although we should
avoid the commeon assumption that they are restricted to such environ
ments In culture the larger basidiomycetes are often unable to grow
at an imtial pH above 70 examples include most species of Ma
rasmius  (182) and Trcholoma (222) Correspandingly limited
ecological studies of these fungt indicate that they are in general
restricted to aad environments (338) However Marasmius rotula
grows i culture and 1s found in nature on substrates of widely dif
ferent pH (182 328) and several other fleshy basidiomycetes notably
species of Coprinus actually require alkaline conditions for best
growth (104 120 312)

Buologtcal types of fung: may only roughly be charactenzed as to
PH preference Most plant pathogens—exceptions are evident 1n
Table 3—grow best 1n media with an mitial pH of 50 to 65 Species
of Streptomyces are marked by a relative mntolerance of actdity very
few can grow at a pH lower than 50 The same ntolerance of
aadity appears also i other groups eg the lower phycomycetes
(61 85) The dermatophync fung: perhaps because they are usually
grown in complex media seem rather indifferent to pH over the
Tange 40 to 100 (284 285)

Other biological activities of the fungt respond to pH but not
necessanily in the same way as growth  As a rule the pH range for
sporulation 1s narrower than that for vegetauve growth (Chapter
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11) The range for spore germnation 15 ssmilarly more parrow {185
201) thus 15 to be expected inasmuch as the design of the spore
germmnation experment does not permit sufficient nme for metabohe
actities of the organism to modify the pH of the medm  Soil borne
plant diseases may or may not show the sume pH curve as do the
fungs which cause them (Sv 260) here of course the effect of pH
on the plant presumably exerts an important wnftuence and the com
plex effect of pH on the soil 11self may be even mare decsive
In mose physiological smdies it 13 necessiry that the pH be con
trolled at least within lunits  Persodic addition of alkah (51) and
the use of solid calcium carbonate in the medium (99) are satisfactory
for certain problems but 1n general 1t 15 necessary to employ a buffer
system Of these the most common md generally useful 15 the
phosphate buffer  The usefulness of phosphate 1s imaterd however by
the tolerance of the fungus to the son thus may be as low s 0003 3
(61) or as hugh as 020 A7 (66 151) and must be determined for each
orgamsm  Other buffer systems must be employed with caution
icetate 15 often toxic (b4 183 291) and crteate may be uulied by
the fungus as a source of carbon with consequent displacement of
the apparent pH optimum (64) Phthalate borate and atrate bof
fers are sausfactory for Neuraspora crassa (278) o hydroxybutyrate
has been proposed as a non uttlizable buffer for studies on fungr (803)
Equipment for automatic pH control has been described (50)
Phyniological buffer systems can be devised for parucular problems
eg acetite as carbon source and ammonum 1on as mirogen source
(188) or muxtures of atumontum and mtrate sons (141)  Jn both these
systems utihzation of an amon 15 balanced by utilization of a canon
and the pH 1s thereby held relatvely constant
In conclusion the pH growth cune has to say the least « humted
usefulness  In designmg expenments of this type the first question
to ask 15 whether the nformation to be gatned s worth the effort
required  Once such an cxpeniment 15 decded upon 1o rather ele
mentary precantions should be ohserved  Furst the final pH of the
medium  after growth must be reported  Second the resuits will
be more mewmngful 1f buffer systems ave used to control pH an
the alkaline range addinon of sodwm hydroxde 1o control pH s
followed by absorpuon of cwbon diowde from the arr with a con
sequent false unpression of the upper pH lumt of grawth
The sntcrnal pH of the fungus cell—and the fungus cell 15 psually
large enough so that the concept of pH may legitsmtely be apphed
5 1ot known with wny precision  Indicator methods which hue
obuious uncertatnuies yield an most hands a vafue of about 60 (4
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195 219) close to the value for resting cells of yeast (59) Bunming
(44) reports a lower internal pH below 50 for dspergillus mger
Whether or not the mternal pH responds to changes in the aadity
of the external medium 1s uncertain there may be some effect (14
228) but 1t 15 to be presumed that any large change would result i
wjury and death The prinaipal effects of external pH are probably
on permeability and other surfice phenomena

8 OXYGEN AND GROWTH

Fung: are commonly thought of as strictly aerobic, and this opimon
1s basically correct However the quantitatne relations of growth
and oxygen supply vary considerably among different forms

Visually observable growth of fungt occasionally occurs under m
trogen or 1n a hquid filled contaner (61 191 220) This hunited
growth probably depends on oxjgen previously dissohied i the
medium  Blastocladia pringshermu grows well 1n tank mitrogen or
carbon dioxide but fails to grow 1f oxygen 15 chemically absorbed by
pyrogallol the fungus has therefore a very low but real oxygen de
mand (85)

Achlya prolifera has been reported to grow i the presence of pyro-
gallol (13%) However this report cannot be accepted without con
firmation mn view of the overwhelming evidence that other fungi
and species of Streptomyces fail to grow at very low or zero oxygen
pressures (69 94 119 127 166 192 19> 204 234 237 257 292 342
343)

When growth on agar 1s the criterion 1t appears that most fung
grow as well at 20-40 mm oxygen pressure as at atmospheric (160 mm)
(69 116 118 261 295) However the dry weight 15 usually affected
at somewhat higher oxygen pressures growth of Ophiobolus graminis
15 reduced at 10> mm oxygen (94) Aspergillus oryzae grows best at
oxygen pressures lugher than atmospheric (292) Contradictory data
may be cited (12 166) but 1t seems that mass mncrease 1s more senst
tive to oxygen deficat than 1s the more diffuse and thinner growth of a
colony on agar

In keeping with the relatively low oxygen requirement for growth
fung: successfully colonize environments 1n which oxygen 1s himited
eg relatively stagnant aquatic mibeu It 1s doubtful whether imvasion
of woody tissues 1s ever prevented by lack of oxygen (295) and the
same 15 probably true of mvasion by vascular pathogens and decay
fungt The number of fung: usually falls off at lower soil depths

(31 45 147) but this mav be caused more by high carbon dioxide
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than by low oxygen (46) ‘The adverse effect of flooding the soil on
the growth and survival of fung 15 however beheved to reflect a
defictt in oxygen (287 283 289)

Very Ingh oxygen pressure may somewhat reduce growth or change

;he mycehal habit but does not usually have a lethal effect (159
28)

Many discussions of acrobiosss 1n the fungi have confused growth
and fermentation Numerous fungi ferment sugars anaerobrcally
(Chapter 7) thuy capaaity has no essential bearing on growth and
these forms should not be referred to as anacrobes The term an
aerobe 1n fact cannot be apphed to any fungus all requre at least
some pxygen and none has as yet been reported to grow better at
Jow than at atmospheric oxygen pressure although reducing substances
favor growth of drmullaria mellea (148) ‘The vigorous anaerobic
fermentation of some aquatic phycomycetes (Chapter 7) 3s coupled
with a low oxygen demand and tlus relatson 13 presumably a causal
one

¥ CARBON DIOXIDE AND GROWTH

Growth sumulation by carbon dioxide 15 considered later with
carbon dioxade fixauon (Chapter 7) High carbon diowide pres
sures gencrally bt the growth of fungt but the level at which
inhibiton appears 15 quite varable  Thus Alternara solant 1s mark
edly imhibued by 38 mm of carbon dioade (159) and Coniobhora
cevebella by 23 mm (345) but many other fungi are only shghtly
retarded 1n growth by carbon dioxide pressures of 150 mm or more
(12 69 117 295) An isolate of Zygorhynchus vurlleminn found only
below the sol surface 15 retarded about 35 per cent by 152 mm of
carbon dioxide wlile the surface soil mnhabitant Pemaillium mgre
cans 1s completely mhibited under the same conditions (16) Kinally
we may Bl ladwa pr h which grows well in an
atmosphere of tank carbon diovide and which requires carbon dioade
for the formttion of resistant sporangia (85)

10 WATER AND GROWTH

The assoctation of meisture and fungal growth 1s well known 1n
relatton to the detenioration of natural and manufactured products
Fung: require relatsely high mossture levels but most of the higher
fungi can grow in the absence of hiquid water
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Two related types of study concern us here the effect of relative
humdity on growth and the cffect of osmotic pressure on growth
Both presumably measure the ability of the organism to draw water
from its emvironment  Spore germination per se 15 considered else
where (Chapter 12) but 1t should be noted that experimental designs
used 1n growth studies do not fully discriminate between spore germu
nation and mycelial development

Relative humidity effects must of course be determimed by grow
ing the organism on 1 substrate which 1s 1n equlibnum with the
atmosphere  Agar and other sohd substrates—bran wood blocks
fabrics etc —have been used  Unfortunately quantitative determina
tion of growth on such materials 1s difficult and the data are rather
mmprease  This impreciston makes 1t hard to deade whether rela
tive humidity wtself or the moisture content of the egubibrated sub
strate 55 the more ymportant factor in fungus growth Data can be
ated for each view (21 277) Probably the amount of water 1n the
substrate 1s the more important thus if cotton and wool are incu
bated at 92 per cent relatrve humiduty only the wool which absorbs
more water at this humidity than does cotton supports growth of
fung (21)

The nfluence of moisture on fungal deterioration of economcally
important matertals has been studied intensively and reviewed often
(13 184 271 277) Fung: tolerant of low humtdity (85 to 90 per
cent) include Stereum § I 13, hizophylis
(131) and Aspergillus spp (163 276) A few fung: attack substrates
at as low as 65 per cent relatine hummdity (276) but most are limited
to much higher humdities 95 per cent or more

Tolerance to low relative humidity appears as expected to be
associated with tolerance to high osmotic pressure (131 157) this
relation 1s espeaiaily clear wn spore germination experiments (Chap-
ter 12) Speaes 1n which spore germination occurs at low humidity
also tolerate a low humidity during growth (321 323) and 1t s
reasonable to 1nfer that spore germination 15 more affected by
marginal water supply than 15 mycelal growth (325)

Studies on the role of osmotc pressure are always complicated by
possible non osmotic effects of the solute  Sodwmum chlonde 15 dis
tnetly mhibitory to some fungi (207) other complications are dis
cussed by Brancato and Goldmg (29) and Stuart (290) Tolerance
of lugh osmotic pressure is spectfic Thus a mutant of Newrospora
crassa 15 inhibited at 0 17 M glucose (139) 1t the other extreme species
of Aspergitlus can grow in media with an osmotic pressure of as high
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as 100 atmospheres (28 282) Most fungi cese growth or are
markedly intubited when the concentration of soluble sugar exceeds
about 20 Af (109 129 159)

Obligate halophily—an absolute st requir has been re
ported for several fungi (194 225 315 316) although at least some
manne fungl do not require salt (8) Further quantitanve studies
on halophily in marnine fungi would be of great interest

Protoplasm 1s presumably always more concentrated than the ex
ternal solution and limited data support this assumption for the
fungi (35) The indications are that the nternal concentration as
measured by freczing point depression or by plasmolysis methods
mcreases as the external concentration s rused (195 225 231) In
Aspergillus mger the relative amount of bound water 15 greater when
the organism 1s grown 1n concentrated glucose (304) Ohtsukt (225)
relying on the cryoscopic method reports an osmotic concentration m
Aspergillus glaucus var tonophilus equvalent to approximately 250
atmospheres 1¢ the freezing pomnt of the expressed cell sap was
—21°C

Thatcher (296 297) using plasmolytic methods found that the
osmotic pressure of plant pathogeme fung: exceeds that of their hosts
and may be a factor m parasitism  Osmotic pressure of hyphae was
found 1n this study to be 15 541 3 atmospheres that of haustoria of
rust fung: to be 18 6-21 9 atmospheres

Fung are more active at moderate than at hugh soil moisture (287)
this 15 presumably to be ascnibed to the effect of excessive soil water on
aeration

11 BIGLUMINESCENCE

The ph non of biol n org g y 1s re
viewed by Harvey (125) Wassink (324) critically reviews its occur
rence 1 fungr and the biochemustry of the process is summarized by
Johnson etal (153) Biolurmnescence occurs 1n at least 17 spectes of
the basidiomycetes possibly 1n one ascomycete and has not been
reported from phycomycetes (125 321) Within a speaes both Iu

and nonl stramns occur 1n nature (21 42} in
Panns stspticus lurmnescence 15 gorerned by a single gene (190)  Lum:
nescence occurs 1 sporophores thizomorphs sclerotia and vegetauve
hyphae (42 125 2i1) As Robert Boyle discovered almost three cen
turies ago oxygen 1s necessary modern work shows thit the oxygen re
quirernent for fungal luminescence 1s much hugher than that for bac
tenal (128) The reaction 1s temperature sensiive and 15 reversibly
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Figure 7 Emussion spectra of bio
luminescence 1w Photobactersum fisch
en (ef) and Armitlana  mellea
(ugh) Redrawn from Sprmtsan
der Burg (279) by permission of EI
sevier Publishing Company  Amster
dam
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mhibited by narcotics {12) Active extracts have not as yet been pre
pared from fung: by analogy with other luminescent organisms we
may safely assume that the process 1s enzymatic

Figure 7 compares the emussion spectrum of the light produced by
Armullaria mellea with that of Photobacterium fischert  Other fung:
which have been examined—dgaricus melleus Mycena spp Omphalia
flanda Pleurotus lunmllustnis and Polyporus hanedai—have approx:
mately the same maximum as 4 mellea 520 to 530 my (125)
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2 The Composition
of
Fungus Cells

Undur this head are considered those constituents
which as a class if not indnadually are common to most or all fung
Matertals which are found only in some species are duscussed 1f sig
nificant 0 the section on metabolism thus sugar alcohols and carote
nords do not occur in the myveehum of afl fung: and so are not 1ncluded
here but are conudered i respectively Chapters 5 and 6  hnown
vitammns produced by fung: are reviewed sn Chapter 10

e t 1 fi e of ch \] }e 15 somenhat
lizmted It will be seen that witlun bounds set by the metahohe
apaaties of the speaes the composition vanes widely with the en
vironment  The quantinies of fat carbobydrate ash wail matenal
and total mtrogen are all more or less responsive to the culture me
dwm

In composinon the pnnaipal differtnce between fung and bactena
15 1n the high chutin content of most fungr  Clunn s present in the
bactena (176) the green algae 8o not have chitm walls  Absence of
¢hitin 15 the Oomycetes discussed below in turn suggests a polyphy
tetic anigin of the true fung A second difference between fungi and
bactersa s also quanutative tather than absolute hpid accumulation
1s more common and attawns higher levels in the fung: than 1 most
bactera  Mycobacterrum and tefated forms however are excepnions
10 this rule and may have 1 rather hugh ipid content (130)

35




36 THE COMPOSITION OF FUNGUS GFLLS

1 THE MAJOR CONSTITUENTS OF THE CELL

Grawing fungus cells are of course Jargely water early measure
ments mdicate that 85-90 per cent of the fresh weight of mycelum
and fleshy sporophores ss water Presumably ihe more Jeathery sporo
phores and sclerotia have less water (25 197)  The comdia of most
fung: appear to have a relatively low water content eg 174 per cent
mn dspergillus ory ac (171) 25 per cent 1n Mondinta fructcala and 6
per centin Pemellium digntatum (195) 1t 1s probable as suggested
by Yarwood (195) that most of the water in these spores 1s hygroscopic
Their water content 1s largely therefore a function of the crviron
mental humidaty this my explan some of the rather lagh values re
ported in the early heerature

Spectes of Erystfphe are unusual in that the comidia have a high water
content (195 196) Wuth this 1s assoctated the ability to germnate 2t
low relitive hummdity (Chapter 12)

‘The bound water of 4spergill is smuger myceltnm defined as water
which 15 removed by heat but not by 7 vacue drying over a desiccant
1t mod 3¢ to 71-84 per cent of the dry
weight when the fungus 15 caltinated on 5 per cent glucose at hagher
glucose concentratians the bound w1ter rises to 45 much as 30 per cent
of the dry macter (182)

‘The elementary composttion of fung: has been studied rinefly with
respect 1o carbon and mtrogen  The cubon content of a number of
fung studied by Hech (78) was 40-44 per cent of the dry weight
Iinck and Albson (128) report a somewhat wider range~—43 to 63
per cent  Aspergillus oryzse mycelium 15 1bout 49 per cent carbon
(373) and A mger mycelium about 4t per cent (129) but other speces
of Aspergilfus may be as Igh as 55 per cent (134)  Most fungt re
10-50 per cent carbon and the value 18 refutively hudde ffected by
cultural condstions (178 194) or age (126)

Bacteria and viruses in general have carbon contents of the same
order as fung (130) The mycelum of Streptomyces griseus has
shyghaly less carbon—about 38 per cent of the dry wesght (58)

In contrast to the relatve nmiormity of carbon content the total
nitrogen of fungal mycehum 1s guite vanable both the find and the
concentration of the mitrogen source influence the composition

The major constituents of the mycehum of several fungs are lited
an Table 1 These data cannot be considered typical of all fung:
since 3t 15 known that at least four of the fractions—carbohydrate
protein ltprd and ash—are strongly 2Wected! by culturafl condinions
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Table §  Major Constuuents of Cultivated Tung: and Acunomycetes®

Carbe

Organym hydrate  Chibn Prowa  Lapd Ash
Aspergrilus opyzoe (spore) (171) 900 —_ 2275t 220 533
Gliocladrum rosesm (157) 344 84 212¢ 224 -
Rtszopus yapomens (9% - ~ st 972 552
Pemaltum chrysogenum {157) 600 106 16 4% 14 —
P nectlieum greseofuloum {165} 450 55 1208 345 -
Phymatotrich.sm omm oram (47) 3242 -— 2394 449 624

* As per cent of dry weight

1 Estumated from tntal mtrogen only

4 Estimated from total mtrogen after subtraction of chium nitrogen
§ Determuned 1n a chinn free fracton

and differ in amount from one species ta anather  As discussed below
those protein values of Table { which are based only on the total
titrogen are almost certainly high

2 MINERAL CONSTITUENTS OF THE CFLL

The ash content of fungi varies with the mediwm v ed and pre
sumably with species  Some figures reported for otal ash as per cent
of dry weight are Riuzopus japomcts 552 (99) Aspergiilus mger
239 (129) 4 ory ae 719 (78) Coprninus redians 497 (I8) Pewesl
Lum notatem 283-340 (50} Frutting hodies collected m the ficd
may be as low 2s 1 08 or as hugh as 299 per cent ash most have 5~10
pur cent (197)

The composiuion of the ash of a few fung: 15 summarized in Lable 2
Although no figures shonld he considered typical 1t 35 clear that the
most abundant Is are phosphorus and p Probably
none of the analyses of Table 2 15 complete and inspection raises some
obvious problems eg the accmuletion of sithicon m Rhuzopus japons

u$ and alumnum in Penterilium notatum

The total ash content and the conc of wnd 1 el
are wfluenced by the environment and by the stage of deselopment
In dspergilius mger the total ash of comda 13 about three tmes that
of mycelium  the 1nczease 35 confined however 10 a few of the ele
ments parucularly phospt P and {& 139
Autolysis 1s panted by loss of phospt (61) and by a dechine
i tatal ash (100)  Among the environmental effects the simplest 1s
the wcrease 1 the mtecnal concentration of an element 1n the my
celiam ag 115 eternal concentration ss rased (62 139 144 168 The
total ash and the « of individual el are also mnfin
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Table 2 The Mineral Constituents of Fungs*

Rha apus Pemy flt Trametes Morch ila
A ineral Japonscus notatur suateolens £seule da
199} {56} {198) {54
k 273 452 i1 52 6397
Na 129 789 045 038
Ca ~ 2672 2257 175
Mg 142 856 607 17
P 287 2501 464 2613
s 028 217 1906 178
5 212 063
[#] — 05 052 137
Al - w62 026 hast
Fe 184 452 - 200
Zn 018 ~ fand nd

* As per cent of atal ash

enced probably directly through effects on growth or pH by the
type of nitrogen source (61 143 194) and by the concentration of
mitrogen (78) A low mitrogen supply may be expected to act directly
on phosphorus conitent by restrictian of the synthesis of nucleic acids
(6%

It 15 assumed that only phosphorus sulfur and chlonne oceur in
fungt i organic combination an attempt to 1solate organic com
pounds of magnestum {aled (143) Phosphorus 15 of course present
1 several types of organic molecules sugar f hates and ad
phosphates (22 92 113) phosphoprotens (107) nucleic acsds (63)
and phosphohipids (p 47) None of these has been mvesugated
thoroughly in the fung:

Fhe norgansc phosphate of fungal mycelhwm mcludes orthophos
phate and norganic condensed phosphates (151)  Pyrophosphate
occurs 10 Aspergsiius mger (106) but most attention has been directed
to the metaphosphates polymers of the general formula (NaPORY
Volutin a common visible intraceliular mclusion 15 probablv meta

hosphate (85) Meraphospt have been found an cells of Asper
g;llus suger (96) and poss:bly Neurospora crassa (83) The metaphos
phate of 4 nuger has a molecular weight of 6000-7000 (86) Fungal
enzymes which hydrolyze these condensed pl are
considered brieflv n Chapter 9 Uthzimon n( the bond cnergy of
these compounds to drive synthetic rercuons althongh not imposaible
w prnciple has not as yet been demonstrated
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3 THE CELL WALL

The most serious defect 1n our knowledge of cell wall compostuon
in the filamentous fungt 1s the fact that no pure wall materal 1s yet
matlable  The major sources of error are the inclusion of extraneous
substances 1in the preparation and the loss of wall material dunng
purification  We do not have therefore for any fungus even a qual
tative picture of the chemical components of the wall  This section
consequently can only review work tn which one or the other major
constituent has been studied  When we speak of a chitin_wall, we
mean a wall with detectable chiin not necessarily or even probably
a wall which 1s exchusively chitin Morphologieally 1n fact the wall
may be a multiple structure with layers of different composition (15
46!

In most fungt the basic material of the cell wall 15 cluun, a polymer
of N acetylglucosarmne 1dentical chemically with the chitin of arthro
pods  The history of the study of chiin n fungt 1s reviened by
Schmidt (152) and by Frey (06} Much confusion exists however
because of the use of methods which are not eiuedl  The most ac
ceptable method of qualitatne dennficanon of chitin 1s determina
tion of the \ ray duffraction pattern (36 66 79 87 91) However 1f
chitin 13 present only 1 small amounts the \ ray method may not
Tevealit Other methods—microchemical tests 1solation of denviuves
from a hydrolyzate and determination of the nitrogen 1n a punfied
preparation—are usually in agreement with X ray results but are not
sufficiently discrimuinating to stand by themselses  DMicrochemical
methods for chiin and cellulose are parucularly unsausfactory (56)

The quantitative determination of dnun requites punfication usa
ally by the method of Scholl (153) and determinauon of the nitrogen
of the product In a survey of 25 fungi chitin contents from 26 to
262 per cent of the dry weight have been reported (18) other quant
tatve data are found i Table 1 1bove and 1n the paper of Schrmude
(152)  The possibility that some protem mtrogen from resistant pro
tetns s tnciuded 1 these analyses cannot be ignored

On the basis of microchemical tests for clutin von Wettstern (186)
proposed that large takonomic groups of the fung differ 1 the const
tution of the celf wall  Speafically he found chiun n the Zygomy
cetes and 1n the hugher fung y and basid etes repre
sentatine  Myxomycetes  Oomy and Monoblepharid were
found not to {orm chiun This supports a pol)phvlmc ongin of the
phycomycetes
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Table 3 Cell Wall Matersals of Fungr®

Organism
Pythtum debaryarnry
Phytophthora spp
Saprolegnea latponica
Achlva caroliniana
Logemdsum grganteum
Allomyces arbuscula
Bi anabtits

Classification
Qomycetes
Oomycetes
Oomycetes
Oormycetes
Oomycetes
Blastocladsales

Phycomyces blakesteeanus Zygomycetes

Muzor spp Zygomycetes

Rhuzopus bovtnus Zygomycetes

Absidia glauca Zygomycetes
Basidiobolus ranarum Zygomycetes
Eremoscus feetihs Endomycetaceact
Frdomces desprens Endamycetaceae}

Er opsis fibuhger d

Sacch pp 1 +
Schooaecharemyzes spp. Sacch 4
73 t vtne Sacch i
Picha memb Sacch t
Ashbya gossypus Spermophthoraceaet
E ashbynn Sp pt 1
Torula spp Isendosaccharomycetaceae}

Rhodetorula rubra
Alycoderma nimy
Aspergllus oty ge
Nectris eonabaring
Scl rots 12 fructscola

P eudosaccharomycetacraet
Pseudosaccharomy cetactae t
Ascomyeetes

Ascomycetes

Ascomycetes

Clenomices fe

Boletus edulis
Cantharellus etbarius
Lopninus atramentartus
Hpholoma fasereul

sr
Basidiomycetes
Basidiomyretes
Basidiomyeetes
B

Ustilego vtotaces (budding
sponidia)

Blastomyces dermatifidis

Epdermophyton floccosum

Histoplasma capsulatum

7. dsordes brasi

Basidiomycetes

Fung Irperfectt
Fungt Imperfecu
Fungr Imperfeets

F
Sabouraules sudouim
Sporobolomyces roseus
Sporstrichum schencku
Trrchoderma vinde
Trichophylon ferru tneum

Fungt Impr

Tung: Imperfects
Pung: lmperfect
Fungs Imperfecn
Fungt Imperfect:
Fung Imperfect

Chrun

Absent
Absent
Absent
Absent
Absent
Pregent
Present
Present
Present
Pregent
Present
Present
Present
Present
Present
Ab ent
Ab ent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Pre ent
Present
Pre ent
Present
Present
Present
Present
Present

Absent
Present
Present
Present
Present
Present
Pres nt
Present
Present
Present

THE CONMPOSITION OF TUNGUS CELLS

Cellu'as
Presert
Present
Present
Present
Present
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Ab.ent
Absent
Absent
Absent
Absent
Absent,
Absent
Abseat
Absent
Absent
Absent
Absent
Absent
Absent
Abs nt
Absent

Absent
Ab.ent
Absent
Absrnt
Absent
Absent
Absent
Abrent
Absent
Absent

* Y ymted to data from X ray diffracuon studies of Blank (16 17) Frey (56)

and Gonell {66)

¥ Classificauon of Gaumann (60)
$ Assunung a petfect stage 1n the ascomycetes
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Although several reports since 1921 have challenged von Wettstemn s
generalizations more recent work with the X ray diffraction method
has confirmed them  These results are summarized 1n Table 3 From
this compilation 1t c1n be seen that chutin 1s found 1 most of the true
fungi except for the Oomycetes which are charactenized by cellulose
The Chytridiales have not been studied by modern methods 1ndivd
ual species have been claimed to form chitin (111 186)

Two pomnts need to be made i connection with the yeasts The
X ray diffraction data of Table 8 1ndicate that they divade on family
Iines only the mycehal yeasts having chutin - The principal cell wall
matenial of the unicellular yeasts appears to be a polyglucose distinct
from cellulose (8) with a second membrane contaimng a mannan
protein complex (45 119) Howeser microchemcal tests suggest that
there 15 2 small amount of clutin 1n umecellular yeasts glucosamng
can be isolated (45 145) The amount present i these yeasts 1s prob
ably so small as to escape detection by the X ray diffraction method

The amount of chitin produced 15 Jower 1n a medium with nitrate
than 1 one with ammomium 10n 15 the mtrogen source (7 152) this
may be a pH effect  Autolytic loss of chutin 1s sand to occur 1 mtrate
but not m ammonium media (7)

Although 1t 15 probable that other matenals are more or less closely
assoctated with chitin 1n the cell wall unambiguous evidence of such
association 1s lacking,  Pectic matennals protein hipids cellulose cal
lose and munerals have all been suggested (47 103 104 178-181)
The cellulose problem 15 considered by Castle (23) and by Farr (46)
In Herpomyces stylopygae parasitic on nsects histochemical studies
indicate the presence 1n the basal shield of a cuun pratemn layer and
a process of sclerotization smular to that in the deselopment of 1nsect
cuticle may take place (141)

Clutin appears not to occur in the acunomycetes (57a) staining re
actions of Streptomyces spp are the basis of a suggestion that a ipd
layer 1s associated perhaps loosely with the spore wall (43)

The sheath surrounding the staik of Dictyostelium discordeum 1s
composed of cellulose laid down e Ilularly (187)

Callose described by Mangmn (105) and by Thomas (179) appears
to be an aadic polyglucose 1ts relation to the cell wall atself ss uncer
ta1n and cannot at present be accepted

A material dentified as ligmin occurs m relatively large amounts n
several fungt (128 177) The identification rests on solubility char
actersstics alone and 1t seems very doubtful that the substance 1s cherm
<ally the same as the hignin of higher plants (69 155 165)
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4 cELiULAR CARBOHYDRATES

In this section are included polysacchanides and refated compounds
exclusive of chitin Just discussed  Some of these may be found later
to be associated with the cell wall and others appear i the medum
15 well as the mycchum  Gharactersstically cells grown on fugh-catbo
hydrite meda are rich m polysacchandes for example the mycelium
of dspergillus niger may be 25 per cent polysacchanide (148)

The first fungal polysacchanide to be studied was that of Perictll uen
glaucum spores named spore starch by Cramer (28) In the penod
from 1894 to about 1925 several polvsacchanides were described but
with few exceptions the cnitena of 1dennfication were madequate and
the nature of the matenials remains in doubt  These carly studies have
been reviewed by Dox and Newdig (36) and by Schomde (149) It needt
only be pointed out here that none of the presumed identifications
wath the starch of higher plants 1s based on sufficent evidence

Fungal polvsacchandes of known or parually known constitution
are histed 1n Table 4  Most are formed by speaes of Perarfhium and
4spergtllis but this may only murror the more intensive study which
has been devoted to these genera The most common sugar com
ponent 15 glucose the next most common galactose

Gal lose 15 dist tied by two unusual features galactose
35 1 the furanose form and the galactose umits are jomned by a 15
glycosidic bond (76) It has been speculated that the galac
structure may be metabolically related to the tetronsc aad dertvatnes
lso formed by Penierlhium charlesn (Chapter 61

The glycogen of fung: 15 chemically idenucal wath or very sumiar
to that of ammals (10) and occurs also wn yeast (118) The fracton
appearing as glycogen in routne analyses usually comprises about 5
per cent of the mycelial or spore dry weight (140 171) but m the
sclerotia of Phymatotrichum omnrorum the glycogen content 1s 36 7
per cent (40)

Polysacchandes of which the constitution 1s not fully known include
espectally the hemicelluloses defined by thewr solubahity and ease of
hydralysts  The crode hemacellulose fraction of Aspergilius mger
consttutes 12 to 31 per cent of the dry matter of the mycelium and

15 like <everal other constituents of the mycelium profoundly affected
by the supply of metals 1n the medim (129 156) Tentosans hase
becn tsolated as about 1 per cent of the drv matter of fungr (3> 150)
but the possility that these matenals are in fact hemicelluloses can
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Table 4  Pal; hagsdes of Fungr and A

Hydrolyns
Polysacchande Product(s) Orgamsm
Glycogen Glucose Aspergallus mger (171} Phymatoin
chum ommzarums (40 41 42)
Sclerouose Glucase Pemartloum selerabigrum (2}
Compactose Glucose Pemostim brevacompactum (65)
Nigeran (mycodextran)  Glucase Aspergillas nger (6 34} Pemcalliam
wpp § (36 135)

Polyglucose Glucose Asporgiilus fachon {116 117)
Polyghucose Glucawe Fenclliur charlesst (14)
Aodic polyglucose Glucose Pemaritim futeurn (55)
Capsular polyglucose  Glucose Torulopsis spp (101 102)
Lyteie acd Beta-glucose

malenic and Pemcstlyim futeum {3)
Vananose Glucase galactasef Pencillium cartans (75)
Capreolincse Glucase mannose

galactase

matome and Pencalloum caprealimem (26)
Potyuromde {%) Glucose galacty

rontc acid$ Cocctdrardes vmmates (T2
Levan Frucose Aspergillus sydous 195)
Polyfructase Fructase Streptamyces sp {183)
Polygalactose Galactose Pemerltium charlesn (27)
Rugulose Galactase Pemcilluum ru ulosus {6}
Mycogalactan Galaciose Aspergilius mger (37)
Neutrat pot Gal Pemesllum duteym (53)
Galactocarolose Galactose Perciltium charlesue (76}
Mannocaralase Mansose Pemertiyum charless (73-75)

Capsulas polysacchande  Xylose mannose  Crsplacoccs { Torulapss) neoformans
glucurome aod {38 44)
Capsular pentosan “ylose Torulops:s spp (101 102)
* Including only those polysacthandes for which some mformation on struc
wre 1 available
1 Alt hydrolyns products not sdennfied
{ Idennfication unceniam

not be excluded  Mannans arc common in yeasts but ot m fung
9
5 NTROGEROUS GONSTITUENTS

The total amount of nurogen m mycelium 15 wsuafly determimad
by the Ryehldahl method whach 15 only approimately complete  Hecl,
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(78) found the total mtrogen of culuvated fung to range from 227
per cent of the dry weght i Coprinus radians to 513 per cent ;m
Trickoderma hignorum, sporophores from nature had as lutle as 156
per cent mtrogen  These data are fauly typscal although fungs grown
mn culture may be as high as 7 6 per cent mirogen (115 132) Differ
ent species of Trichofoma vary from 8 1 to 7 7 per cent natrogen (114)

Measurements of total nitrogen are howeser not highly sigmificant
by reason of the susceptibshty of the value to environmental influences
and 1ts vaniauon with deselopmental status  Charactenshically young
mycelum 1s higher i mitrogen than old (7) dunng autolysis both
protems aud other nitrogen compounds are hberated into the medium
(Chapter 1) In dspergillus miger the onset of sporulation 1s comc
dent with a dechine 1n mycelal protemn (168)

The most tmportant sngle influence on the total mitrogen content
15 the concentration of nisrogen 1 the medmm  an ncrease 10 the
amount of availab) 13 accompaned by a signuficant—as much
as threefold—increase n cefl mtrogen (78 81 6o 173)

‘The nitrogen source used also exerts an mnfluence on the total nitro
gen of the mycelium 1 general the mtrogen content 1s hugher when
ammonium saits are used than when nitrates provide the mitrogen
{93 170 173 194) The cause of thus effect 15 uncertain erther the
low pH madent upon uahizanon of ammonium ron reduces autolvtic
loss of mitrogen or the nutrate 15 sunply less available to the cell for
synthesis

Fractionation of the total mtrogen of the cell reveals that only about
60-70 percent 1s 1 proteins (67 165) sull lower values have been
reported (99) Determunation of cellular protemn by calculation from
total nitrogen 15 therefore madmussible 1 prinaple although most
protein determinations have been made 1 this way

A few spectfic. protemns have heen described (20 2% 112 125) but
00 general or systemanc study of fungal proteins has been underaken
Michel Durand (107) found indications of phosphoproteins 1 Asper
gellus mger  Quahtatively the amno acds of fungal pratetns are
much the same as those of other protems surveys of the amino acids
1 hydrolyzates of Aspergellus flavus (127) Pemarllium chrysogenum
(135) Ustlago zeae (32) and Ventuna inaequalis (124) have been
made by chromatography of the aad hydrolysate and indicate a
general sumlanty among these dierse fungt with menar qualative
differences

Quanttitne analises of the ammo aads n hydrolysates of celiulr

} of fungt and (168 391) simalarly do not reveal
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any stnking differences between these and higher organisms when all
protens are hydrolysed together

The biological utlization of fungal proteins has been studied 1n two
contexts  Mycelium added to the soil 1s decomposed by the microfiora
about as rapidly as are other organic materrals (78) Norman (115}
could find no evidence of a decay ressstant mitrogenous fraction in my
celium (89) In amimal nutnition the utilizability of fungus proteins
13 generally low 1e they do not support growth of the rat (49-52
162 163 189) The nutritional value of fungal proteins 1s reviewed
by Thatcher {175) the mycehum of some fung: 1s toxc to laboratory
ammals but the underlying mechanism—uwhether an amino aad de
fictency or a toxic substance—s not known

‘The non protein nitrogen of the fungus cell consists of chrtin al
ready discussed nucleic aads free amino 2ads and muscellaneous
Titrogen compounds of low molecular weight The nudec aad of
Pemeillium spp accounts for 4 per cent of the total nurogen and
about 1 per cent of the dry weight (1 165) These findings cast some
doubt on earlier claims reviewed by Akasi {1) of high nudeic aad
concentrations in fungi  Spores of Pemucillium spp contain 158-592
#8 nbonucleic acid per billion (33) The comdia of Aspergilius nudu
lans contain measurable deoxyribonuclerc aaid and the amount 15 as
m other organisms twice as high m diploid as 1n haplod cells (77)

Free amimo aads occur 1n fungus mycehum (31 68 109 120 127
158 190) and are also found 1t the culture medtum (32 109 135)

The other mtrogenous constituents known 1 fungy mclude many
different and unrelated compounds several of which are discussed m
Chapter 8 Nutrogen bases and amunes have been found (90 171
197) passbly arising by degradation of larger molecules during analy
815 Cyclic choline sulfate has been 1solated from fung1 (31 167 192)
Urea appears to be a frequent constrtuent of the higher basidiomycetes
(88) and constitutes 39 per cent of the total nitrogen of dspergilius
fisckers myceltum (67)  Allantorc acid has been reported 1n apprec
able amounts 1n the sporophores of Agancales (54) and may be one
Precursor of urea (Chapter 8)

6 cELL LipIDS

The total lipid content of fungus myceium usually expressed as
a percentage of the dry weight 1s so strongly affected by cultural con
diions and age that any set of figures 1s mssleading  The effect of
these conditions 1s brought out especrally well mn a survey by Walker
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wnd coworkers (110 160 188) some of the known environmental
factars determuning fat content are discussed in Chapter 6 Figh fat
vilues—20 per cent or mare of the dry weght—are found among
speaies and strains of Aspergillus  Fndomyces Iusanum  Mucor
Qospora Pemalhum and Tornta (10 18 {10 [41 152 160 161 185
188) and in indwidual species of other genera (147 157 188) [he
hughest fat contents reported are about 50 per cent of the dry weight
(10 110)  Comudi1 of common saprophytic fungi do not have unusuallv
bigh fat contems but the sclerona of Clamceps puspurea comam 43
per cent hipnds (154} and uredospores of Pucctnia gruments trettct are
high n far (Chapter 12)

Som¢ vamation m apparent imd content anses from the use of
different methods of extraction these are discussed with reference 10
the fungt by Peck. (122) and by Bernhauer and others (11)

In Table 5 are collected a few partial wnalyses of fungal ipids  The

Table §  Lapids of Fungy

Unsspon
lodine Acd  Phospha  fiable
Organism Number Number  udes®  Mavuer*  Sterols®

fspergallus nager (15} 95t 72 — 120 14t
Aspergillas spd 21 (169) 1144 434 Presem 82 54
Blastompees dermatttrdrs

{123} a6 t 453 243 &0 -
Fusartum grammearsm

(3081 847 —_ - 21 b
Penwcndivm gatanscunt

(1849 840 106 — 20 -
Phycamyces blakeslecanus

421 - — 99 53 403

* As per cent of total ipid
$ Ergosterol

most stnking feature 1s the usually very high proportion of free fatty
acds up to 88 per cent of the readily extractible lipids may be free
aads (138) However 1t should be noted that the content of free acd
s markedly 2ffected hy cultural d inp {trum j

the acid number rises from 106 1o 507 as the glucose level of the
medium 25 increased from 20 to 40 per cent (185) In generad any
factor which ancreases fat formation also increases the relative amount
of frer fauty acids (I38) It should alsa be noted that dspergllus
mdutans hpids are very low i free acsd (161) as axe scleroua of Clav

ceps purpurea (197) 1t secms possible that Jipase action during
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preparation of the mycelium may comribute to the fugh apparent acid
value of fungal lipids

The fatty acid composition of some fungal lipids 15 summanzed 1n
Table § These and other data (10 58 97) show that the 16 and 18
carbon acids are the most abundant and that with few excepuons the
unsaturated 1ads—espeaially oleic and hinoletc—predomunate  The
low Reichert Meissl number of fungal Lipids reflects the relatine 1b
sence of the Jower fatty aads (10)

The anttbiotic actinty of a stran of Penrcillinn crustosum has been
traced to the presence of inoleic acid n tts mycehum (142)

A number of fatty 1ads which are not known to be constituents of
fats have been 1solated from fung: Three of these—agarie spiculis
pone and mineoluterc aads—are long chain hydroyy tricarboxy 1cids
simular to some of the hchen aads (136)  Actinomyces (Streplomyces)
flavus forms a wax the dodecyl ester of 5 keto octadecanoic acid (82)
and 6 keto-octadecanotc aaid has been 1solated from sporophores of
Lectartus spp (21) The usuhic acids 1dennfied as & and trshydroxy
hexadecanoic acids occur as constituents of the glucohipid vsulagic
acd a metabolic prodnct of Ustilago zeae (98)

The phosphaudes determined by their solubility are usually less
than 10 per cent of the total ipid but in Blastomyces dermatitidis
may amount to as much as one third of the ipud fracuon (122) In
Aspergillus spp the phosphatdes constitute at least 015 to 07 per
cent of the dry weight (138 193)

Exdluding earher studies reviewed by Czapek (30) which employed
wadequate methads well characterized phosphatides are a lecsthin and
a cephalin from Aspergilfus sydous (198) and a leatiun and 4 cephalin
not identical with these from Blastomyces dermatitidis (122) These
kave been characterized by their phvsical properties and their hydroly
sts products structures have not been deterrined  In addition a
cephalin fraction from Neurospora crassa has been described and evi
dently comprises more than one compound since both sershe and
ethanolamune are present (39) The phospholipid fraction of Pem
nllxum chrymgcnum vields mositol pho phate (84) and an mnositol

pholipid occurs 1n N pora crassa (57) Sumlarly the positine
Mohsch teaction of the acetone nsoluble lipids of several fungr mdi
r(:]n;e;) that a carbolndrate contumng phospholimd may be presemt

The mycehism of Aspergillus sydow: contmns at least 01-04 per
cent of a cerebrin (19) thus parually characterized mitrogenous liprd
1s probably 1dentical wath that 1solated earlier from yeast Clavicebs

purpurea and from the sporophores of several basidiomycetes The
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occurrence and the chemistry of the cerebring are reviewed by Celmer
and Carter (24)

Virtually all fung appear to form sterols The amount 1in myce
Lum 15 usually about 1 per cent or less of the dry weight Compre
hensive surveys have been made by Pruess and others (132-134) the
sterol content was found to be affected by the growth medium the
Tughest lesel attamned being 170 per cent of the dry weight 1n Paeer
lomyces taronn  Daffercnt 1solates assigned to Aspergillus niger vary
1n sterol content from 023 to L 16 per cent (1Z) A more recent survey
{4) finds that the sterol content of fung: ranges from zero 1n Golletotn:
chum graminicolum to 22 per cent of the dry weight 1n Pentcillium
uestingn

The principal sterol of fungi 15 ergosterol a dihydro denivauve
fungusterol occurs 1n ergot (174) Erg 1 occurs as the pal
m Penallsum spp  (121) and Aspergillus fumigatus (187) Other
sterols have been only tentauvely idenufied (70 71 146)

The me!abohsm of exogenous slermds and the composition of the

I; are ct d it (Chapter 6)
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3. Carbon Nutrition

1 1ROBL¥MS OF METHOD

Carbon compounds serve two essential functions 1n the metabolism
of fungs as of all heterotrophic orgamusms  They supply 1 the frst
place the carbon needed for the synthesis of the compounds which
go to make up the Inving cell —protemns nucleic aads cell wall ma
tenals teserve foods and so on 1n a typical fungus about 50 per
cent of the dry weight 1s carbon (Chapter 2) Second the sole source
of appreciable amounts of energy 1s the oxidauon of carbon com
pounds which may account for half or more of the carbon supphed
toa culture

Knowledge of carbon nutnuon therefore 15 fundamental to an
understanding of the physiology of the fungt  Mnch valuable work
has been done 1n this area but 1t will be apparent that the data re
quired for confident generalizauon are usually still lacking and that
much of our knowledge 15 based on experiments whsch are open to
crticism on the ground of method

The study of the carbon nutnuon of fung: or of other microorgan
wms invoives general problems of two soris conceptual and meth
odological

The concept of uthization may hive more than one operational
meaning,  The commonest usage deseribes an experiment 1 which a
small wocutum 15 placed m a medum containing one major source
of carbon and all other matersals necessary for growth the organmism

5o
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must imuate and maucarn growth at the expense of the test cam
pound A second more nacrow meaning of utihzation s the abilaty
of vable active mycchum to make further growth at the expense of
a test compound  Here the design usually wovalves providing a small
amount of a nulizable carbon source and measunzag the addittonat
growth if any obtamed from a second compound ¥t 1s often found
that matenals which are not by themselves sansfactory carbon sourees
are wsed an this Lind of experiment examples s particular fungt
cude lactose (130) sugar aleohols (150) and cellobiose (342) As
discussed Jater a compound which 15 used onlv in assocation with
another carbon source 1s probably dependent for 1ts metabolism on
the urduced synthesis of an adaptive enzvime system ot upon the o.
currence of mutants possessing the enzyme system

So long as these tho expenimental desigos are not confused each has
its place  Contusion however does arse if an author proposes 10
use the first design—one compound as she sole source of carbon-~but
mdudes other carbon sources in the medm  either as complex ex
tracts or as amno aads  Unless the add carbon 15 neghgibl
and this must be shown by control experiments without carbohydrate
there 1s the posnitnlity that the experiment measures utifizatton n is
second meaning rather than the one wmtended  Forwunately most
fung: can be grown 1n a syndhetic mediem with an morgane RIFogEn
source and with pure growth factors «t levels which do not contribute
significant amounts of carbon

There are several methodological errors which are common cnaugh
to deserve comment A cluster of such errors 1s associated with acudsty
The wunal pH should be determmed after stertization to guard
agatnst the possibility that comg Is 1n the medium are broken down
by autoclaving  Some compounds particularly orgamc acids may not
enter the cell ar the pH chosen 1 winch case 1t 15 necessary 1o deter
miune whether or not the organism can tolerate a pH at which pene
tration is more Bhelv  Finally the orgamism stself may produce or
game actds winch 1 a poorly buffered medsum lower the pH so far
as (o restrict growth  Medra may be buffered w 12h phosphate for most
orgamsmns for those fungr which eannot tolerate the Jevel of phosphate
requiresd for effective buffer action (4n) the pH may be controfled by
addition of stenife solid calcrum carbonate after autoclaving ar by in
clusion of an indicator and persodic 1dgustment of the pH with sterile
alkal (58) The only «ay 1n whick these problems can be detecsed 11
a particular sostance 15 to determne the culture pH at frequent ter
vals and to exerose § n the ntery of growth results

which may be affected by pH changes
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It 1s possible that metabolites other than aeds may accumulate in

bitory conct for le the accumul of ethanol

has been suggested {181) as the c‘(plamlmn of thnamime toxiaty to
Rhizopus surnus

Another set of problems 13 assonated with contamnation of sup-
posedly pure chemicals with growth acuve substances There 15 evi
dent 1n the Literature an umjustified confidence 1n the label placed on
a chemical by the f: er Lven compounds rated as reagent
quality or the equivalent may be d with biol iy uig
nificant amounts of other substances particulatly morganic 10ns and
organic growth factors Such contarmmation 15 partrcularly likely in a
compound denived from natural sources and most of the important
carbon and organic mitrogen sources are so derived  In a highly punt
fied medium one source of carbon may appear superior to another
merely because 1t 15 contaminated with a required norganic efement
n which the basal medium 1s partially deficient  More commonly
the fungus has an grazed Litamin veq which 1s met by
the less pure of a series of carbon compounds thus the early and
anomalous finding that Diplodia macrospora grows with starch mal
tose or sucrose but not with glucose or fructose 1s now known to re
flect contamnation of the first group of compounds with biotn re
quired by the fungus as a growth factor (199 241) Growth factors
for fungt have been found 1n many carbon compounds eg soluble
starch (172) glucose (121) galactose (44) and saponin (19)

Growth inhib by cont 15 fess y enc
but has been reported from the 10ns present 1n crude natural matensals
(158) and from an unidentified alcohol soluble contammnant of giu
cose and galactose (44)

1t should not be necessary to point out that such materals as cellu
fose and chitin as they occur mn nature may be contamiated with or
ganic materals 1n sufficient amount to provide the carbon source for
visible growth of fungi It 1s not for example justified to clam that
an organism can uubze chitin merely on the evidence that it grows
on the exoskeleton of an msect particularly since insect cuticle 1s less
than 50 per cent chatin (239)

Breakdown of sugars during autoclaving constitutes another serious
and often unrecogmzed source of error 1n studies of carbon nutrion
Growth mhibiton from sugar breakdown products occurs i both
bacteria and fungi (9 116 193) Breakdown 1s more extenstve 1if the
Sugar 1s in contact duning antoclaving with phosphate (59) or nath
amuino aads (86 125) hetohcxoses eg  fructose and sorbose break
down (to 5 hydroxymethylfurfural) more rapudly than do the aldo
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hexoses (138) and furfural formation from Autoclaved xylose 1s suff
cent ta mhibit bactenal growth (120)  Autoclaving of carbohydrate
1 the medinm has been reported 1156 to cause the formation of growth
promoting substances for bacterna (36) and fung: (114)

Olgosaccharides may be parnally hydrolyzed during autoclaving
especially atlow pH (7 22) and probably many clams of shight growth
on ohgosacchanides reflect merely the partial hydrolvsis of a non
uulizable sugar to a utilizable monosacchande

It follows that sugars and other carbon sources should never be
autoclaved in a medium A5 2 general rule they may be autoclaved
separately and then added asepuically so the cooled basal medwm
The expedient of 1ntermittent sterthzation 15 no better than autoclay
g (136) The ultimate recourse 1s to filter stenlization and ques
tionable results with a possibly Iahsle sugar should always be checked
with this method

It 1s usual i carbon nutnuon experiments to harvest all enltures
after a predetermined often arburanly chosen eubation period
No objection can be made to this procedure if the only purpose of the
experiment 15 to find a pricticable growth medium for a speafic pur
pose If however 1t s ded to yreld ful ik it on
the inittimuic utilizability of compounds some error may be xatroduced
One compound may be used with a very long lag probably adaptive
m nature {p 86) the classification of this compound as utthzable
ot non utihizable will depend on the length of the incubation perod
chosen  On the other hand 1f tme 15 allowed for slow utihization of
compounds growth on rapidly ntilized substrates may have been com
pleted and followed by extensive autolvsis before the cultures are
harvested  Ideally both these difficulties m1y be mer by plinning
periodic harvests comparison of campounds can then be made on the
basts of two cnterra maximum growth and the time required to reach
maximum growth  Che data of Lafly and Barnett (1i6) show for
many fung: the gan in understanding which flows from the use of
more than one mcubation period

Some additional mformation and considerably greater confidence 1n
nterpretation may be gamned by malysis of the medim at the time
of harvest for residua) carbon source  This procedure affords an ad
ditionat check upon growth evidence especially if growth s himited

Differences in results betw cen dafferent laboratories are often castrally
explained as an expression of strawn differences or as the result of
samation  There 1s of course no doubt that strains of a given speaies
may differ 1n thetr nututional requirements and there are antheatt
bolie changes lting from sp genetic

cated cases of
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change Nevertheless in the absence of adequate evidence these phe
nomena should not be accepted as sufficent explanauon of the failure
of one Iaboratory 1o confirm the work of another It s clear duat ex
tensise recourse to such explanation would mean that no study
could be confirmed or contradicted by later evidence

From this review of methodological problems a number of recom
mendations may be formulated  Although not of equal smportance
and not necessanly applicable to ali cases they should be considered
carefully 1n desigmng experiments on the carbon nutnton of fung

1 Complex matural products which supply carbon should if pos
sible not be included 1n the basal medium.

2 A control senies with only the basal medium should be 1ncluded
m every expeniment  Failure to include such a control makes 1t almost
impossible to detect imuted unhzauon of the test carbon compeund
since 1t 15 not known to what extent impunties 1 the basal medium
support growth

3 Adequate replicauon of cultures 15 necessary the number to be
determined by the sanance found in pilot experiments  Probably
for most fungr a mummum of four replicates for each harvest 1s 1e
quired

4 The carbon source should always be autoclaved separately from
the basal medium and added asepuically to 2t If 1t 15 found to be
labile to heat, 1t should be sterilized by filtranon

5 The pH of the medium should be determined electrometncally
after all ingredients are added and periodically duning growth.

6 The inoculum should be of mimmum size to avoid carry-oser
of materrals from the parent culture In doubtful cases senal sub-
culture on the same medium may be necessary Al cultures should be
moculated with the same amount (mass or number) of cells

7 The measurement of growth must be objective and quanttaune
eg by dry weight, total nitrogen or turbudity (Chapter 1)

8 For fung which have rapid rates of growth and autolysis or
which grow adapunely on some substrates 3t may be necessary to
construct 2 growth cunve for cach carbon source or at least 1o make
more than one hanest

9 Analysis of the spent medium for residual carbon source s
aghty d b {though not aluays | 1

10 Posstble 1nteractions between carbon and mitrogen sources
should be considered 1 some cases 1t may be necessary to study all
putative carhon sources 1n media with different mutrogen sources

il When apphicable the d between

of growth



60 CARBON NUTRITION

and muntenance of preformed growth should be a factor sn the inter
pretation of results

12 Reasonable precmtions should be taken agunst complications
arsmg from (a) contarmnation of the carban source with mpurities
which affect growth or (b) the formation of toxic metabolites dunng
growth  Hydrogen 1on 15 the most common toxic metabolite and
consequently the most important precaution in this connection s the
pertodic determination of the pH of the culture during the growth
penod

The mast frequent and perhaps the least excusable deficzency in
expenments on carbon nutrition 1s failure 1o meet the entenon of ob
Jective and quanuitative measurement of growth  As a ruje 1t 1s wise
ta disregard results which are reported i qualntative terms only 2l
though the complete absence of growth in such expenments may on
occasion be sigmficant  This stricture applies with almost equal force
1o the evaluation of growth on the basis of linear extension of a calony
on agar this type of growth measurement has ats uses (Chapter 1) but
15 not, sufficiently accurate to assess the relative utdizability of differ
ent carbon sources

2 MONOSACCHARIDES AND FHEIR DERIVATIVES

Hexoses  Of the 6.carbon sugars the hexoses p-glucose 1s brolog
cally the most mmportant and s utihized for growth by virtually all
cultrvable fungt A few forms have been reported not to grow with
glucose the only convinang evidence so far presented 1s the qualita
tive observation of Schade (175) that Leptomitus lacteus uses sione of
the common hexoses but grows with acetate or other fatty acuds as the
sole source of carbon This pattern resembles that of the acetate
flagellates eg  Polytomella coeca m which 1t has been suggested
(122) that enzymes necessary for the phosphorviation of glucose are
lacking A similar & mn Pseud putref has the
stme effect (106}

For the great majority of fungt and actinomycetes p-fructose and
omannose are equvalent to glucose for growth  Occastonally as m
Stachybatrys atra (99) one of these may appear superior to glucose
for unknown reasons 1 articularly among the lower fung: there ap-
pear ta be numerous exceptions to the general rule that fructose and
mannose are equnalent to glucose  In conventional experiments of
Jumted duration 1t 1s found that exther or both of these sugars fail to
support the growth of several members of the Chytndiales (2 45) and
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Blastocladiales (9% 123) Less exhaustive studies suggest that the
same 13 true of some species of the Saprolegmales (17 231) Of sev
eral reports of failure of lugher fung: (o utlize fructose that of Shira
Lawa (184) 15 the most comvincing although the fructose was auto
claved 1n the medrmm  Several 1solates of Streplomyres fail to grow
in an agar medium with fructose as carbon source (14)

Considerable light has recenily been thrown on the non utihizauon
of mannose and fructose through the work of Sistrom and Machhs
(185) on Allomy ces macrogvnus one of the species of the Blastocladiales
previously found not to grow appreciably on these sugars in experi
ments of conventional duration It 15 now clear that A4 macrogynus
can grow on both mannose and fructose with a very long penod of
mcubation the final growth 1s comparable to that on glucose In
addition provision of a small amount of glucose to a medium 10
which the man carbon source 1s manno e or fructose atlows normal
growth with no delay Both of these observations ire consistent
with the hypothesis that this fungus—ind by implicition perhaps
others—utilizes fructose and mannose only under conditions which
permit or encourage the formation of an adaptne or mduced en
zyme although other observations remain to be reconaled with this
hypothesis Tt would seem therefore that utilization of these mono
sacchanides 15 dependent on an enzyme system which 15 constitutne
1n some orgamisms and inducible in others strains of a given speaes
may fall into different groups in this regard

Data from a comprehensise study of 57 fungal species mostly of the
Fung: Imperfec (116) show that relatively few—about one fifth of
the sample—are completely unable to grow with b galactose as carbon
source 1n a medivm contaiming asparagine and sales  Many especially
m the genus Fusarum grow with galactose as well as with glucose
Other fung1 eg Helmnthosporium satroum reach the same final
dry weight as with glucose but reach 1t slowly supgesung that here
to0 an adaptive mechanism 1s at work and that the inclusion of
asparagime 1n the medium may have biased the results by providing a
substrate able to support the formation of induced enzymes  Finally
for many fung: galactose 1s clearly utilized but does not even 1n a long
ume perrod support the same level of growth as does glucose We
may conclude from this and other work that galactose 1s used by most
fungi but 15 not usually so good a source of carbon as glucose A sub
stantial number of fung: are unable to utlize 1t and 1t may esen be
toxic to a few (90 194) The ability or mnability to unlize galactose
bears no apparent relation to taxonomic posttion

On comparatsve grounds it seems probable that the abality of an
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orginsm to we fructase mnnose or grlactose depends upon it
ability to consert the sugar 1 question mto a phosphoryltted derna
e of glucose able to enter the maim respiratory pathnays  The
metahohe relationships of these four sugws in yeast nd waml cells
are shown e the dingram (67)

Polysacchanide Galactose
Glucose 1 phosphate = Galactose 1 phosphate

Glucose ~ Glucose ¢ phosphate = Fructa ¢ § phosphate
1 I

A, __,M-',,GlL

Fructose

From tlus diagram 1t mav be suggested that 1n adapuive growth on
fructose mannese or galaciosc the enzyme actually facking 1n the
cell and mduced by the environment 15 the specific kinase Tesponsible
for the phosphorylation of the free sugwr  However no data are
avalable and other possibilittes and other pathways are of course
concenable The occurrence of mannose 1 phosphate i the mycelwm
of Pemarllium chrysogenum (105) for example suggests a pathway of
mannose utthzauon sumiar to that of galactose m the scheme oulined
above

Studies on the economc cocfhaent (p 8§9) wnd simalar indices of
growth indicate that poorly utilizable monesacearides are such because
they are not attacked or do not penetrate the cell rather than because
once attacked they do not provide energy or nsable metabolic products
This 1s espeaally clear from expenments with Aspergillus mger for
which the small amount of a poor earbon source which disappears from
the medium 1s as efficient i supplying carbon for growth as an equnva
tent amount of glucose (203 209) The sugars which do not support
growth adequately rematn that 15 1n the medim  Whether tus 1s
the result of speafic enzymatic deficiencies as suggested above or
whethier 1t 15 to he attributed to slow penetration of the sugar remamns
to be determined  The two posaibilitses are not necessartly mutually
exclusise 1f penetration of sugars depends as 3t may on a surface
enzymatic reacion It s perhaps sigmficant that the yeast cell 55 1m
permeable to sorbose galactose and arabmose (171) i of which are
generally poor sources of carbon {or tmicraorgatnistis

LSorbose 1 hetohexose daffering from fructose in the configuration
of carbon atom b supporis normal growth of 1 few fung and acunomy
cetes (14 116 116)  Although unequnvocal data are not avulable 1t
appears not 10 be uthzable by most forms and 1t 15 definutely toxic 1o
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some The toxicty 15 evidenced by death of the hyphal tips followed
by branching of the mycthium below the killed poruon {(116) Fungp
eg Neurospora crassa which narmally spread widely on an agar
plate grow s small colonies 1n a mediwm with sorbose (204) The
fundamental basis of sorbose toxicity 15 not yet known although often
more pronounced in a maltose medium tovaty to some fungt 15
equally well expressed 1n glucose media so that interference with
maltose utihzation cannot he the expl Sorbose b oc
curs only at relatisely hugh concentrations and 1s strongly affected by
temperature (116) A possible hine of approach to the problem of 1ts
mode of action mav be found n the hypothesis that sorbose interferes
with a respiratory pathway organisms dependent on this pathway
would then be mhibited completely fung: which have alternate path
ways would be less or not at all affected

Heptoses The naturally occurrning 7 carbon sugars have not been
tested as carbon sources for fung: except for the report (195) that
Aspergallus mger does not grow with p mannoheptulose

Pentoses  p\ylose 15 the most generally uttlizable of the pentoses
and has even been reported to be superior to glucose for some organ
1sms (12 150 216) Some fung and actinomycetes grow poorly or
ot at all with xvlose and species withm the same genus may differ
markedly (195 201) It must be remembered that xylose 15 known
to be broken down to furfural dunng autoclaving for which reason
ali reports of 1ts non utiizability should be regarded with some reserve
untl confirmed with filter sterihized xylose  Phymatotrichum ommy
orum makes better growth with alcohol stershzed than with auto
claved xylose (18) but the poor growth of Venturia muequalis strains
on agar with vylose 1s not improved by filter stenihzation of the sugar
sy

Loth 1somers of arabinose occur in mature and are commercially
avatable Probably m those publications 1n which the 1somer used
1s not specified the Lisomer which 15 more easily asailable was used
Pemcillium witicae uulizes p-arabinose much less well than it does
Larabmose (57) In most studies L arabinose 15 inferior to Xylose and
glucose 1s a carbon source (116a) In a medium containing a second
carbon source howeter several fungi eg Endocomdiophora adiposa
utthze Larabinese with a long sncubation period apparently adap
tinely (116)

Relatinely few studies on rhamnose « methyl pentose have been
made but the indications are that 1t 15 used by only a few organisms
including Stachybotrys atra (99) and Streptomyces coelicolor (39
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Although Penscillium urticae grows with pnbose as carbon source
(57) 1t and the other naturally occurring pentoses and methyl pentoses
have not been anvesugared thoroughly  Early studies not all satts
factory in their merbods on pentose utilization by fungt are reviewed
by Hawlans (80) and by Peterson et al (153)

It seems 1n conclusion that xylose 1s often a good source of carbon
for fung: and that contrary findings should be examined closely The
pathway of utthzation of xylose 1s not known 1t seems hihely that st
enters the phosphogluconate oxadation pathway (Chapter 7) as pen
tose phosphate 1 Arabinose 1s used by severaf fungr probably not by
most  The other pentoses and methsl pentoses have been imesugated
Tather infrequently but they appear in general to be poor sources of
carbon or not undnrzable at alt

Other BMonosacchandes A single study of a 4 carbon sugar (195}
ndicates that b threose 1s not utthized by Aspergllus niger

The ¢ ssomers of the 1y occurring aldoh and of «jlose
do not support growth of fung: nor do those monosaccharsdes which
do not occur 1n nature (99 195 201) Acerylation or methylation of
the ning carbons of glucose yields dermvatves which are not unlized
by representatne fung: (187) although Aspergillus ruger has been
reported to make a lumrted growth afier adaptanon with pentaacetyl
glucose (8) Aspergillus nrger also grows with 2-deoxyglucase as car
bon source (8)

Polyhydric Alcohols Reducton of the sugars yrelds sugar alcohols
eg psorbuol anses by rednction of p-glucose p mannutol by reduction
of p fructose of pmannose  In additon to the hexatols derved from
the hexose sugars tetrstols penutols and heptitols Telated respec
avely to 4 5 and 7 carbon sugars occur m nature  Glycerol may be
considered as a reducuion product of a 3 carbon sugar

Manmtol 15 the most generally utthzable of the hexitols and s
equvalent to glacose for many fung: and acttnomaycetes (39 100 144
180) However many fung with generally wide substrate ranges
grow only poorly or not ar all with mannatol as sole carbon sonrce (63
129 152) In the lower phycomycetes a few forms grow poorly with
manmtol (17 32) most de not utilize 1t at all

Sorbitel and dulcitol are unavailable to most fung: and actmomy
cetes From the hmited datt it appears that sorbitol the reduction
product of glucose 15 more generaliy nsed dhan 18 dulcttol which s
related chemically 10 galactose It may be signaficant that many or
gaassms able 1o utihze dulcitol are akso able 1o grow more or less well
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with galactose (17 180 201) Erythutol 1s apparently only rarely
vtilizable although the data again are extremely humted

Glycerol 1s often the best carbon source of alf for actinomycetes (40
43 221) In the fung the ability to utilize glycerol appears to be
spectfic thus among fairly omnworous saprophytes Aspergillus oryzae
and 4 niger make only poor growth (195 201) but Memnontella echt
nata grows well with glycerol as sole carbon source (150)

Although the data are msufficient for generalization 1t may tenta
tively be concluded that the only polyhydric alcohols available to
manv fungt are glycerol and manmitol These may be expected on
oxidation to yield respectively fructose and glyceraldehyde or du
hydroxyacetone all of which can after phosphorylation enter known
respiratory pathwavs

Sugar Acrds  Owdation of the aldehyde carbon of an aldohexose
yeelds an aad p-glucomic aad from p-glucose 1s the only one to have
been wmvestigated as a source of carbon for fungt  As might be ex
pected from the fact that many strains of Aspergillus miger form and
then consume gluconic acid duning sugar metabolism (Chapter 6)
118 a good source of carbon for 4 neger (46) and 4 ory.ae (201) al
though the strain of 4 miger studied by Stemberg (192) could not
grow with gluconate as sole carbon source  Several other orgamisms
grow on gluconate (40 99 121) but others eg Chalara querctna do
not utilize 1t (12) Growth with gluconate 1s probably often limited

by an unf: bly high pH g from uti of the neutralized
aad

Utiizauon of 2 ketogluconic aad by [ungl 15 like that of glucomic
aad highly speafic (50) and 1s probably 2 {1 of the Y
systerns avarlable

A single report (87) indicates without quantitative data that dsper
gillus mger grows with p glucuromc or p-galacturonic acds as sole car
bon source

pSaccharic acid the dibasic acid resulung from the oxidation of
carbon atoms 1 and 6 of pglucose has been reported a good source
of carbon for Aspergiius miger (46) but a relatnvely poor source for
A ory.ae (201)

Glyrosides  Lamied swiies of the methylglucondes indicate as
would be expected from the relative ubiquity of g glucosdases (Chap-
ter 5) that g methylgiucoside 15 much more easily utilizable than the
ecisomer (51 180) Amygdalin which 15 hydrolyzed to gentiobiose
and mandslonntrle 15 unilized by several members of the Saprolegma
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ceae {17) n general st may be expected that the abihity of an organism
{o use 2 given Bglycoside will depend an s ability 1o wse the sugar
which 15 split off from 1t The cyanogenetic glycosides however may
not be utilizable by reason of the toxicaty of the cyamde hberated on
hydrolisis (1713

3 OLICOSACCHARIDES

Chemeally the oligosscchides e glycosides composed of two or
more monosaccharides and are charactenzed by the nature of the com
ponent sugars the number of units nd the type of glycosidic bond
Those which tre mmportmt in the nutrition of fung wmcude five
disaccharides ~maltose cellobsose trehalose sucrose and lactose—~and
one trisaccharide raffinose which 1s made up of grlactose glucose and
fructose vmits  In addiuon to daty on spuaific sugars two general
problems are relesant at this pomnt (1) the enzymrie basis of disac
charide uttheation and (2) adaptie growth with ohigosaccharides

Maltose occurs 1n nature as a product of starch hydrohsis and 1s
utilized by virtaally «l! fungt which have been tested even those which
have a humited substrate range A fow fungy are known on the basis
of quanttative studies to grow poorly or not at all with maltose
Clytnduem sp (15) Polvchvtrium aggregetum (2) Enlomophthora
(Empusa)sp (242) and Pemicsihum digitotum (65 244) Surpnisingly
the two chytnds mentioned m ke at least some growth with starch
the ather fungi use nesther starch nor maltose  Maltose 15 more
castly hiydsolyzed by autoclaving shan are sucrost or lactose {136) but
even with tius possible source of error 1t seems that 1t 1s very generally
avalable to fungi

Cellobiose like maitose 15 composed of two glucose residues but the
hinkage 15 of the g configuranon  The data 1re more hmuted than
those for maltose but tndrcate that it 1s almost as widely uttizable as
maltose  Indeed two of the fung mentioned above which do not
grow with maltose do with cellobiose  Trrcholoma flavobrunneum s
among the smaij group of tested jung: which fail to utilize cellobrose
bt other species of the same genus grow well with 1t as sole carbon
source (142)  The utibzability of celiobiose refiects the general oc
cutrence of g glucoswdases in funga (Chapter 5)

Trehalose 2 glucose: g disaccharide Tuced by fungt and
a few higher plants (Chapter 5) appears from the few studes which
hae been made to be generally available even to rather fasudious
fung: (10 99 201 242

Sucrose the charactensuc sugar of fugher plants 15 generally a good
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source of carbon for fungy but 15 not so nearly unnersally available
asmaltose  Thus of 57 fung studied by Lilly and Barnete (116} only
1 were completely unable to utilize sucrose but several grew slowly
with 1t Among the major groups of fungl fmiure to utlze sucros.
appears to be parucularly common 1n the Chymnidiales (Table 1) and
the Mucorales (174) less commion in other groups  Actinomycetes
rarely af ever utibze sucrose (13 221)

Lactose the g galautosido glucose of mammatian malk s used by
far fener funge than any of the disacchandes so far mentioned and
may be characterszed as a poor carbon source (61 116} At least some
actmomycetes grow with lactose (10 51 215)  Adaptation to lactose
oreurs among fungs {p $7) and whether or not n orgamsm 1s re
ported as 1ble 10 wulizg the sugar otten therefore depends on the
iength of the mcubation pertod chosen

Melibiose an o glhyconde has not been wvesugated often the few
data avmfable (Tabie 1) indiate that 1t 1s not utilizable by many
fongr  Data for gentiobiose ave siralarly too lumited 1o allow general
maton  Growth on amygdalin the gglycosde of gentobiose by
aquanc fungt (17) presumably mdicates gennoblose unhzation

Raffinose attacked 1t one hnkage yiclds galactose and sucrase at
tacked a1 the other vields fructose and mehibwose  From the limuted
data of Table 1 and the more exwnsie studies of Lalty and Rarnett
{116) 1t would appear that the majonty of fungt utilue raffinose but
that non utthzanon 15 common  Some doubt 15 rased with regard 1o
taffinose wulization by the finding (18) that rafinose supports growth
of Phymatotrichum ommworum if autodaved but not if sterilized by
alcohol treatiment 3 remnvestigation of thys problem by comparing
filter steralized 10 heatstenlized raffinose may show that raffinose 15
broken dewn by awtocling at feast to the extent that some simple
sugars are avarlable 10 mnate growth and to permut therefore the
fermation of adaptive enzymes which then hydrolyze the unchanged
raffimose

The uthizauon of an ohgosaccharide 1s believed to be preceded by
and dependent on 1ts comversion to hexoses or possibly hexose phas
phates  The evidence for thus generalizaton may be summarized

1 Fungi that can use a disaccharide possess enzvmes which hivdro-
fyze st (I7 79) An organism winch grows on sucrose for example
proves on gxammnation to form sucrase  Formation of the enzyme 1s
not howeser a suffi d for mutant of
Neurospora crassa produces lictase  (f-grtactondase) but dacs not
grow with lactase as sole carbon source {112y




58 CARBON NUTRITION

Table 1 Carbon Nutntion of Some Fung: and Actinomyeetes*

Chytndwum  Mucrochytrsum  Polychvtrum  Allomyees

Carbon Sourcr sp bot ydwides  nrgregatum  javamcus

“5 “s) @ 4

None 4 1 0 g

Glucose 100 100 100 160

Fructage 101 1 0 0

Mannose 101 120 109

Galactose 99 3 o 4

Sorbose 8 1

Xylose 7 108 [} [

1. Arabinose 4 1 0

D Arabinose

Ribose

Rhamnose 4 1

Mannitol o

Sorbatol

Dulestol 4 2

Adontel

Erythntel

Glycerol 17 9 Y

Maltose 10 116 o 103

Sucrase 9 4 0 0

Cellobwo e 100 1k Q

Lactore 3 4 Q 0

Trehalowe

Melibiose 5 2

Raffinose s 2 o 0

Clycogen 04 194

Starch 50 106 + +

Dextrin

Inultn 3 3

Cellulose 3 + o

Formate

Acetate o <> 0

Propionate

Qxalate

Lactate Q

Sucunate [ <3 o

Fumarate 0

Malate

Tartrate 0 <3

Citrate 0 <2

Cluconate

* All data adjusted by taking growth on glucose as 100 Orgamsrm arranged

acn
wn order ungt
:omyctlcs Tr = grace of growth + = wsible growth not measured
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Table 1 (confinued)

Altompees
12 anscus
macrogynus

{123)

Carbon Source

None a
Glucase 100
Fructose
Mannoswe
Galactose
Sorbose
Xylose
L Asabinose
© Aratnnose
Rabose
Rhbamnose
Afanmitol
Socbitol
Dulexot
Adomtol
Erythnieal
Giycerol
Maltose 107
Sucreee ]
o
0

covooce

Ceflobrose
Lactose
Trehalase

Melibiose 0
Raffinose

Glycagen 50
Starch 54
Dextin 98
Inuln °
Cellulose

Formate

Acetate 37
Praponate

Oxalate

Lactate

Succinate o
Fumarate

Malate

Tastrate

Cirate 0
Giuconate

69

Blastortada Breosle Sapral

prensheems gracedis delica

2) (4n {7

5 ¢ o

100 100 100

83 81 102

97 94 0

T &5 4
7

6 o 0

7 o i

[t} [}

52 o

89 29

0 a

a o

3% 86 14

w1 83 107

99 33 14

& 61 0

76 a

7% 93

9% 76 100

87 86 86

40 ¢
[3
5
5
9
5
5
3
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Table 1 {conttnued)
Pyophthora  Dithiogeton  Chalara  Caprints

Carbon Source cactorum p quercing sp
(129) (33) (12) {100}

None [ 3 2 34
Glucose 100 100 100 100
Fructose 50 104 119 107
Mannose 38 96 127
Galactose 63 10 115 76
Sarbese

Nylose 42 &4 215 52
© Arabinose 55 7 46 56
D Aralnose

Ribose

Rhamnaose 58 13

Manntol 63 *10 13 111
Sorbital 92

Dulestod 55 2

Adanttol

Erythritol 52 2

Glycerot 102 5 15

Maliose 125 99 133 10>
Sucrase 133 101 94 84
Cellobiose 101 119

Lactose 83 36 4 72
Trehalose

Melbiose 5 27

Raffinose 63 100 96
Glyrogen

Starch 125 98 6 12
Dextnin 63 27 120
Inuba 83 33 7
Cellulose + 23

Formate 0

Acetate 0

Propionate

Orxalate o

Lactate o

Succinate o 1>

Fymarate

\Matate 0

Tartrate 4

Curate g N

Gluconate
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Table 1 (contmuted)

Fusarium
Psalliota Stereumn Ustsfa o oxysporum
Carbon Saurce bispora gaurapatum cealacea [ wxotianae
216) {82) (19) (243)

None 12 5

Glucose 100 100 100 160
Fructose 95 104 99 104
“Mannase 104 109
Galactose 73 89 63 78
Sorbose 59
Xylose 132 123 3 135
L Arabinose 109 43 5 68
D Arabinose 14
Ribose 74
Rhamnose 41 7 3
AManrirtot 20 93 41
Sarbitol 90 24
Dulastol 27
Adonitol

Erythntol 7
Glycerol 24 24 23
Maltose 73 160 95 138
Sucrose 68 158 88 113
Cellobiose 78 108
Lactose 11 19
“Frehalose m
Mehbose 3%
Raffinose 126 8 120
Glycogen 12

Starch 20 160 10 59
Dextrin 25 105
Inutin 3 70 9

Celllose

Forrate

Acetate 1

Propionate

Orxalate 100

Lactate

Sucemate

Fumarate

Malate 16

Tartrate 32

Curate

Gluconate
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Table } (continned)
Pytophthora  Pythig,eton Chalara Coprinus

Carban Source caclorim p quercina sp
(129) (33) 12 100

None 0 3 2 34
Glucose 100 100 100 100
Fructose 50 104 119 107
Mannose 38 2 127
Galactose 63 10 115 76
Sorbose
Nylose 42 64 215 52
L Arabinese 55 7 46 56
D Arabinose
Ribose
Rhamnose 58 13
Mannto) 63 *10 13 11
Sorbitol 92
Dulcrtol 53 2
Adomitol
Erythratol 52 2
Glycerot 102 5 15
Maltose 125 9% 133 10>
Sucrose 133 101 94 84
Cellobrosc 101 19
Lactose 83 36 4 72
Trehalase
Melibiose 5 27
Raffinose 3 100 96
Glycogen
Starch 125 98 6 112
Dextnin 63 217 120
Inulin 83 33 77
Cellulase + 23
Formate 0
Acetate o
Prapionate
Oxalate ]
Lactate 0
Suecnate 0 i5
Fumarate
Malate o
Tarteate o
Cuteate g 2

Gluconate
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Table 1 (continued)
Stachybotrys  Sireptompycts

Carbon Source atra coelizolor
99 (40)

None 17
Glucose 100 100
Fructose 241 79
Mannose 66 100
Galactose 128 84
Sorbose o 26
Sylose 94 143
L Arabinose 25 45
D Arabinose 22
Rabose 9
Rharanose k23

Mannitol 100 82
Sorbitot o 27
Dulatel 28 20
Adonitol 25

Erythntol o

Giycerol 166 135
Maltose 131 62
Sucrose 78 34
Celtobrose 72 81
Lactose 84

Trehalose 59 90
Melibiose

Raffinase 56

Glycogen

Starch 66 107
Dexinn 53 32
Inuhe 113

Cellulose “+

Formate Q

Acetate 22 33
Proponate tr

Oxalate w

Lactate w 50
Succmate w 47
Fumarate P
Malate 3 60

Tartrate L] 20

Citrate @® 2

Gluconate: 9 82
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“Fable 1 {continued)

Memnonselle  Penccillium Sclerotum

Carban Source echinata digitatum delplunu
(150) {63) (151)

None
Glucose 1060 100 100
Fructose 110 108 113
Mannose 90 108
Galactose 108 99
Sorbose
Kylose 145 102 76
L Arabinose 105 95 98
p Arabinose
Ribose
Rhamnose 65
Mannmiol 90
Sorbuel 50
Duijerol
Adonuol
Erythrtol 44
Glyceral 85 104
Maltose 10> 21 152
Sucrose 145 92 147
Qellobiase 105 101
Lactose 120 64
Trehalose 45
Mehbiose
Raflinose 100
Glycogen
Starch 170 2 195
Dextrin 140
Inubn 1 m
Cellulose
Formate 45
Acetate 35 43
Propionate 4D
Oralate 25
Lactate
Succtnate 2
Fumarate !
Malate un
Tartrate 10
Curate ®

Gluconate
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Direct utilization may of course occur 1n the fungi s 1t does 1n bac
terta (53) but the evidence 1s not yet at hand

The second general problem n ol haride 15 that
of adaptive growth  Operationally nutrition experiments often show
that a grven organism grows on a disacchanide only after a long 1
cubation period but that once growth 1s imtiated the final crop 15 as
heavy as that produced with glucose or other easily utilizable carbo-
hydrates  The study of Lilly and Bamnett (116) contains many ex
amples of ths ph which asd d later 15 probably to be
ascribed to the formation of an nduced enzyme system

4 1OLYSACCUARIDFS

Polysacchandes as the name implies are polymers of sugars or
sugar dertvatives  Although the number of unmits may be as small
as 10 the ntural polysacchanides have as a rule very high molecular
weighits and contain up to several thousand sicchande umits  They
can be divided 1nto two broad classes reserve or nutnient polysac
chanides (eg starch glcogen and inulin) and structural polysac
chandes (eg cellulose pectic matertals and chiun)  The structural
polysaccharrdes found in cell walls and other extraprotoplasmic struc
tures are generally imsoluble Linear polymers the reserve polysac
chanides contain a large percentage of branched chain structures and
are usnally more soluble (230) Many polysaccharules are too poorly
known to be fitted 1nto exther category

Starches and Related Polysacchanides  Starch the prinaipal reserve
polysacchanide of plants (actually the starches of different plants are
somewhat different) 13 an excellent carbon source for most fung: and
acunomycetes even for rather fastidious forms A few fungi are
known on acceptable evidence not to grow with starch as the sole
carbon source  They include representatnnes of widely different tax
onomic and ecologreal groups Ustilago violacea (180) Rhvophlycus
rosea (160) Psalliote bispora (P campestris) (216) Tricholoma tm
b (142) E; phth {Lmpusa) spp (242) Pemcilhium
digitatum (65) and Chalara guerana (12) ‘The fatlure of Penscsllium
digitatum o grow with starch finds 1ts explanation n an mability 10
form amylase (88)

As would be expected from the fact that starch 1s hydrolyzed prima
rily to maltose really good growth on starch 1s accompanied by the
ability 0 grow well on maltose (142) although a Chytridium sp
unable to utihze maltose makes limited growth on starch (45)
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Figure 1 The growth of Schezothectum longicolle on di acchandes and on equina
lent muxtures of thar constituent iexoses  From tabular data of Lilfy and Barnett

116

2 The rate of growth of a lictase rich mycclun on hetose 15
demonstrably hugher than that of 1 lactase poor mycelmm (112)

3 Fungr wlich cannot use 2 disacchande have been shown to use
1ts consutuent monosicchanides (Figure 1) That s the only bar to
utihization appears to be mabibity to comvert the compound sugar to
hexoses

1t 15 often held that direet utlintion of oligosiccharides without
prior splitting of the glycosidic bond occurs n fungt D cted i
support of this clum include (1) quinutatine superionty of a di
saccharide 10 1ts constituent monosicchides (78 82) (2) diflerences
m metabobic processes during disacchanide and monosacchande nuliza
tion (2 110) and (3) utlizimen of 1 disncchanide by mtact cells 2t «
pH at which the corresponding fydrolytic enzyme 13 innctise et 7eti 7
{141) All of these phenoment however ¢ be explained wathout
recourse to the hypothesis of direct utithzanon some of the prablems
as they have been studicd m jeast are veviewed by Hostnn (83 81)
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mwood (85 169) and 1n other plant materials (143 179) the extensive
early 1 on } 1 breakd: m soil 1s d by
Waksman and Diehm (225)

Purified pentosans are attacked by most fung: and actinomycetes
which have been tested (80 99 121 216 225)

Cellulose  Cellulose the principal structural polysacchanide of
plants 15 by far the largest reservorr of biologically utilizable carbon
on the surface of the earth and 1ts decomposiion i which fung
probably play a major role 1s of great ecological importance  Struc
turally 1t 1s a liear polymer of pglucose the configuration being that
of 2 14 gglucoside  The number of units 1n the polvmer 1s high
probably individual hinear chams are connected by cross linkages
Complete hydrolysis yields glucose partial hydrolysss the disaccharide
cellobose

Thel on the utl of cellulose by fungt 1s very large
beginning with the observations of the ploneer plant pathologists of
the mineteenth century Unfortunately frequent rehance on nade
quate critenia makes 1t difficult to evaluate this work and much of 1t
must be considered of doubtiul validuy The early literature 15 re
viewed by McBeth and Scales (123) Otto (147) and Waksman (223)
The monograph of $1u (186) especally concerned with fabric detent
oration offers the most complete survey avatlable of more recent work

Several methods have been used in attempts to assay the abiliy of
fung: to grow on or destroy cellulose Some of these eg observation
of the erosion of cotton fibers (56 147) and measurement of the loss
m breaking strength of rotted cotton fabric (73 214) are adequate for
their purpose but do not measure growth directly Similarly measure
ment of gas exchange during growth on cellulose (55 107) determines
an activaty whach 15 not necessarily a function of growth

Visual esumate of growth on filter paper or other cellulosic materials
15 by utself of no value as an mdex of growth or cellulolyuc capaaty
(126) Growth on repreapitated cellulose n agar (123) 15 equally un
teliable probably because of chemical changes occurnng 1n the prep
aration of the cellulose (143)

The quantitative methods which seem most promusing are the fol
lowing

! Measurement of growth on or hydrolysis of carboxymethylcellu
lose a soluble cellulose dernvatve (95) However the correlation of
this property with cellulolyuc capacity 1s uncertam (163)

2 Chemical d of the PP e of cellulose from
complex natural matertals This has been applied extenstely to
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Most anvestigators have used  soluble starch  a parually depolymer
szed denvatne prepared by acd treatment rather than natne starch
Raw starch unless the granule structure 15 destroyed by autaclaving
will not support the growth of Phymatotrichum omnworum (i8) and
mdeed 15 nat hydralyzed by purified amylase This raises of course
the question of the utilizanon of plant starches 1 nawmre bv plant
pathogens and by saprophytes acng on unmodified plant maternals

Starch 15 often a better substrate for growth than glucose although
no such case has been studied m detail this effect presumably results
either from contamination of the starch with growth factors or from
the fact that unlizauon of a slowly hydrolyzible compound s accom
panted by less accumulanion of aads than nuhzation of glucose

Dextrins which are chemically or enzymatically modified starches
of uncertain structure are generally satisfactory sources of carbon for
fungs  Quanutative differences between starch and dextrins as carbon
sources are frequently reported but cannot easily be wnterpreted unul
the chemstry of these polysacchandes 15 better known Chalara
quereina unable to utihze starch grows very well on dextnin (12)

Inulin a polymer of p fructose possibly contamng 2 small amount
of p glucose 15 found in several of the Compositae eg Dahhe [ts
not hydrolyzed by enzymes which act on starch or on sucrose  Lamuted
data suggest that 1115 a good carbon source for many but not all fung
tshould however benoted that snulin Iike all fructans 15 susceptible
to hydrolysis by heat and in careful work 1t 1s necessary to use filter
stertfication (18}

Umdentified bactenal fructans are probablv utilized by Streptomices
coelscolor and related species {127)

Glycogens the reserve polysaccharides of amimals and some thallo
phytes are glucose polvsacchandes quite simifar to starch or more
preciselv to the amylopectin fraction of starch  Glycogens hase nat
been tested extensively i the nutnition of {ungt but the data suggest
that they are quite generally avatlable to fungr of widely different eco
logical groups (17 45 82 201) Those fungt unable to use starch
can be expected not to use the glycogens since so far as 15 known the
same enzymes attack both polysacchandes

1l The b {iuloses comprise a group of msoluble
polysaccharides of plant cell walls  The group as a whole 15 not well
Jdefined and there 15 much confusion 1n the literature  The hemcel
fulose fraction as usually nolated mncludes pentosans hexosans and
polyurontdes the main consniuent s probably a pentosan or
mannan (235) Fungt are actnve i the breahdown of hemucelluloses
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Although early work reviewed by Waksman (224) suggested that
most species of the Actinomycetales are able to attack cellulose the
evidence must be considered inadequate It 1s certain that some spectes
of Streptomyces and at least one of Micromonospora decompose cellu
lose (56 93 143 162 222) but whether this 1s true of most spectes
and whether the actinomycetes as a group play an 1mportant role in
the decomposition of cellulose 1n nature remain to be determined

Generalizations on the distribution of cellulolyuc capacity among
the different taxonomic groups are 1t should be remembered based on
Iimited data not only 1n the sense that often only a few 1solates of 2
taxon have been tested but also in the sense that the condinons of
test may not be favorable for all potentially cellulose utihzing forms
The utilization of cellulose 1s affected by such factors as the available
nitrogen (108) the temperature (126) the acdity (162) and the pres
ence of other carbon compounds (85 142) 1t seems likely therefore
that cellulose 1s used by more fung: than present information would
mdicate

The widespread occurrence of cellulolyttc fungi 1n so1l and the fact
that addition of cellulostc materials to soil results 1n an increase in the
number of fung: isolated have led most workers to believe that at
least under aerobic d and at d temperatures the
fung1 play a more rmportant part i the mitial decomposition of cellu
lose 1n so1l than do the cellulolytic bacteria  The procedures of so1l
mucrobiology are however so mexact and the total sotl microflora 15
s0 poorly known that this supposition attractive as 1t 1s 15 not ade
quately supported by the evidence

The fact of occurrence in nature on a cellulosic substrate even very
frequent occurrence 15 distinetly not acceptable evidence of abshty 10
utilize cellulose Thus Pullulara pullulans 1s one of the
most frequently 1solated from exposed cotton cloth but 1t 1s not cel
Iulolytic (186)

Chitin Chitin the structural polysaccharide of higher invertebrates
35 also a constituent of many fungt (Chapter 2) Chemically 1t 1s a
Tnear polymer of N acetyl pglucosamine the umits being hinked by
814glycosidic bonds  Like cellulose 1t 15 stable and difficult to punify
without alteratton of structure

Fung1 are often found growmng on the exoskeletons of living or
dead Arthropoda  Although 1t 15 often assumed perhaps correctly
that these fung: attack chiun this evidence by 1tself cannot establish
the pomnt  Visible growth on or eroston of chitin has been reported
1 studies on soil fungi and actinomycetes (189) and on aquatic fungt
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wood (10 81 178) straw (143 222) hwter (117) and other matersals
(68 198) It 1s the appropriate method for the practical problem in
volved mn the decamposttion of cellulose 1n nature but suffers of course
from the wherent difficulty of alt growth measurements wn complex
matenials that the cellulose may not be the primary growth substrate

3 Determmnation of the loss 1 weght of cellulosic materals exposed
to the test organism (162 288) The prinapal comphication 1 that
the mycehal wesght 15 included with the residual celfulose alkah trent
ment (191} ¢ reduce but not eluminate this error

4 Determmnation of total or protemn nitrogen in the msoluble mate
rial left after growth of a test organssm on celiulose in a mediom with
a soluble mutrogen source (142) This 15 without doubt the most
accurate and tehiable method for the measurement of real grosth o} 2
fungus on an msoluble non nitrogenous substrate such as cellulose
Unfortunately the method has been httle used and cannot as yet be
compared 10 others n detail

The methods which have been used do not always agree thus
Aspergillus versicolor strans appear to unlize the cellulose of straw
(143) but apparently do not cause measurable deterioration of cotton
fabric (126) A complete hist of the fung reported by various meth
ods as able to attack cellulose has been compiled (186) It 1s apparent
that certain genera of the Fungi Imperfects and the nscomyeetes are
patuculirly rich m species able to decompose celiulose  In the bast
diomycetes the wood rotung and hter-decomposing fungt are gen
erally afthough not 1 {iv able to decompose ceffulose geners
patticularly involved include Armullana Clitocybe Collyba Corte
cium Formes Maresmius Mycena Polyporus Polystictus Schi.ophyl
lum and Stereum (31 118 164) It must be noted however that the
species within a gnen genus are not all necessanly alike an thexr
response to cellulose Tl has been especially well established
Aspergillus (238) and Tnicholoma (142)  In some speaes strmn aif
ferences 1n the uplization of carboxymethylcellulose have been re
ported (9b)

Among the phycomycetes many members of the Chytndiales utihze
cellulose (45 233) Lamuted data indicate that none of the Blasto
cldiales 15 celtulolvtic (34) In the Saprolegnnics members of sev
cral genera apparently produce an enzyme hydrolyzing fiter paper cet
{ulose (16 178) as do species of Phytophthora in the P )f
(128) tus may be wken as prima face evdence for ther abiuy to
grow on cellulose  None of the Mucarales so far studied 1s cellulofytie

(126 147 164 236)
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essentsal 1ons an sofution or bmst growth by removing ous (183}
which of these two oppostte effects will occur 15 determined by the
solubilities of the chelwte complexes and the metaliie salts at the cul
ture pH chosen

The non fatty organic scids whach e most often vulzed by fungs
are those eg atrate succmate and malate which are products of
glucose metabolism  Mast of the data are fror studies on common
saprophytes and 1t appears that wulization 15 hughly speafic  Thus
Penearllium ganc ewsku grows well on sucanate (23) sucumate s 2
relatvely poor carbon souree for P javanscum (121) and 1s not utilized
atali by P digiiatum (65) Because of the hkelthood that cells may be
mpermeable to actds espeatatly hydrovy zads nutnuonal dan hase
no necessary relevance to the acd metaboliym of the cell

Tartanc zad the unthzatton of whach by a fungus 1s 50 smpartany sn
the lastory of both enystallography nd mucrobiology (148) 15 i gen
eral not a good carbon source for fungt although 1t 15 utilized as well
as glucose by Memnomells eclinata (150)  The growth of some com
mon fungs with tartrate has been surveyed by Stadtman et al (1903
an adaptve tartratedecomposing system of dspergllus versicolor has
been described (10) The dextrorotatory 1somer 1s used prefexentrally
(1)

Oxalic actd 15 used by few microorgamsms among which are Pro
achnomyces sp and a stram of dspergillus onyzae (137) Pralhota
bispore (216) and a few bacterna (104) Posably the msolubulity of
aalaum and magnesium oxalates results i 2 removal of these 1ons
from solunon and a consequent himitatzon of growth 1 oxahc aad
media

Malonsc acrd 15 used although it 15 not a fasorable carbon source
by a few fungs and actmomycetes (23 92 99)

Inclusive studies of polyfunctional organc acds i nutnitron have
been reported by Camp (30) Tamna (201} and Stewnberg (192)

The lower fatty ands—formic acetic propronic etc —are as a rule
poorly utilizable or even tovic  Proprone aad 14 fact 15 employed as
a fungustatic agent Some fungs however do make at least some
growth with these aads parucularly wish acetate on a carbon basis
acetate 1s equnalent to glacose for dllomyces jevamens (124)  Qual
e data (175) sndicate thar Leptomitus Jacteus can grow with any
of the lower organic acds snclucing some that are almost uniformly
toxic to the lupher fungr  Probably 1t will be found that the lowar
fungs utilue fatty acids better than the more extenswely wyestigated
Tugher forms  The utthzation of acetate by Pemserliium chrysogenum
3 srongly pH dependent (9.)
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(2 45) It must however be concluded that there 15 no guanutame
and entirely saunsfactory evidence for the utihzanon of chinn or of
Nacetylglucosamme  The work just mentioned suggests that an m
vesuigation of this problem in the fung: would be rewarding  Claun
sphitting ensymes must be present mn those fungt which autohze ex
tensinely and an exocellular clutinase 15 formed by Streptomyces sp
and some fungr (Chapter 5

Pectic Substances The pectic substances are polysacchandes of
plant cell walls usually ssolated as a muxture of which the maior con
stituenit 1, a polymer of methylated galacturomic acds (235) Very
Itttle attention has been devoted to these matersals as carbon sourees
although pectin has been reported to provide carbon for the growth of
Sclerotinug cinerea (240) and of Palliola bispora (216) From the
frequent occurrence in fung: of enzymes acting upon the pectic sub
stances (Chapter 5) and from the employment of pectin as the carhon
saurce In experments on enzyme production 1t 1s probably safe to
assume that they are utthzed 1 nature by many fungt both parasitic
and saprophiytic

5 ORGANIC ACIDS

Organic acids are generallv poorer sources of carbon for fungt than
are the carbohydrates  Apart from what might be called wntrnuc
unhizability however three factors nterferc with the utiiization of the
orgamc acds 1 parncular cases Furst cells are often imperraeable to
organic acids at physiological pH levels  Impermeability 1s mote often
mvoled than demonstrated but there 15 no doubt that 1t 15 a factor
1 the utilization of acids  Second the utihization of neutralized organtc
actds causes a rise of the culture pH which may nterfere wuth growth
This ph pl the reg 1 obseryition that growth with
organic aads 1s better if mitrogen 1s supplied as an ammomum salt
(115 165 207) Uulization of the ammonmum cation tends to drne
the pH down parhally or wholly counteracting the alkahmang effect
of acd ntilnation  In addition it appears that the utihzation of am
rnomum 1on 15 more rapad if the medmm 15 neutral or alknbine (184}
It has been argued (24) that a more direct Yeaction exists betwent
organic acds and ammomum ton but this 1ppears unlihely and 15
not necessary 1 order to explun the observed pheniomena

A third and probably only occasionally important factor 15 the
chelation of morganic wns by certam of the orgamic aads eg atrate
and tartrate  This may however either promote growth by Leeping
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emsential tons i soluton or it growth by yemoving 1ons (183)
which of these two opposite effects will ocaur 13 determuned by the
solubaleties of the cheltte complexes and the metalhie salts at the cul
ture pH chosen

The noa fatty orgime awds which are most often nulized by fungs
are those eg  atrate sucanate and malate which are products of
glucose metabolism  Most of the data are from studies on common
saprophytes and it appears that utihzauon s highly speafic  Thus
Pemethum janc.ewsku grows well on sucanate {23} sucabate 15 a
refatsely poor carbon sousce for £ javamcum (121) and 15 not nulized
atallby P digitatum (65) Because of the bkehbood that ¢efls may be
mpermcable to ands especrally hydroxy acids siutriuonat data hase
no necessaty relevance to the acid smetabohsm of the celt

Tartarsc acsd the uuhizatzon of which by 2 fungus 15 50 mmpoziant
the fustory of both erystallography and mucrobiology (348) 18 m gen
eral net 2 good carbon source for fung although 1t 15 vuibized as well
a5 glucase by Memnometla echinats (1507 The growth of some com
mon fungi with tartrate has been surveyed by Stadunan et at (190)
an adapuse tartrated {3 g system of Aspergillus versicalor has
been described (10)  The dextrorotatory wsomer is used preferentially
0

Oxalic aadd 15 wsed by few microorganismay among which are Pro
actinomyees sp and a strasn of dspergullus ory.ae (137) Psalhiota
bispora (216) and a few bacteria (101) Possibly the msolubultty of
calaum and maguesium oxalates results i 2 removal of these 108
from solution and & consequent Limitation of grewth i oxalc aad
media

Malone acid 1s wsed although s 1s not a {ivorable carbon source
by a few fungs and acunomycetes (23 92 99)

Inclusive studses of polyiunctonal ergatuc acds 18 nutrstion have
been. reported by Camp (30) Tamsya (201) and Stemnberg (192)

The lower fatty acids—formme acetic propionic etc —are as a rule
poorly utihizable or even toie  Propionic aad m fact 15 employed as
2 lumgustatic agent  Some fungt however do make at least some
growth wath these acids particularly with acetate on a carhon basts
acetate 15 equnalent to glucose for Allomyces jovanicus (124)  Quak
tatwve data (175) ndicate that Leptomitus Jacteus can grow wath any
of the lower orgamic aculs mcluding some that are almost umformly
toxec to the higher fung:  Probably 1t will be found that the lower
fungs utihize fatty acds better than the more extensively v estigated
higher forms  The ntiluation of acetate by Pemecrflinm chrysogenum
u strongly pH dependent (95)
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(2 45} It must however be concluded that there 15 no quantitanve
and enurely sausfactory evidence for the uthlization of chitin ot of
Nacetylglucosamine  The work just mentioned suggests that an i
vestigation of this problem m the fungs would be rewarding  Chitin
sphtung enzymes must be presenc m those fungt which autolyze ex
tensively and an exocellular chntinase 15 formed by Streptomyces sp
and some fung: (Chapter 5)

Pectic Substances The pectic substances are polysaccharides of
plant cell walls wsually 1solated as 2 mrvrure of which the major con
stituent 15 2 polymer of methviated galacturonic aads (235) Very
lietle attention has been devoted to these matcrials as carbon sources
although pectin has heen reported to provide carbon for the growth of
Sclerotima cinerea (240) and of Psalliota buspora (216) From the
frequent occurrence i fungt of enzymes acting upon the pectic sub
stances (Chapter 5) and from the employment of pectin as the carbon
source 1n experiments on enzyme production 1t 1s probably safe to
assume that they are utshized 1 nature by many fung: both parasiuc
and saprophyuc

5 ORGANIC ACIDS

Organic acids are gencrally pooter sources of carbon for fungt than
are the carbohydrates Apart from whar yught be called intnnsic
unhizability however three factors mterfere with the unlization of the
argantc acads tn particular cases First cells are often impermeable o
organic acads at physiological pH Jesels  Impermeability 15 more often
mvoked than demonstrated but there 15 no doubt that 1t 1s 2 factor
i the utihization of actds  Second the utilization of nentralized organie
acds causes a nise of the culture pH which may interfere with growth
This phenomenon explains the repeated abservation that growth with
organic acds 15 better of nurogen 15 supphied as an ammonwm st
(115 165 207) Uthzation of the ammonmum ciuon tends to drne
the pH down parually or wholly counteracting the alkahmzing effect
of acid uthization  In addition 1t appears that the utthzztion of am
momum 100 15 more rapid 1f the medium 15 neutral or atkalme ( 134)
1t has been argued (24) thar a more direct Teaction exssts between
orgame aads and ammonium ton but this appears unlkely and 15
not necessary m order to explam the observed phenomena

A third and probably only occasionalfy amportant factor 15 the
chelation of inorganic 1ons by certatn of the organic acds eg atrate
and tartrate  This may howeser either promote growth by keeping
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essential 1ons an solution or lumt growth by removing sons (183)
which of these two oppostte effects will occur s determmned by the
solubihities of the chelate complexes and the metallic salts at the cul
ture pH chosen

The non fatty organic acuds which are most often utihzed by fung
are those eg citrate succinate and malate which are products of
glucose metabolism  Most of the data are {from studies on common
saprophytes and 1t appears that uthzation ss hughly speafic  Thus
Pesscillium jancrewskn grows well on succinate {23) sucanate 35 a
relatinely poor carbon source for P javancum {121} and s not uttlized
ataliby P digtatum (65) Because of the hikelihood that cells may be
mpermeable to acds especiaily hydroxy aads nutnional data hase
ne necessary relevance to the acd metabolism of the cell

Tartanic aad the uuhization of which by a fungys 1s so 1mportant in
the listory of both crystatlography and microbiology (148) 1s i gen
eral not a good carbon source for fungi although st 1s utlized as well
25 glucose by Memnontella echsnats (150)  The growth of some com
mon fungt with tartrate has been surveyed by Stydtman et al  (190)
an adapuive tartrate decomposiag system of Aspergilius versicolor has
been described (10) The de y 1somer 15 used preferentally
a9

Oxalic acid 15 used by few mucroorgamstos among which are Pro
artinomyees sp and a sttamn of Aspergillus ory.ae (137) Psalliota
bispora (216) and a few bactena (I04) Possibly the msolubality of
alaum and magnesium oxalates results 1 a removal of these 1ons
from solntion and a consequent hmitation of growth in ovalie and
media

Malonte acad s used although st 15 not % favorable carbon source
by a few fungt and acunomycetes (23 92 9%)

Inclusive studses of polyfuncuonal organic aads 1 nutrniton have
been reported by Cimp (30) Tammya (201) and Stemberg (195}

The fower fatty aads—{ormic acetic propiomc etc —are as a rule
Poosly utilizable or even toxic  Propromic acd 1 fact 1s employed as
a fungustatic agent  Some fungs howsver do make at least some
growth with these acds partientasly with acetate on a carbon baus
acetate 15 equivalent 1o glucose for Allomyces jmantcus (124) Quah
tatnve data (175) wdicate thae Leptomutus lacteus can graw with any
of the lower argame aods meluding some that are almost tmiormly
tovie to the hugher fungt  Probably 1t will be found that the lower
Bungy utthize fatty acids better than the more extenuyely myestigated
tugher forms  The utahzatson of acetate by Perscrilium chrysogenum
15 strongly pH dependent (92)
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Formic acid has been used as substrate 1 metabolic studies and
apparently supports at least lunuted growth (6 15 38 76) but s
never a good source of carbon  Its low nutnitional value however
daes not exclude 1t or 1ts dertvates from an active role n metabolism

6 THE LIPIDS

Perhaps because of the techmica] dufficulty an the use of water insolu
ble substrates the hipids have been httle studied Howeser it seems
clear that manv fung are able to grow on trude or punfied natural
fats and otls (62 89 162a) Simlar observations incidentil to meta
bolic studies mndicate that some of but not all the higher fatty aads
support the growth of Mucor mucedo (197) and Pemctllium glaveum
(212 213) The quantitative data of Tausson (205) are reproduced 1n
Table 2 although the absence of controls somewhat reduces ther sig

Table 2 The Unhization of Tats by Aspergillus flavus*
Dry Weight  Utizauon

Fxperunent Carbon Seurce mg per cent

1 Cocoa butter 508 0 308
Coconut a1l 459 2 -

2 Ol acrd 3388 -~
Steanc and 5778 340
Palmutic aod 5102 250
Trsteann 2668 165
Tupalmun 258 4 414

* Yrom Tausson (205) by permussion of the Brackemische Zetschnift

nificance 1t 18 clear that bath fats and fatty aads are utilized il
support growth 1 a medium contamng no other source of carbon

It has been observed that cholesterol and other sterosds support the
growth of Proactinomyces spp (217 218) and that some fungt make
sisible growth with ergostercl as carbon source (177)  Earher work
on crude sterords suffers from the probibility of contamination with
other carbon compounds

Numerous fung: and actinomycetes grow on crude or punfied fivdro
carbons  The evidence reviened by ZoBell (246 217) 13 Jasgely ob
senvational only  Proactinamyces opacus grows on and avidizes dode
gane and tetradecane (231)  Actinomvcetes as a group appear to be
more actuve than fungs 1 attack on parafhias ather hydrocirbons 1nd

steroids (60 98 219
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7 OTHER CARBON SOURCES

Pure Comp ds Thelower hydric alaph alcohok: h
anol ethanol ete—ate not generally uubized although Aspergiius
mger makes a fhuntted growth with both methanol (6) and ethanal
(208} The most extensnie study of the alcohols 15 that of Stakl and
Yessen (192) who found that Aspergillus vernieolor grows poorly with
ethanol and not 1t all wich the ather primary alcohols from methyl
through undecyl (C, through Gy} Alcohols with 12 to 18 carbion
atoms support some growih of A4 zersicolor and there appears to he
an optimum charn lengrh of 18 10 15

Amuno ands of course provide carbon as well as mirogen and
miany can serve as sole saurces of carbon (139 203) In general if
enough amuno acd carbon 15 supphed for growth the accumulanion of
ammoma rases the pH to an unfavorably high lesel so that the
smine acds alone cannot compare with the carbohydrates m the
amount of growth supported

Ennchment culture methods have been used snccessfully i the
solation of an actnomyeete able to use urethane as sole source of
carhon (176} Proactinomyces spp make sistble growel with several
aramatie compounds eg  phenol apthine and nitrobenzene as sole
sources of carbon {133)

Natural Products  Lagmin is a complex amorphous polymer of high
molecular weight the units of whach are aromancin nature but nesther
the chemical nor the physical structure ss known precsely It s a
plans product and 15 parnenlarly abundant m wood

There 15 good evidence based on the amalysts of plant materials
belore and after decomposition by pure cultures that some fungt are
able 10 decompose higmin n sy 1€ I asso@uion with other sub.
stances of the plant  Evidence on the fungi 1s hmisted however 1o the
htterdecompoung and the wood destroying basidioraycetes  The
hgmn of litter 15 decamposed acuvely by speaes of Maratmuus Col
Iybis Mycena Clavona and other sod wnhabiting Hymenomyeetes
(118)  Most of the spectes studied use bath the higms and the cellutose
of litter but a few appear fo utthze only the Iignin (75 118)

The wood zotting basidiomycetes have long been differentiated into
two groups (68 64) the brown rot fungr eg Merulius domesticus
asacking primarily the cellulose of wood and the white rat fungt e g
Palyporus annosus which attack the bignin more ramdly Bavendamm
(11) dsffeventiated these tho groups by thew reaction on a tanmic nad
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medium the white rot fungs forming a colored zone (the oudase
reaction ) Numerous studies on this rexction summanzed by Gou
lieb and Pelczar (72) indicate that the enzyme responsible 15 a poly
phenol oxidase {Chapter v) generally present 1n but not limited to
the Ligmin utihzing fungs  The separagion 1nto brown and white rots
although useful 15 not bsolute—most whste rot fung use cellulose
4t one stage or another of the decomposinon process (81 81) The
brown rot tung: however do not attack higrun apprectably (35) except
perhaps in the advanced stages of wood decomposiuon (169

In considering the utihization of ligran as the sole source of carbon
1e apart from other plant matenals we ate remunded of the de
pendence of nutritional studies on adequate knowledge of the chenus
try of the substrate Most of the early wark reviewed by Waksman
and Hutchings (226) 15 of doubtlul validity since 1t appears that the
ligbin used was contuminated with ¢ubohvdrates and protein deg
radation products (21 72) A more recent method of preparation
employing mild procedures 13 believed to vield an uncontaminated
lignin (20)  Studies on this material indicate that wiite rot fung can
utihize it (149 220 othcr wood destroying fungt may require a pertod
of trammg 1¢ a long mcubanon period 1t contact with the sub-
strate before they cant utlize 1t (49 71)

Although hgnoesutfome ad disappears {rom media w which fungt
e growing (1) it seems from other studies th1t hgnosul{onate forms a
complex with the mycehum and that the uulzanon therefore 1s only
apparent {18)

heratn the msaluble pratan of wool har and feathers has been
wmplicated as 2 possthle substrate for fungus growth swnce the obsena
tions of Ward (229) on Omygena equina  Jensen (97) reporied gronth
and wmmonia Uberauon by Streptomyces spp i sand culture with
Leratin a5 the sole source of carbon and nitrogen  ln a suriey of
Leratin wtlization (237) 1t was found that untreited wool 1s not
attacked by common saprophytic fungi actively Reratmolytie forms
are all dermatophytes especally speaies of Trichophyton and Micio
sporum  The action of Microsporum gypseuum on keratin and collagen
15 analyzed by Stabl et al (191)

The success of heratin-contaning matersals as bat for chytrids (101
102) and the ability of Polychytrium aggregatum to make visible
growth on deritin (2) suggest that these fungt which are nat isolated by
convenuonal procedures of soil and fabnc microbiology are worth
study as possible agents of keratin destruction 1n nature

Tunfied subber 15 attacked by both fung and actinomycetes (217)
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as m decompountion of pure hydrocarbens the actimomycetes appear
10 be the more active

Tannms are utsized by severl common sxprophytes (47 108 168}
presumably after elaboration of an adaptve tannase {Chapter6) The
crude resns of Guayule are attacked by several fungi (3)

8 THE CONCENTRATION FACTOR IN CARBON NUTRITION

As the concentration of carbohydrate 1 a medim 15 nereased the
economc coefficient dechines although more sugar may be utihized the
dry waight does not mcorease proportronately  Carbohydrate 15 ew
dently being converted ro metabolic products—carbon dioxide orgamic
aads soluble polysacchandes etc  There also occurs at supraoptimal
glucose concentranons a simple fmlure o uthze the sugar present
(119) m which case the economic coefficient 15 not affected  These
two related phenomena are surely to be ascribed ta the fact that other
constiuents of the medium  especally nitroges  become hmuting at
the lagher carbohydrate contentratsons  "Thatis wathin humits growth
13 mcreased by ugher carbohydrate provided that adequate nurogen
1s supplied (273 The role of zinc and other metals may be more
complicated than that of rutrogen supply (66} but the simple fact thas
more cellular synthests will mcrease the demand for all nuotriens
should not be neglecied m considermng the effect of metals on growth
and metabohsm

For many fung sncrease i caxbohydrate beyond an optunum
pomt results 11 an absolute as well as a relatne decrease 1n growth
The data of Figure 2 exemphiy this type of response which 18 com

T
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mon n the fungt (160 166 227) Although most of such cases have
not been analyzed the factor mvolved 15 almost certunly the forma
ton of tovic metabohe products In Entomophthora spp the effect
of hugh concentrations of glucose 1s clearly to 1ncrease the aaidits of
the medium (242) and the lowered pH resulting from orgame and
accumulation 15 probably the most general ciuse of poor growth at
high sugar concentrations

The carbohvdrate concentration at which growth depressant effects
become evident 15 of course affected by other constituents of the
medium especrally buffers and the mtrogen source but there arc also
speatfic effects  Thus growth of Usttlago violacea falls off above 02
per cent glucose (180) that of Pemerlitum javanicum only abose 213
per cent (227) It appears probable although there are very few
data that mn those fungi which grow well at high sugar concentrations
(above 10 per cent) the factor which ultimately hrmuts growth 15 osmotic
pressure (Chapter Iy

Probably because so much of the early work on fung concerned the
acid tolerant species of dspergillus ind Pemeylium  the media i com
mon use for fung: are too high i avmlable carbohydrate giving a
distorted prcture of growth and metabolism  Ideally the luvel of
cirbohydrate to be used should be determined by expeniment for each
orgamsm  perhaps as a rough rule of thumb 2 per cent of avatlable
carbohydrate 1n a hquid medium may be suggested as an upper hmt
considening the of gen usually rec fed 1n medin
Westerdyyk (232) suggests that agar stock culture media for fungt con
tam not more than § per cent carbohvdrate

§ ENZYMT INDUCTION ADAPTIVE GROWTH
AND THF UTILIZATION OT MIXED CARBON SOURCES

In this chapter we hase had occasion to note that adaptive uuhiza
tion of substrates occurs 1n the fungs  Operationally adaptive growth
15 usunlly detected 1n an experiment 1n which a relausely large popu
1ntion of spores 1n a given medium grows only after prolonged mcubt
tion The orgamsm s sasdd to adapt tself to the carbon source It
must be understood that 1n this type of experiment 1t 1s possible—and
1n some mstances very probable—that the yesults can be explawned by
selection of 1 mutant pre eisting n the inoculum or ansing durnng
the Jong meubation period

In a related type of expertment 1t 1s found that a fungus preduces
much more of a ginen enzyme 1f cultvated oo the substrate of the
enzyme The hterature on this phenomenon 13 very lge and has
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beent restened screral tumes e the past 10 sears (137 110 245)
Amylase mulase maltase sucrase hpase pecun polygilacturonase
and tannase are among the more frequently imvestigated enzymes
The results with pectn polygalicturonase are typical n that sub
stances chemucally related to the substrate may abso irease enzyme
formation (156) and 1 that the response to substrate occurs with
some fung: and not with others (25) Here agun 1t must be sressed
that a genetic mechamsm—selection of sarsant cells or of vanant nucler
1 2 heteracaryon—is as probable m many wnstances as a physiologieal
mechamsm

Fnzyme mducuon has been defined {42) as a relatnve merease in the
rate of synthests of a spectfic apoenzyme occusmng sn response 10 a
speafic chemical substance the sndtucer  Earlier attentron was forused
on the speatfic substrate 24 mducer and the term adiptinve engyme
was employed to denote an enzyme formed only or sn ancreased
amottnts 1 the presence of substrite constituttve enzymes are defined
as those which are formed in quantity mn a fasorable medium Ieling
substrate or indurer {103) TIhe mducer 15 most often also the sub
strate but 1t my be a chemically related or an unrelated compound
In a classical expersment (196) resung cells of Eschenchia colt form
the enzyme formic dehydrogenase if incubared an the presence of
formate not otherwse

It has been shown by Landman (111) that the lactase (g galactos:
dase} of Neurospora crassa 1s induced under conditions which satisfy
the vequirements above particutarly an that lactase s formed by
resting cells exposed to an inducer (Figure 8) The data show also
that sugars other than lactose act 2s inducers  Resting celis respond
somewhat differently from growing cells and the mechanisms may not
be 1dentical  The ume required for Jactase mduction 1 N erasse 13
much longer than that required for mduction of the same enzyme m
yeast or 1 Escherichia calt

The foregomng demonstration 1s the only one to date n the fungt
3t seems reasonable howeser to postulate in agreement with Monod
{132} that at least some of the teporis of adaptive growth and of simu
lation of enzyme formation by substrate which hare been mentioned
do 1n fact involve enzyme induction even though genetic change 1s not
Tigorousty exchaded

Earlter 1 this chapter patucularly m reference 1o the growth of
fungt with fructose and mannose 1t was suggested that results with
mixed carbon sources may be explained sn part by the mduction of
new enzymes  Speafically the effect of a small amount of glucose m
permting raprd growth on fructose or mannose sugars which by
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themselves support growth only after 1 long lag mav be explaned
by postulaung that the glucose allows suficient growth so that an
enzyme essential to fructose or mannose utilization can be S)nlheslled
Naturally some energy must be available for the enzyme synthesis
for resung cells endogenous reserves may be 1dequate but with a
spore moculum 2n exogenous energy source may be necessary

Extensne data on the utilization of muved carbon sources hase
been reported by Lally and Barnett (116) Several fung: eg Sordana
fimicola and Thielaviopsis basicola behave in accordance with the
foregaing postulate—they grow on a disacchanide mehibiose for exam
ple only if a unlizable monosacchande 15 available  However results
with Ghomastix convolula are not entrely explicable on this basis
unless we postulate without proof that the sugar which supphes
energy for enzyme synthesis must be present in relatively hugh concen
tratton  These expertments are complicated by the inclusion of
asparagine which supplies some carbon 1n the basal medium

The results of Stemberg (194) on the utilization of mixed earbon
sources by Aspergillus niger ave not sausfactonly explaned by the
hypothess of enzyme induction  Here a mrxture of two unutihzable
compounds supports good growth It s clear from these results and
from those mentioned sn the preceding paragraph that the aterction
of different carbon sources requires further study
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In relation to utihtzation of mixed carhon sources 1t should be noted
that preferential utihzation of ong compound 35 common eg the
utidization of acetate before glicase (154) wnd the utthzatan of soluble
sugars before more complex carbon compounds (62 109 188)

Fungs 1n nature hie 15 a vuke m a dilute solution with more than
one carbon sevrce avarhble or p y mvarlable  These cond,
do not very closely resemble a single substrate pure culture  Lignin
and cellulose for example may be much more rapidly decomposed by
the acuon of wmduced enzymes than they are when grven to an organ
15m a0 culture as the sole source of carbon  The ecological smportance
of the abihity of fungs to synthesize new enzymes—if this athity proves
i be general-—ustifies much more study of the problem It 13 1o be
hoped however that such stucies will be guded more than they have
been 1 the past by the wealth of expenence accumulated in the
smestigaton of induced enzymes 10 other microorgamusms

10 EEFICIENCY OF GROWTH

Several idices of the over all effictency of growth in {ungr have been
proposed  Of these che economte coefficsent has been most frequently
deterrmned It may best be represented

Mycehal dry weight gm

Carbohydrate comsumed g X 100

Some authors have used the ratio of 1ts reciprocal without multipliea
ton by 100

Az an approxamate mndex of the efficency of carbon uhilization the
econonue coefficent 1s satisfactory  More elaborate mdices which
ke account of energy quantities more directly huve been devised
@202 206 208 210)

The economic coeflictent can be seen by mspection to be maximal
when respiratory carbon dioade and soluble metabolic products are
nunpsmal 1 quantizy  Since both of these are affected by cultural
condittons no one value or even range of values can be set down as
charactensstic of the fung: as a whole Fung grown on dilute media
for no longer a tme than 15 necessary to utihize the carbohydrate usir
ally have an economic coeficent 1 the range 20 to 35 a few hgher
values have been reported (118 361 205 "09) Vcry fow values (77
228 230) reflect probably the p
soluble carbon compounds w hxgh ca!bohydxan: media

The

by temy (209)

of




a0 CARBON NUTRITION

15 strongly influenced by substrate (205) metal deficencies (20 158
167 182) and nitrogen nutnition (157 211) “The mfluence of age i
varble (28 1y} As one would expect increasing the glucose sup
phed decreases the economic coeffictent (119 159 195)
Al} of the factors pust bisted as inf g the

almost certamnly act by changing the amount of soluble metabolic
products formed st 15 2 possibility not so far explored that the foss
of carbon as CO 15 affected but this seems doubtful A low economic
cocflicient should suggest 1 the first instance a search for soluble
carbon compounds in the medium

11 coNeLUSION

The most important single facet of carbon nutntion 18 the high
degree of speafitty diflerences between species and stramns are the
yulein the fung1  Nevestheless a search for some general principle his
been and should be pursued One such 1s to relate carbon nutritiont
to phylogeny

1t has often been pomnted out eg by Garrett (69) that the major
groups of fung: differ with respect to cellulose and lignin uuhzaton
The 7ygomycetes do not use erther of these materrals 1n the ascomy
cetes and the Fung: Imperfectn cellulose utilization 15 common  the
basidiomicetes contain most of the known hignin uuhzng fung
addition to many speaies able to grow on cellulose  This progression
toward unlization of more complex matenals wonld be more 1mpres
swvesf the capaaty to break down cefiufose were not widespread it the
Chyindiales and perhaps 1o the Qomycetes

The phvcomycetes usnally conceded to be the most primitive major
group of fungi have certaim nutntional and metabolic characterstics
which taken together separate them rather clearly from the higher
fungy

1 The fungt which produce large amounts of licuc acul from
carbohydrate are all phycomycetes (Chapter 6)

2 The fungt able 1o grow at low oXjgen tensions are usually phy
comycetes (Chapter 1) This ability may of course be related to the
ability to form lactic acd

3 Requirements for organic sulfur among fungt occurring 1n nature
arc known only 1n the phycomycetes (Chapter 9)

4 The abihity to use the Jowet fatty acuds appears to be more com
mon 1n the phycomycetes than in other groups (p 81) although the
data are suill rather lmsted
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1t may be that the appropnate theorencal framework for carbon
nutrition 15 more the ecology than the phylogeny of fungt  The char
actersstics of the phycomycetes outhned abote can be understood as
related to the aguatic habit of most of the forms so far studied just
as easily as they can be mterpreted 1 serms of 1axonomy or phylogeny
The carbon nutrition of the mycorrhizal bandiomycetes s another
example The evidence 1s incomplete and not enurely sausfactory
but 1t appears that this group 15 restricted m s carbon nutnuon to
simple sugars starch and the pectac substances (74 91 132 131 170)
These fungi stand therefore in contrast to the htter-decomposung and
wood rottsng basidiomyceses which use ceflulose higmn or both At
least one mycorrhuzal bandiomycete however does form an adapuse
cellulase (142)

The order Mucorales 15 cred often as a group of sugar fungt un
able to utihize cellul 26) Thss ch appears to be
sound although relaunvely few of the Mucorales have been adequately
mesugated  Ecologieally however the sugar fung: nclude 2 num
ber of the Fung: Imperfect: especially species of Aspergiifus and
Penierllrum found 1n sorls hugh 1 fresh organic matter and mn carbo
hydracecontaining matersals  The line between  sugar fung and
cellulose utilizing fungt cuts therefore acress taxonomic boundanes
stce different species of Aspergillus for example are found i one
or the other group

In Table | are collected some data on the carbon nutnuon of
different fung: although it cannot be saxd that the organisms chosen
are m any way typial  The organisms of wide substrate range m
clude a large group of soil saprophytes and plant parasites—dAsper
gillus ary.ae Brevlegnia grecbs Fusarium axysporum § micohanoe
A lla echinata P i d. Phytophth cacto
rum Psalliota bispora Stechybotrys atra and Streptomyces coelicolor
In companson the aquatic phycomyeetes 1 the hst appear more
fastidsous she contrast between the sol inhabitng Brevilegnea gracshis
and the closely related aquatse Saprolegma delica 13 parncularly
sructive  On the other hand the plant parasue Chalara queraina has
a much narrower nutritional range than the aquatie Pythiogeton sp
The most zestncted of all in the group are Entomophthora coronata
parasitic on insects and the aquatic Polychytrium aggregatum

The fung parasttic on ammals maght be expected by amlogy W
bactertal parasites to be nutnitionally speciahized  The avaifable data
indicate that these fung: are not in fact particularly fastidious with
Tespect ta carbon sources (140 200)

One madental problem may be mentioned here Throughaut this
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chapter 1t has been assummed that carbon sources are utihized by puth
ways mvolving hevoses or hevose phosphates as intermediates  How
ever the datr of Table 1 afford several mnstances mt which glucose ts
wnfersor to some other carbon compound xylose gluconic aad disac
charides or polysacchanides None of these cases has been studied
The supenority of xylose or glaconate could mean that the phospho
gluconate oxadation pathway (Chapter 7) 1s more actise than others
Or a compound may be superior to glucose for actidental reasons—
pH relations 1on of intermed with
metals or growth factors etc  Thes second explanaton has been
suggested earhier for the supersonty of particular distccharrdes and
polysaccharides It must be admutted however that the question 1
stll open

Looksng at the whole field of carbon nutntion of fung:t one 1
struck with the gaps in our knowledge Certamn groups—~the Mu
corales and the Peronosporales are examples—have been more or less
neglected Comparative studies of species withm a genus particularly
spectes of different habutat nught prove most valuible  The bio-
chemical basss of nutritional cipabiliies ss largely a matter of m
ference at present farlure to utilizre fructose or mannitol for example
probably has a sumple enzymanc basis  As just discussed abose m
duced enzyme synthests m the funge 1s sull largely a matter for specu
lation  Some of the data reported n this chapter and more wlich
have been omitted are difficult to accept and smportant points of
this mature should be resmvestigated  Finally the understanding of
nutrion 1n nature wath numerous substrates present low concen
tranen 15 a longramge goal progress toward winch will requre
radically new techmiques of rnestigation
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4. Carbon Metabolism

Part 1
Introduction

Tle sheer buik of the reported imvestigative work on
<carbon metabolism dictates some subdnasion of the topic for the sake
of comemence  In thus and the two succeeding chapters we are mn

cerned with the prinapal transfo; of carbon

brought about by fungs Tuding those 1 n the
metabolism of mrrogenous compounds (Chapv.er 8) and a few which
ave better dered m with Tesp {Chapter 7)

Broadly considered the physmlogxcal problems of casbon metabo
lism ate two  the conditions under which a compound 1s utilized and
the conditions under which a compound 1s manufactured by the celi
These lead to two roch d bk the pathway
of breakdown and the pnlhuny of bms',mhesns The natural occur
rence of compounds and processes is also of unterest  For any class of
compounds the information ss usuatly incomplete thus the physiology
of 2ud formauon 1s better known than are the bosynthetic pathways
mvolved and very little sohd information on the breakdown of the
acds 1 Many ds are known so far
largely as cutiosities stnce netther 1hen ph)uologncal significance nor
their biosynthenss has been explored 1t scems warranted however ta
welude at least some examples of these n a discussion of fungus
physiology

Because so much work has been done on the metabolites which
accumulate m farge amounts st 18 salutary to recall that probably
most fungt an culture form celt matenal and carbon dioxade excly
strely  Thus of 40 basichiomycetes investigated by Whataker 21

3
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It 15 not 1lways appreciated that a carbon balance implies an oxadation
reduction balance and that some error must have been made 1l the
oxidized products cannot be accounted for by the reduced products

The use of restng cells 1n metabolism studies 15 another valuable
technique but ats ltmitations 1re not always recognized  The essential
feature of the method 1s that cells are grown i a complete medrum
washed and put 1n contact with usually a single compound Thas
compound may be a putative precursor of 1 fungal metabolite which
15 of interest or one may be concerned with the dissimilation of the
compound 1tself In a short space 1t 1s impossible to describe all the
pitfalls of this method but some of the more important may be sum
marized

1 The previcus history of the cells may nfluence the results ob
tamned at least quantitatively (1 14 19)

2 The thick inhomogeneous mat of a surface culture 15 probably
always less desirable than the more nearly homogeneous mycchum
from a shaken or aerated culture

$ The purpose of the method 15 defeated 1f a source of mtrogen 1s
mncluded gencrally the cells contain and liberate some mtrogenous
compounds

4 The endagenous metabolism must be taken mto account or even
1f possible manipulated eg by starvation  Thus 1t 15 possible that
an added compound muy simply protect an endogenously formed
metabolite fiom utilization (7) and appear therefore to be a precursor
of 1t

5 Probably the technique 1s of more value in the study of the dis-
similation of a compound than 1t 1s 1 the study of synthetic pathways
A compound eg acetate has so many metabolic channels open to 1t
that 1ts effect on 2 synthests 15 difficult to mterpret  Sumilar problems
arise m studies of dissimilation but 1n general the interpretation 1s
clearer provided the products account for the bulk of the compound
disappearing It has been observed (16) that the weight of resung
cells may ncrease durng incubation with sucrose presumably this
is a mamfestation of oxidative assimilation (Chapter 7)

The use of the resting cell techmque 1» discussed by Foster (11) who
offers the parucularly valutble suggestion that n precursor studies 2
known low level of carbobydrate—just sufficient to allow minmal syn
thests of the product—should be supplied

The details of parucular enzymatic methods are beyond our scope
here a compendsum of such methods has recenly appeared (3) Two
common problems which anse repeatedly 1n the fungi may however
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only 3 produced significant maunts of soluble carbon compounds
The clasnical studies of Burkinshaw Rastrick and others were car
ried out on common saprophvtes growing sn a medium relanyely ngh
1 carbohiydrates even under these conditions numerous species of
Pentcrllium dspergillus and other genert were found to form only
carbon dioxide and cell substance 1t 13 safe also to assume that fung:
growng 1n soil do not accumulate the same products hich they do
n pure culture

Carbon balance studies provide ewential information as to the
type of metabolism imalved  The methods of Bukinshaw and Rais
trick (6) are suil v duable and others hve bieen desveloped more e
cently (18) Table 1 illustrates 1 typacal carbon and oxidation reduc
tion balance  Determinwions of cubon balances tnclude many on
members of the Fungs Imperfeets (2 4 5 12 15 20) and 4 few on
the Tower phyeomveetes (8 13) and on the fugher fung (3 18 21)

Table 1 Carbon and Oxidation Reduction Talances in
Aspergrling Nager (18)
Oxidanen  Over all
Reduction  Ovidation

Carbon Value Reduction
mM i per Mole* Value
Substrate utiliced
Glucose 380 2284 00 Qc
Ammonsum chlonde 196 [} 00
Qxygen 109 36 20 L1856
Total 2280 2186
Products formed
Carbon dioxide 88 20 8820 20 1764
Citne aaid 1613 9678 30 48 4
Extracellular palysac
chande (as glucose) 251 1506 00 00
Cell
Carbohydrates (as
glucose) 293 1758 L1 00
Chria o114 365 —~60 ~068
Protem mitrogen 0765 592 —178¢t ~272
1 Trace
Tol;f; * 2272 221 4

Carbon recovery = 227272280 = 997%
Owudaton reduction balance = 221 472186 = 1 01
# e ongnal paper for calculaton
} Per atom nitrogen
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growth or disappearance of substrate—rather than at the same chron
ological age

The physiologist often perhaps inevitably overlooks problems of
taxonomy and morphology  Particularly 1n rather difficult genera ike
Pencillium and 4spergilius the careful description of cultures wath
at least some 1ndication that the species has been correctly named 1s of
defintte value to the next student of the problem The question of
morphology artses 1n a different context in the fung1 1n that conditrons
of growth or speaal treatments emplojed mn prepanng cells may
drastically alter the ratio of different kinds of cells eg the ratio of
spores to mycelium or even more mmportant the ratio of living to
dead cells It should not be necessary to labor this point
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be menuoned  First 1t 13 not always taken 1nto account that the
tpical preparation contains many cnzymes an iddition to the one
vuder study  Thus the appearince of ssomaltose dunng the Wy
drolysis of starch by amylase was once taken as evidence for the
struceure of the starch molecule 1t 1s now fnown that 1t merely de
notes the presence of a contaminating transglyconidase {17)

A second common difficulty 1n enzymanc work 15 the tendency to
reud too much into expennments with mtact cells  Thus the appear
ance of unsaturated fatty aads m the medium during the metabohsm
af saturated fass by wtaet cells 35 certamly prima facie evidence for
the existence 1nside the cells of a fatty acd delydrogenase 1t s not
however a demonstration of the enzyme and should not be descrtbed
s such  Fx hiypothest an intracellular enzyme can be demonstrated
unequivocally only m a cell free preparanion although properly de
signed expermments with whole cells may establish 2 high probabihr
thit the enzyme 1s present

The variability of fung 15 a real problem winch anses in connection
wath virnally all phases of metabolism  Howeser the amount of
vanation should not be exaggerated and should not be used as 2
erutch for a fahing hypothesss  Complete loss of metabolic caprcines
15 of course well known to be inducble by mutageme agents and
presumably therefore may oceur as a result of spontaneous mutation
Most such mutants however are noniisble except under carefully
wdyusted condinons of cuftare It appews that quantieane changes
re more common than qualitative 1n orgamsm may change i the
amount of a given substance formed but sull form some  Exceptions
will occur and must be taken 1nto account but the progress of a cumu
lative science requires that the material foundation be assumed con
stant unless the evidence clearly proves that st 15 not

Varnbility maay result from changes i the growth rate such as
those described among geographical isolates and cultural varsants of
Fomes annosus (10) rather than from a loss of metabolic capacities
1f two strans have the same metabolism but different growth rates
analysis at one arbateary time for a metabolite may give an exaggerated
preware of the differences between them  Thas if 2 gven compound
15 first formed and then utilized alter exhaustion of the prnapat
carbon source a rapidly growang strain Tmay complete the process of
yeuglization at 2 nme when a more slowly growing strain 15 stsdl
the phase of rapid formanon of the compound 1t would appear fram
analysis at this single time that the rapudly growing strain was defictent
i the synthesss o arcumyent this dufficulty 1t 13 necessary to study
cultures ar the same phystologic) age—~judged by the amount of
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molecule but there 15 no evidence directly on this point in the fung
and actinomycetes

Free sugars 1ppear 1n the mycehum (130 227) and in the culture
medium (84 85) but their signficance s not known

The phosphate esters of the monosaccharides are hydrolyzed by
phosph {phosp! The phosph active on
glycerophosphoric acid may be presumed to act also on hexose phos
phates  No direct study of these reactions 1n fungt has been made
but there 15 no doubt that at least the common saprophytic fungt and
acttnomycetes can hydrolyze hexose and pentose phosphates commer
aal enzyme preparations made from fungl contain acid phosphatases
(179) and have been used 1n many 1es for the dephosphoryla
tion of sugar phosp! Thosp are dered 1 more detat]
n Chapter 9

2 THEY METABOLISM OT OLIGOSACCHARIDES

The 1 on the breakdown of disacchandes and
trisaccharides by fungt 1s extensive but 2s mn so much of fungus phys:
ology relatively few types have been studied Most of our informa
tion comes from work on the Fung: Imperfect: the wood-destroying
basihiomycetes and the Sap eac  Many other groups of fung
have not been imestigited and must thercfore be excluded from amy
generahization

The most sigmficant recent advance n our approich to the break
down of oligosacchanides 1s the concept of transglycosidation  Unul
the formulation of this concept the breakdown of sucrose for example
w1s visualized as a simple hydrelysis

CiHyOp + HiO — Ceth O + CeH O, Q)]
S come €1 o Fra tose
Since sucrose 15 made up of glucose and fructose umts Iinked by a
glycosidic bond ths hydrolytic reaction my be schematized

Fr—Gl - Fr + Gl 2)

It now appears that at least some and possibly all of the so called
hydrolytic enzymes are 1n fact group transferases capable of transfer
g a sugar residue to any suitable acceptor  The acceptor may be
water 1n which case Equation 2 describes the reaction but other sugars
or alcohols can also serve as acceptors  In a particular case the action
of yeast wvertase the fructose residue of sucrose 15 believed to be
transferred as follows (72)



5. Carbon Metabolism

Part II
The Metabolism of Carbohydrates

1nd Related Compounds

r]._!‘)e prinapil topic of tus chapter on cirbon metab
olsm 15 the metabolism of oligosaccharides nd  polysiccharsdes
antieipated to some degree by the discussion of their role in carbon
nutriion (Chapter 3)  The related compounds wcluded are the
amino sugars and the polyhydric alcohols discussion of the monosac
chandes 15 limited to a few syntheuc reactions

1 THE MCTABOLISM OF MONOSAGCHARIDES

The breakdown of monosicchanides by fungt has been considered
separately as respiration m Chapter 7 A second aspect of monosac
charide metabolism 1s the synthetic one 1n which the sugar or a dernva
e of 1t 1s incorporated 1nto larger molecules As an example
glucose 1n the glucolipid ustilagic acud 1s found by sotope stuches to
be 1n part incorporated as such and 1 part resynthesized from triose
before incorporation (30) In this case and n the formation of glucose
polysaccharides no modtfication of the basic glucose molecule need be
assumed However the orgamsm my synthesize a complex molecule
containing sugar moiettes which were not provided in the culture
medium  examples include galactose 1 polysacchandes (Chapter 2)
and amino sugars 1n certamn anubiotics (p 122) In these processes 1t
1s reasonable to assume that the new sugar or 1 dernsative of 1t eg
a phosphate ester 1s made 1nd then incorporited nto the larger

104
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Table 1 Transgheosidase Actnity w Fungs

Enzyme Acuwty Subsuare Funga
Transfructosdase  Sucrose Aspergallus spp (9 10 16 66 169 170)
Raffinose Aspergittus spp  Pentertfoum spinedasum (15}
Teansglucosdase  Madiose Asprrgiiturspp (472 369 173 174) Peme
crlliam chrysogenum (202}
Tsomaltose Aspergillus ory ae (171 172)
Cellabasse Aspergullus nagee (11 12)

Chastomuum globorum (43)
Myrothectum serrazana (119)
£ Nurophenyl  Aspergaltus spp (113 226)
B ghiconde  Pemarllum chrysa enum (226)
Transgalactossdase  Lactose Aspergallus oy e (244 245)

acung on sucrose ar rafinose {Table 13 A Irucioseenzyme complex
i postulated as sn Equations 3 4 and 5 abose  In Pesolhum
spenul there 15 no d for any sucrase other than the
wansiructossdase but 1 Aspergrllus oryzae there 35 probably a second
enzyme acting on sucrose {16) Paper chromatography of the enzymes
of 4 oryzze smularly suggests that more than one sucrase 1s present
{112y

Sucrase acting as 1t does on g fructofuranosides 1s instrumental an
the metabolism of rafinose and stachyose

Mandels (143) presents indirect evidence for the non hydrolync
metabolism of sucrase by spores of Myrothecium rerrucana possibly
to be creduted to a sucrose phosphorylase of the type known in bactera

Maltase 15 used as a source of carbon by almost all fung {Chapter
3) Correspondingly beginning with the work of Bourguelot {33) we
find that the enzyme maltase 15 found m almost every fungus and
actnomycete d h g L1t between
stramns are common (127) It has been cammed thar Palyperus
betulinus lacks maltase (138) and the chytruds which are unable to
grow on maltose (Chapter 3) may be found 1o lack the enzyme

Maltase 15 an epglucosidase and 1s found 10 bactena anmmals and
tugher plants  The earlier separation of fungus from yeast maltase
as & plucomaltase 15 probably not valid but the two maltases are
not adentical (89) As with sucrase recent investigations have estab-
hished 1 fung the exastence of a transglycosidase acung on maltose to
form a senies of wanstent ohgosacchandes (Table 1)  The evistence
of a speafic hydrofase for maltose may be doubred but 1t 35 not yet
known whether the transgincosidase of dspergilins mger and 4 aryzae
the only fungs so far studied 15 of general occurrence as a smple
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Fr~Gl + Enzyme (L) &< Ir—E + GI [5)]
Pr—E + I'—Gl 5 Tr—Fr—Gl + E “
I'r~E+ H.O > Fr+E {5)

The fructose enzyme complex 15 of course hypothetscal but 1t 1s neces
sity to explain the observed reactions  Because of the irreversibiiny
of the fifth reaction and the great excess of water present n a long
term expeniment virtually all of the fructose residues are transferred
to water and the result 15 descnibed grossly by Lquauon 2 The
techmque of paper chromatography applied 1n short term experiments
has been essential to the eluadation of this type of group transfer
The charactenistic of transglycosidase action on disaccharides 1s the
transient appearince of new oligosacchandes

Dusacchanides Most of the work on this topic has been concerned
with the breakdown of sugars espeaially the common disacchanides
such as sucrose maltose and lactose  Synthests of disaccharides occurs
i the fungr the best known case being trehalose (p 108)  Sucrose
15 attacked by an enzyme vanously known as invertase saccharase
glucosiceharase and sucrase the name sucrase 15 preferred  The first
ndication of 1ts presence 1n fungr came from the work of Béchamp
(18 19) As mught Le expected from the frequent utlizability of
sucrose as a carbon source (Chapter 3) the enzyme 15 widely distributed
in the fungi  Sucrase 1s somewhat rare in the Mucorales—agamn n
agreement with nutritional data—but does occur 1n some spectes (93
203) Sucrase 15 found in some 1solates of Streptomyces (161 110)
not 1 any of five species of dermatophytes (229)

Fungus sucrase may be entirely intracellular (148) but 1s usually
found also in the medium at least alter the anset of autolysts (58)
It oceurs 1n spores (71 141} 1n Myrothectum verrucara and Aspergil
lus luchuensis there 1s evidence that 1t or a sucrose phosphorylase 13
located at or near the spore boundary (142) This boundarv Jocation
1s thought to be charactenstic of sucrase in the yeast cell (62 155)

1t has long been argued that the predomnant sucrase of fungt is 2

glucosaccharase  differing, from the fructosaccharase of yeast (121)
the history of this controversy 1s reviewed by Neuberg and Mandl
(136} 'The question has now been re exammed mn the lght of the
finding that both yeast and fungus sucrases are probably transfructosy
dases It appears that the two sucrases differ but not in the way
formerly thought and that 1t 15 not necessary to postulate a glucosac

charase (15 66)
Transfructosidase activity has been demonstrated 1n several fungu
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reserve carbohydrate formed early 1n metabolism and used up later
(43) under some conditions revtihizauion may not occur durnng the
hie of the iungus {16%) An adequate prcture of the course of trehalose

and brezkdown s not yet lable In yeast uehalose s
symhesxzed as tts phosphate from glucose and a ghcase phosphate

with undine diphosphate glucose as yme (68 125) whether the
same mech 15 Ope i the fil fungy remarns to be
seen

Mehb an ogal do-glucose Hy as 2 ton

stituent of raffinose 35 sphit by an wgnlacwsldase {relibiase) known 1
yeast and hagher plants and reported from Aspergilius spp (100 230)

Trisaccharedes and Tetvasaccharides  Rafinose compaosed of galac
wse glucose and fructose 1s split by enzymes from most fungr which
have been tested  This as 16 be expected 1n view of the fact that
sucrase splits raffinose to melibwose and fructose  The complete
hydrolysis of raffinose requires both sucrose and melibiase melibiase
alone yields sucrase and galactose  In all hkehhood hydrolysis of
raffinose by unspectfied fungal enzymes should usually be astnbuted
to sucrase (2 15)

Meleztose 15 hydrolyzed at least partaally by several fungt (15
122) Detarled stuches of the reaction are lacking complete hydrolysis
req\urcs an cmyme able m attack the dnsaccham!e turanose

hydrolyred to glucose and fructose by an
enzyme prepxxanon “from Aspcrgztlus niger (10 41) the effective
preparation has been shown (42) to contaw a g glucosidase acting on
the : motety of g

Stachyose & tetrasacchande composed of galactose glucose and
fructose sn the ratio 211 15 spht by enzymes from Peroillium
spinttlosum and dspergillus spp completely to 1ts constituent sugars
(15 228) Presumably sucrase and an agalactosidase are requured

3 TuE METABOLISM OF OTHER GLYCOSIDES

The oligosaccharides just considered are one class of glyconde n
which the gt dic bond wmo hanide residues  The
same bond can be formed between a sugar and certain other molecules
the non carbohydrate molety of the resulung compound s then
termed an aglycon  Information on the mesabohism of glycosdes of
this type by fungt 1s restricted to a few compounds 1 all of which
glucose or mantose 15 the sugar imohed

The g glucosides have received more attentson than any others in
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enzymatic entity  Transglucosidases which act on maltose to form
polysaccharides e known 1n bacterta but hwe not yet been reported
from fungs

The disaccharide lactose 15 split to 1ts constuuent hevoses by the
enzyme lactue a ggalctondase  The enzyme has heen reported m
several fung and actinomycetes but 15 apprently not of such general
occurrence s either sucrase or maltase  Some of the early work on
lactase wn commercial enzyme preparitions and in basidiomycete
sporophores m1y be oper to question because of the posstbiity of
bicterial contammtion

The ~daptine formation of lactise i Newrospora crassa has beer
proved (Chapter 3) A punfied enzyme {rom Aspergillus onzae acts
s a wansgalactosidase galactose residues are transferred to 2lcoliols
to lactose 1tself to form 4 tnisicchande ot to water to yreld free
galactose (Table 1Y Whether all action of lactase can be credsted to
this enzyme 15 not et known

Cellobiose 1s formed during the hydrolysis of cetlulose  Although
1t 15 common to vefer to the enzvme splitting 1t as cetlobiase chere 15
no reason to thunk that this enzyme differs 1n any way from g glucost
dases acung on other gglucosides  Speafic assays with cellabrose as
substrate hive been made nfrequently but it seems that most fung
cm sphit 1t to its constituent glucose residues (191) Resting and
growing cells of dspergillus mpger form new oligosaccharides from
cellabose (11 12) and additional evidence for cransglycosidase action
on celiobrose has been obtained with other fungt (Table 1) Cellobiose
15 ssnthesized by Ustilago zeae as a component of ustilagic acd (128)

Trehalose an o glucosidoglucose 15 not attacked by the nsual
o glucosidases but tather by a specal enzyme trehalase found m
amtmals plants and fung (89) Larly work on trehalase 1 fungt 35
reviened by Crapek (59) this and more tecent data indicate the
enzyme 15 common (203 256) The spores of Asperplius fuchuensss
contun measurable amounts of the enzvme (139)  In Lycogala sp
a myxomyeete trehalase of the fruit body disappears during ripeming

108
( rz( finlose 1s the only disacchanide to be farmed free tn apprecable
amounts by fungt  The discovery of the sugar m ergot (Claviceps
purpurea) by Waggers (254) nd eatly reports of its occurrence 1n other
funge are reviewed by Zellner (263) and Obaton (164) Trehalose 1s
especially common n the bisidiomncetes but 1s found afso m many
other fungt (31 36)  Usually st consututes 2 to § per cent of the
mycctial dry matter {108 198 227)

In all probabihity trehalose n fungt has the role of a translacatable
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least 1 ats early phases results 1 the formatson of dexirns seduang
sugars appearing only later

2 Beta amylase {exoumylase sacchanfying amylase) of resting seeds
Attack on starch hiberates maltose immediately

It has been repeatedly found with highly punsfied or crystalline
preparatsons that the amylase of Aspergillus oryzae 1s of the eamylase
group (49 73 235) Soalso apparently is the amylase of Streptomyces
spp {213) The crude amylase of 4 oryae contains more than one
component s yudged by electrophoretic data (82

The entyme of Rhwzapus delemar termed gluc amylase (177 178)
can be separated from wamylise and resembles §amylase n certam
respects There seems however no reason to beheve that a typreal
A amylase occurs i the fung: (127 129 146)

Table 2 summarnizes some of the propertees of the punified amylase
of dspergallus ary.ae and s dfferences from other pamylases

Amylase activity defined s the ability of cell free marenals w0
hydrolyze starch or glycogen s virtually umsersal mn the fungs and
acunomyeetes  Pestedhum  digatatum does not form  detectable
amylase i culiure (103) and an view of ats inabnhty to grow on starch
(Chapter 3) 1s presumably deficient for the enzyme  Early scudies on
fungal amylase are summanzed by Thaysen and Galloway (280) and
the ndustrial technology of the enzyme 1s reviewed hy Langlykke
ctal (123)

Table 2 Tropertses of Alpha awmylases (14)
Source of Crystaibne Alpha amylase

Human
Aspogillss Beallss Pig Salwa
Malt ovyzar subtelis Pancreas Pancreas

Actnty per g N 2350 2400 3600 4000 6200
Activity per mg protein 35 310 500 630 980
Natrogen per cont 134 129 158 158 158
Opueusy g8 for actnny  47-54  55-59 5368 (3 69
Optm 1 pH for subdyy  49-91 55-85 4885 TG0-B85 4811
Tsorlectne pot 56 arc 42 ? 53 $3
Absorpuon manmum {mu) 280 2080 280 80 280
Saccharogemc/dextrinogentc

fatg 98 238 98 98 96
Activation by Ca + - - - -
Actvanon by Gt - - + + +
Esergy of actvatzon 7050 16650 13350 13500 13350

Owib



119 CARBON METABOLISM II

this gencral category The enzyme B glucosidase (formerly termed
emulsin) occurs an almost all of the fungs and actinomycetes which
have been examined for 1t (31 38 39 101 147 201 929) although 1
s not always found n the medim (191) and mav not be so nearle
umversal as for cxample maltase or amylase  [usanium oxysporum
var lycopersic forms detectable amounts of the enzyme within the
hwing mfected plant (60)

Althouglt 1t 15 common practice to speak of a single g glucosidase
hydrolyaing 2l g glucosides—mcluding the glinked disacchandes
cellobiose and genuobiose—it scems more Iikely that a group of related
enzymes 18 mvolved (238) or that at least there are disunet com
ponents of the enzyme (111, 112) The gglucosidases of Asperglius
tuger and A onzoe for example act at different rates on Qifferent
synthetic gglucasides (151)  The enzyme of 4 niger has been punfied
thout 10 800 fold (160 161)

Duning the acuon of gglucosidase on synthetic g glucostdes the
glicose ressdue can be transferred to alcohols indicating trans
glucosid 1se activaty simslar to thas wath cellolnose as substrate (T: able

Alplii glucondes n prinaiple at leist should be attacked by maltasc
an o glncosidase  Honever maltases from dafferent sources have daffer
cnt behaviar toward ¢g methyl o gluconide and the maitase of fungt
seems to be of mimmum actinaty roward ths substrate (89) A crude
preparanon from  Aspergllus miger hydrolyzes methyl a-glucoside
slowly (b3) and 1n some fung there 15 an o glucosidase distinet from
maltose (Io) but the probiem has been too htle studied for any
definite conclusion to emerge  Aspergelhy miger codtnated with
methiyl o gud de forms the corresponding e g Jase (182}

An enzyme of Streptomyces grisens comerts mannosidpstreptomycn
to streptomamn (175)  The enzyme has been found to sphit synthetic
methyl o mannoside (99} and m3y therefore be termed an amanno
sidase  The same ction with methnl o mannoside as substrate 15
known i Aspergilius mger (98)

4 THE MFTABOLISM OF POLYSACCHARIDFS

The Breakdoun of Starch and Glycogen  These two related polysac
chartdes are hydrolyzed by 1 {d of which there are
nature twvo general types (154)

1 Alphaamylase (endosmylase dextnnuzing amylase  hquefying
amylase) found 1 animals and microorganisms  Attack on starch at
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Crade cellulase preparations from several fungs are alike mn that
therr opmum pH 15 1 the aad range 45 to 55 (80 163 204) the
optsmum for the enzyme of Stacky botrys atra 15 howeser igher pH
65-80 (2303) Studies on Tricholoma fumosum ndicate that the
enzyme 15 formed only by cells sn contact with cellulose or lichesn
and that the enryme 1 a culture 13 predomuinantly extraceltular (163}
Cellulose 15 apparently attacked at several points along the cham of
glucose residues masmuch as n the early stages of attack on cellulose
there 15 2 decline 1 optical density without a corresponding Liberatson
of sugars (162 1633) Other charactersstics of fungal cellulases are
summarized by S (214)

For the present a general statement on the nature of cellulase ss
not possible  The classical view (183) postulates at least tno enzymes
a cellulase splitting the tong polymenic cham to cellobsose esidues
and a cellobiase (8 glucosidase) splucting the disacchande to glucose
Although substantial evidence exusts for the appearance of cellobiose
a8 an ntermediate (119 1582 250} the process 15 probably more
complex  Two theortes both based on work with Afyrothecium
verrucania have been proposed recently  The first of these postulates
a mummum of three enrymes as required for cellulose hydrolssis (83
91a 150 190 191) with only one of them characterisiic of the
cellulolytie organtsms and the others occurring also m noncellulofytic
lungt  In sharp disunction to thus view other stucies on the same
organism (251 253) have resulted tn the isolation of an apparently
single enzyme punified to elecirophoreuc homogeneity with 2 malec
ular weight of 63000 This single enzyme hydrolyzes celiulose to
glucose without the obhgatory putey of cellot as an w
termedhiate although cellobiose may be formed dunng the process
The enzyme acts at different rites on cellobiose cellotnose and
Iugher chgosaccharides of thes group (252) and s mbsbated by
sulfhydryl reagents (14) It 15 obssous that further work on the enzyme
will be necessary before 1ny general theory can be formulated

The Breakdun of H, 1T and F The h 1
toses are poorly defined plant canstituents particutarly of wood and
gums The principal p of the b Huloses are polysac

charides and polyuromdes  The hterature reports essenuially twa
types of work that on hemcellulose fractions of unknown compos
non and that on more or less punfied polysacchanides denved from
hemucellulose

Crude hemicellulose fractions from wood Are attacked by enrymes
of dspergitlus ory.ae yielding free sugars and a soluble polysaccharide



12 CARBON METABOLISM If

' ¥ 1 T T T
- N
1 / \\&f‘
E Azyme acvty
£
£
1 / ] )] ] ! ]
] 4 8 1 16

Tme doys

igure 1 Amylase hiberaton by dspermiius onyure  Redrat n from € rowther and
Lennox (38) by perms sion of the Ausbahan Jousnal of Biolog real Sciences

Amnlase 15 with some exceptions (61 found 1n the culture medsum
as well as mn the cells  The 1mount of enzyme 1s usually increased by
wclusion of starch 1n the growth medium (92 216) and «s affected by
the nutrogen source (210) and by small amounts of salts (69) Figure
1 lustrates the nme course ot appearance of extracelluir amylase
dspergalins onyzae 11 3s 1o be noted that the peak of amylase ety
n the culture Slirate 1s renched only 1fter the onset of autolysis

1t has been reported (2b) that the culture filtrate of Streptomyces
microflavus forms gentiobiose during the hydrolysis of starch

The Breakdoun of Cellulose  Since manmy fungy utihize cellulose
as a carbon source (Chapter 3) 18 1s to be expected that n enzyme or
enzvmes are released from the «dl and hydrolyze cellulose to soluble
sugars  Cellulose bydrolynng preparations free of lwing cells have
mdubitably been made from several fung: (83 191 2M4) and dis
tingushed from enrvmes acting on licherin and hemicelluloses (9%)
However two mmportant hmtations apply to most of the reported
work on celtulase (1) ntive cellulose 15 relatively ressstant to attack
and most assays of cellulise have therefore unlized various types
of modified cellulose (2) most data denve from studies with crude
cellulase prepavanions contaminated with other carbohydrases and
with mterfering protesns (232) It 1s dufficule therefore to assign more
than a desenptine value to much of the work so far reported
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study of the pectic matenals  Histonically mterest mn the pectic
enzymes was first stmulated by the discovery (13 217) that crude
enzyme preparations [rom plant pithogeme fungt macerate plant
uissues by destruction of the middle lamella the cementng materal
between cells  First thought to be a ceflulase the tissue macerating
enzyme has also been termed cytase  Other early studies are reviewed
by Brown (46)

The mnsoluble pectic materzals as they are found 1n plants are now
called protopecun (116) Neither the structure nor the composition of
protopectin 1s known The corresponding enzyme protopectinase
{pectosinase) 1s defined m prinaple as the enzyme converting proto
pectin to water soluble pectinic aads (255) Operatonally  the
enzyme 1s defined by 1ts ability to macerate blocks of living plant
tissue It 1s found 1n path and non patt [ungt bel
to all of the major taxonomuc groups (Table 3)

‘Table 3 Occurrence ol the Pectic Enzymes 1n the Fungi*
Enzyme Occurrence

F Aspergiltus spp (61 222) Botrytis spp (46 237}
Byssochlamys fulea (17 105) Chaetomum globosum
(222) Datdalea flasada (32) Fomes fraxineus (152)
Fusarum spp (51 149 211) Glocosporium fructige
num (Glomerella cin_ulata) (149) Len stes sepraria
(263) Aacrophoming phaseols (185) Metarrh wm
sp (222) Momla fructigena (237) Mucor racemosus
(93) Phytophthora eryth oseptica (149)  Pobyporus
spp Polystictus spp (32) Pythum debaryamum (4
97} Riezoctoma sp (258) Rht opus spp (94 95)
Stereun purpureum (145) Trametes spp (32)

Pectun methylesterase Aspergaltus spp (81 114) Botrytis ainerza (80) Fusa
rum spp (87 241) Pemaillum spp (114 176)
Sclerotsnea cinerea (61} Sclerotium bataticola t Thiela
oiopsts baswcolat (231)

Pecun polygalacturonase  Asper,illus spp (6 64 81 114 208) Botrytis cinerea
(81 114 257) Byssochlamys fulea (102 192} Col
letatrichum phomotdes (185a) Tusarum spp (47
185a 211 241 243) Afwor spp (185a) Aeuo
sporaspp (64 197) Pemcillumspp (64 176 185a
243) Rh opus miricons (185a) Stackybolrys atra
Syncephalastrum racemosum Thammduum elegans Trt
choderma spp (64 185a) e tarllum albo atrum
(205)

* Including only the three major enzymes for other enzyme activities see
text
t Assayed by hydrolyss of half-calcum salt of methyl » tartanc acid (157)
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(166 167) As might be cxpected the wood destroying basidiomycetes
are especrally active 1 the hydrolysis of hemicelluloses (31 189) the
gross uplizanon of hemcclluloses has been mennoned earlier {Chapter
3) The only other funyt which hase been studied are some members
of the Saprolegmaceae (21 201) and of the genus Phytophthora (147)
all of which form reducing sugars from the crude hemceilulose of
date endosperm

The most abundant of the pentoans are xylans the rarer arabans
are found 1n 1ssoctation with pectic substances  The Limited Ierature
on fungus metabohism of Xylans 1s reviewed by Voss and Butter (240)
Lnzymes (<ylanases) attacking xylan have been found in dspergitius
ony.ec (90) and Glomerells cingulata (96) The xylanase of Chae
tamwum globosum ss formed m appreciable amounts only if the
orgamism 1s grown on xylan and consists of an exocellular component
camerung xylan to xylobtase and 1n llular enzyme hydrolyaing
the x3Jobiose (217 218)

Arab ins—pentosans made up largely of L arabinose—are hydrolyzed
by a crude enzyme preparation from Aspergdlus oryae (67)

Simpson (212) surveyed the acuon of 112 wolates of 24 genera on a
purihed penwsan of unspeafied i An active hydroly
was brought about by the culture filtrate of about half of the isolates
tested the most active filtrates were from cultures of strans of
Aspergillns F Fricoth r, and Trichod. Of the 54
active strains only 6 formed the enzyme during growth on glucose
i the rest growth on the | replaceable 1 some by
free pentoses—appeared 10 be necessary for enzyme symhess  In the
genus Streptamyees 5 of the 19 1solates tested formed an extracellular
enzyme active on the pentosan

A punfied arabogalactan from Lari¢ 1s split by an enzyme from
Aspergillus niger (189)  Mannans are hydrolyzed by an ensyme of
Ch fob which 15 app 1y distinct from the enzyme

acting on xylans (217}

"The chemstry of the substrates 1s poorly known and the nature of
the enzymes 1mvolved 1 thewr hydrolysts 15 uncereain  In particular
1t 15 not passible from the data available to deade an the possible
wWentity or nonsdennty of enzymes which have been studied by
ifferent workers 1t 15 generally accepted that the enzymes attacking
the pentasans and the crude hemicelluloses are distinet from cellulose
hydrolynng enzymes and from hchenase (180) but beyond this pownt
speaificaty 15 not known

The kdoun of Pechc Sub Perhaps
field of carbon metabolism 15 the confusion so great as 1t 15 10 the

h s the
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The enzyme occurs in commercial enzyme preparations of pectn
polygalacturonase (75) and in the fungi hsted sn Table 8 The
enzyme of Fusarium oxysporum var lycopersict appears to differ from
that of commercial preparations fiom other fung: (241) and the latter
1 turn differs from the pectin methylesterase of ugher plants (145)

Production of extracellular pectin methylesterase by Bolnytis cinerea
and Aspergillus miger oceurs 1f pectin 15 the growth medium but only
to a neglgible degree with glucose 1s the carbon source (3 80 81)
The extracellular enzyme of Penicillium chrysogenum 15 formed only
if pectin pectic acid or chemically related substances are m the
growth medium (176) Recently the role of pectin methylesterase 1n
the pathogematy of fung: to plants has recerved attentton

The third major category of the pectic substances 1s that of the
pectic acads derrved from pectimic acids by de estenfication  They
are collowdal polygalacturonic zads with weights rangmg
from 25 000 to 100000 The molecule consits of b galacturomic acid
units and may be visualized as follows

coo- 00~ 00~

w4k N N, w AT

o \o Ho Ao Ko mo A, Ko mol o
H H i H B R

The enzyme hydrolyzing the pectic actds has been named varously
P pectol and polygal The most g
name appears to be pectn polygalacturonase (116) It acts on the
de-esterified portions of pectinic acids or on the pectic acids resultung
from complete deestentfication of pectimic acids It 15 often con
taminated with pectin methylesterase and the mixture of the two
enzymes will of course act on pectinic aads both by de estenfication
and by hydrolysis The product of pectin polygalacturonase activity
on a polygal i tually free pgal acd  The
properties of the enzyme have been studied extensively by Matus (144)

Table 3 lists the fung: which have been shown to form the enzyme
as assayed on pecttmic aad or polygalacturome acids 1€ excluding
assays of tissue macerating enzyme Two comments are apposte to
the problem of the occurrence of the enzyme mn fungl  Furst 1t 1s
probable that the fung: producing protopectinase always form pectin
polygalacturonase or that the two enzymes are identical If exther of
these hypotheses 1s true then the sources of protopectinase given mn
Table 3 must be included adding numerous phycomycetes and
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The indefintte nature of the substrate the crudity of the enzyme
asmay and the fact that other enzymes may solubihize the pectic
matersils of plants (116) are compelling reasons to doubt the yeal
eastence of protopectinase  This doubt 15 reinforced by the findimg
(102) that a paruaily purdfied pecun polygalacturonase from Byssoch
famys fulva couses disintegration of tobaceo hssue Although 1t s
posstble of course that the preparttion was contamunated with a
protopectnise 1t scems more probible that pectin polygalacturonase
has the abulity usually ascribed to protopectsmase to macerate tissue
It 15 sigmaficint in this connection that all protopectinase preparations
cxamined contun pectin polygibcturanase (115)

The present nomenclature of the pectic enzvmes was first clearly
formulited 1n 1927 (61) and fully worked out only n 1944 (117
Consequently the earlier work on these enzvmes employs different and
often hughly individual nomenclature  In particular the pectinase
of the older literature 1s usually synonymous with what s now calied
protopectinise 1e  the Ussuemacerating enzyme  Pectinase as now
understood 1s 2 synonym for pectin polygalacturonsse  The nomencla
ture used here 15 that of Kertesz (116)

The pectinic acuds are colloidal macromolecules composed of op
anhydrogalacturonic acd umts hnked together through 14 a-glycosidic
bonds The carboxyl groups of some of the galacturonic acid residues
are estenified wath methyl ajeobol  Certain pectimic acuds of specific
properuies are designated pectins  Pectime acuds are obtaned from
the crude plant pectic matenals by partial hydrolysts

Excluding protopectinase from consideranion the known and
postulated pectic enzymes of fung are of three types depending on
their action on pectinic acds  Thev are

1 Pecunmethylesterase catilvang the ndrolvsis of the methyl
cster groups of pectmc acds and convertng pectimie acuds to pectic
aads (polygalacturontc acuds)

2 Pectin polygalacturonase hydrolvzing the pectic aculs to free
pgalacturonic acd

$ Pecundepolymerase a less well known enzyme thought to cause
1 parual hyvdrolysis of pectic acds to smaller unies without the 1p
pearance of free galacturomc acd

Pectin methyl ase  (pectase  pec P hoxylase}
was ongnally defined (61) s an enzyme comertng soluble pectin

(pectimic acid) into wosoluble calewm pectate  Its action may be
schematized as
(R—CO—0—CHg) + (H,0 — (R~COOH) + (n)CH;0H (6)




POLLSACCHARIDES 119

cnieymes as wn that of so many other enzymes 15 to determune the
action of single enzymes on substrates of definte and known com
positon  Once such information 1s mvailable there will be some hope
of successfully analyzing the more complex situition in pature

The Breakdoun of Other Polysecchandes It 13 generally con
sidered that a speanal enzyme mulase catalyzes the breakdown of the
plant fructosan snuhm The enzyme was discovered i Aspergillus
mger by Bourquelot (37) and has since been found m many other
fung: (25 59 79) It has often been reported that cultvation on
inulin 23 carbon source increases the wmount of enzyme (2o 184 261)
but some mulase 15 always formed whateser the catbon source  No
systematic study of the enzyme or 1ts occurrence has been made some
properties of fungal snulise have been determaned by Pigman {179)
and 1 13 possible that twao defferent enzymes are responsible for the
actvaty (153)  Oa the other hand there 15 some evidence that mulse
15 2 transfructosidase active also on sucrose (1592)

A bacerinl dextran composed of anhydroglucose upns binked by
} 6 orglucosidic honds 1s hydrolyzed by a dextranase present in the
mycehum and culture fwsd of several fungr eg  Perucilhum funicn
fosum 1 erhicillium cocecorum and Spicaria wiolacea (305 238) The
enryme 1s formed only if dextran 1s preseat 1o the mecwm

Limst dexinn the polssaccharude fraction remamung after starch
hydrolysis by aamylase 15 hydrolyzed by a limst dextnmase from
Aspergillus ory.ae the enzyme has been crystallszed (235)

A commercial enzyme preparauon probably made from an dspergil
ussp hydrolvzes a galactogen of snal eggs ytelding p- and s.galactose
(a48)

Lichenin  dhe polysacchande of Irnh moss (Chondrus erispus)
resembles cellulose except for 15 tugh propartion of 1 3-glycosidic
bonds 1t 15 hydrolyzed by an ennyme found w ammal and plant
material {180) and an Aspergillus oryzae (200 and Merulius dacrymians
ngl) Lichenase 15 probably distnct from ceflulase and xylanase (78

0y

The mucopolysaccharsdes are complex polysaccharsdes yielding
amune sugars on hydrolysis (6} exawmples mnclude hyaluronic acd
<hitin agar and umidenufied cell wall matenials  Among the enzymes
1acking these matersals the bactenal hyaluromdase and lysozyme are
fasly well known but the mucopolysaccharases of fung: are not
Ubstinases are known among actmnomycetes and both hugher and lower
Tungt (493 235) the enzyme or enzymes Tesponnble for chitn Tydroly
5 10 Streptomyces sp ave adapue {194) The lync enzymes of
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basidiomycetes 1o a hist wlich 1s predominantly composed of ascomy
cetes and amperfect fungy  Second the fact that many fung: form
pectin polygalicturonase only if pectimc acids or related matenals are
preseat wn the medium means thae 1 complete survey of rep e
fungx should use such a medwm 10 addition an any such sursey the
pH of the medium should be kept below 60 by reason of the rapid
wnactivanon of the enzyme at higher pH values (116} From the data
avulable and wn the light of these considerations 1t seems likely that
most fung are vble at fewst under favorable conditions to elaborate
peetn polygalacturonase

The pectin polygrlacturonise of fung differs 1 1ts praperties from
the correspondsng enzymes of yeast and higher plants (118 138) The
cozyme s hughly speafic to pectic aads faihing to hydrolyze other
galacturomdes or ather wromdes (131)  Sepwratton from pectn
metind s been recomphished (333 136) It 15 nat yet possible
to assert that pectin polygalwcturonase s a smgle enzymantc entity
One view (114) 15 that 1t 13 1 single enzyme acting by random scission
of the pectic acil malecule to form shorter galacturome aad chams
and evenmally free galacturonic ! On the other hand 1t has
recently been suggested diit dirce defferent easymies e mmvolsed 10
tspergrilus foctidus (6 63)

The pectin polygrla e of T itun chny and of
Tusavium spp appewss to be elborated adapisely i mediz with
pecttn 18 carbon source but not n glucose media (47 176) but the
same ename m other fungt 1s farmed 1n glucose media (64 80 81}
AR these experiments were carried out by growing cells from a spore
moculum in medit wieh or without the presumed inducing substrate
hence a possible effert of mutanon or selection was not nigorously
excuded

Gther enzymes depolymerises acting on pectins hanve been descrsbed
1n plant parasitic and saprophytic funge (17 192 88 195 209) These
enzymes shre 1n common the charactersstic that only certamn of the
gheosilic hinkages of the substrate are attacked resulting in the
Ithertion of short chain polyurorudes  The existence of such enzymes
sn fungs has been chailenged (192 197) but the evsdence espectally
that from work on Neurospora crassa (195) s strong

Assay methads for the pectic enzyrmes are reviewed by hertesz (116)
cap plate 1ssays have been devised (53) and may be particufarly useful
m sunvey studses  There 15 some doubt (116) that assay of pectit
methylesterase by lydeolysts of the hilf calawm salt of methylp

tirtarie aad (157) 35 valed
It seems that the immediate problem sn the study of the pectic
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phosphorylase (228} P bly other 1 fwctors are
wfluential on a prion grounds it s to be expected that the con
centration of available carbehydrate and the carbon nitrogen ratio of
the medium are wnportant  Oxygen s required for the synthenis of
polysaccharide by Aspergiilus niger (206)

The funcuon of fungal polysaccharides ss almost certamnly as a
reserve food and the data of Ergle (70) on glycogen unhzation during
the germunation of scleratie bear aur this contention  This view of
polysaccharides as one form 1n which fungs can store energy was first
clearly stated by Cherpzer and Tawkow {53) sn oppontion to an eacher
sew of pofysaccharide formanog as a symptom of a deranged metabo
ham It showld be mored that under some cultural conditions the
polysacchande formed may ueser wn fact be usuilized cell death and
autatysss mtersemng before the carbohydrte supply becomes hounng
and before the reserves are attacked

Several fung:s pathogenic w man form polysacchandes ofien as
soctated with a capsule and often smmunologically acuve  Those of
Cocardrordes smmutis and Gry plococcus {Torulopsis) spp are hsted m
Chapter 2 others are restewed by Nickerson (158)

O THF MFETAPOLWN Q1 ANINO SUGARS

The only ammno sugar which has been studied extensnely 15 p
glucosamne (2 aminonglucose) anterest in which anses primanly
from the fact that 1ts N aceryl dersvative 1s the basic unst of chitin the
celt wall matercal of most fungs (Chapter 2)

Concenvably the conversion of glucose to glucosamine could proceed
with ghacosene CH OH—~{CHOH)y—CO~CHO as intermediate and
glucosone 15 formed by Aspergelfus parastticus av least under some
conditions (29} However w Neuraspora cragsa extracts glucosamune
1s formed by transamutanion from glutamine (126) as follows

Hevose-6 phosphate + g ~» gt 6 phosy +

glutarme and  (9)
It appears {rom other work that the hexose phosphate tavolved directly
m the reaction 13 fructose:6 phosphate (26)

Glucasamsne appears in dutin 2nd in animal mucopalysacchandes
a3 the N acety] derssative  Introduction of the acetyl group wnvolves
acetyleornzyme A in both ammals and Neurospora crassa (52 126)
N crassa 2t s not certain whether Iree ghucosamine or 115 phosphate
1 the compound acetylated

Ammno sugars are freq foutrd as o of b
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actinamycetes cg  the enzyme system of Streptomyces albus (134
135) act on cell wall polysacchandes and cwn therefore tentatively he
classed with the mucopolysarcharases  Enzymes of this type have been
reported frequently {rom actinomveetes (114a 249) and must be
present m those fungi w which the chitin breaks down duning
autolysis (216}

Certun manne acunomycetes biquefy agar (107 219)  The ensyme
responsible has been called gelase 1t 15 evidently ether e or tbsent
i cerrestrial fungt ind actinomycetes since agar 1s used so generally
w culture medin tha gelase producing organisms would hue long
since been detected 1f they were common

The Synthesis of Polysaccharides The hnown fungal polysac
charides are reviewed ddsewhere (Chapter 2) 1t will be recalled that
they mclude chnun polvhexosts and more complex polysaccharides
The most common hexose component 15 glucose the next most com
mon galactose since all of the galictans are formed 1n media with
glucose or sucrose as carbon source 1t seems probable that a galacto
waldenase is present as in yeast catalyang the comersion of glucose
to galactose (124)

‘The metabolic ongin of the polysicchandes of fungi has been httle
imvesugated but may be expected to follow the pathways known
other orgimsms  The two best known mechinisms of pohsacchande
svothests i bactent are 1 outline

G H 04 = (CHWO ) + ()CGH, Or 4]
Dwu b Foly ) o » hod
() tucose 1 phospliate = Polysaccharide + phosphate (8}

The first of these 15 1 transglycondanon of which the action of
levnsuerase is an example the second 1s catalyzed by 1 phosphoriise
and 15 exemphified by glycogen formauon wm the ammal Levan
svnthesis 1 Aspergillus sydow: spores may be 1 transglycostdation 2t
can be effectnated by a broken cell preparation and the levan 15
formed duning growth on sucrose but not durning growth on monosac
charides (120)  The polyglucose of Tornlopsis sotundata on the
other hand 15 probably svnthesized by 1 phosphorylise (139)  Esndence
on polssicchnride biogenesis in the {ungs s so far imted to these tvo
cases

T he polysacchandes of some fungy are formed more abundantly 1n
acd than e ncwtral metha (27 140 207) but the reverse 1s true of
sclerotiose formauon (1) In jeast ndubition of polysacchande
formauon by alkaliny 1s behered to result from an inhibion of
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mellea (24}  Intact cells of Fusartum i oxidize erythritol to erythru
lose {86) and »t s Jikely that samalar reactions occur in those fungy
which themsely es accumulate sugar alcohals

Glycerol  The formanion of glycerol by fungy 15 menuoned in Chap
ter 7 as an indication of the functiomng of the Embden Meyerhol
respiratory pathway The available data (36 187 188) are conustent
with the metbolism of glycerol via this pathway 1¢

Glycerol ~ tnose phosphate —» pyrunvie acd {an

No enrymatic stucies have however been made and the role of
phosphorylated intermed 1s only cong 1

Glyceral  phosph are hydrolyzed by phospl ASCS

(phqsphames) which aho a\mck other Drgamc phosphalcs (196)

Irolysis of arganic phosph at acad pH 15 brought about by
mycelhal exiracts of Actmomyces srael: (164) and of fung (o 55 58
198 19%) In Tnchophyton rubrum cytochemical tests suggest the
presence of another phosphomonoesterase actnve at athaline pH values
{15%) and enzymes of this type (alkabne phosphatases) have beea
reported an other fungr (50 236) These wd other phosphatases are
considered elsewhere {Chapter 9)

Baba (7 B) wolated an unusual b Ityl phesphoric
aad CHp==CH~CH,—OPOH from cultures of Asperg:llu: mger
metabolizng glycerol and showed i addition the presence of an
enryme 2 phosphatase able to dephosphorylate the compound

Glhyeols  Exogenously supplied glycols are oxidized by some fung:
eg Fusarmem e convexts ethylene glycol to glycolaldelnyde (§6) and
Aspergilius niger dehydrogenates 1 2 butanediol 1o hydroxymethylethyl
letone (246)  The dehydrogenation of ethylene glycol may be effected
by alcohol dehydrogenase known to catalyre this reacuion 1 other
systems

Fusentum. fum also oxadizes 2 3 butylene glyeol to acetorn (CHy—
CO~CHOH--CH,) (86) Acetorn occurs as a metabohite of sagar or
pyravic acid 1n fungt and actmomycetes {309 221 225) but us am
portance and the pathway of formation 1n the fung: are not known
In yeast but not i bacteria st seems that ketols of tins type are
formed with the parbapation of acetyl coenzyme A and the free
aldelyde (215)
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wncluding cordycepin of Cordyceps militaris (20) and many of the
ctinomycete antibioties (22 56)  Whether they arc related to toxiaty
ts uncertan but the possibility 1s at least suggested by the number of
nstances uncos ered

6 THE METABOLISM OF IOLYHYDRIC ALCOHOLS

The compounds of thus class that have been studied 1 connection
with the carbon metabolism of fungt nclude the sugar alcohols
glycerol nd « few glyeols  Manmtol and glycerol ave the most 1m
ponam

Sugar Alcohols  Mannttol was first discovered m fungy by Bracon
not (44 45) and subsequent work during the nimeteenth century
revealed 1ts general occurrence 1n the sporophores of basidiomycetes
and ascomycetes (36 59 264) Other analyses of cellulir matenial
show that mannitol occurs 1n mycelum eg of Aspergillus elegans
(91) aud Rhuzopus japonicus (130) 1n scleroua (70) and 1n spores
(228 242 265) Manmtol may also appear i the medium and sery
high yields—from 20 to 50 per cent of the glucose consumed—are
found 1n the culture medium of dspergillus sp (23) and Byssochlamys
fulva (186)

Mannitol appears to function physiologically s a 1eserve food (164
165) 1ts general utilizability as a carbon source (Chapter 8) 1s con
sistent with this function It 15 formed in culture from pentoses
hexoses and glycerol (57 260) The biosynthests has not been studied
but 1t 1s 1 reasonable hypothesis that mannitol s formed by the reduc
tion of fructose or a fructose phosphate  Extracts of Stachybotnys atra
carry out the resersible reaction (54)

Fructose + DPNH + H+ = Mannitol + DPN+ {10)

Provided that 3 hydrogen donor 1s available this reacuon could
synthesize mannito]l  Consistens with a reductive origmn of mannitol
mannto! formation 15 increased by restriction of the oxygen supply
23]
¢ n)Sorbnol has been reported formed by Boletus bownus (132) and
preformed mats of several basidiomycetes dehydrogenate sorbitol to
Lsorbose (239) Other sugar alcohols which are formed by fung
include b volemitol (35) p-rabitol (77 182a 259) 1erythritol (168
220 262 265) Some of the sugar alcohols account for an apprecable
fraction of the carbon metabolized thus b threitol (! erythritol) con
stitutes 13 per cent of the dry weight of the mycelium of Armsllaria
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6 Cairbon Metabohism

Part 11
Orgame Aads Lipids
and Other Compounds

rEe final group of carbon metabolites of the fung: has
s 1ts most inportant members the organic acds and the hpuds Brief
consideratton. must also be guen to other carbon compounds of
sarons types  Many of the miscellineous compounds included here
have not been studied from a physiological powmt of view  Neverthe
tess they wre involved 1 metabolism and therefore 1 physiology
they will not remain indefimtely as biochenmucal cuniontres  Space
does not permit an exhaustive listsing of the aromatic and other com
pounds known to be praduced by fungt many more will be found m
the reviews cited later

1 THE METABOLISM OF AL HATIC ORGANIC ACIDS

The fung: are perhaps best known wn microbiology for thew toler
ance of aaduy—although this 13 much less general than wsually
thought—and for the alihty of some to accumulate nomiolatle
orgame sy  This sechion considers the metabohism of the orgamc
acds exclusive of the hugher fatty acads the Lketo acds of the respira
tary pathways and those acids which are bastcally ring compounds

Sugar Acids  Acids denved by direct oxadation of erther or hath
termwna! carbon atoms of a sagar may be grouped together 35 the
stgar aads  Of these the only one to be formed 1 quanuty s
glaconsc acid The reacnon was duscovered by Molhwed (379 m
Aspergelius niger and q wark has shown thag 2 least sl
amounts of gluconate are formed by a vanety of fung: (Table 1) o

3
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13%

Table 1 {continued)

Aad
Citaic acid
CH;—~COOH

HO—C—~COOH
CH.COOH
Fumanc aad
HOOG—(l‘H
|
CR—COOH

Fumary! ot. alanine

HOOC—~CH CH;y
CH—CO—N-—-CH
H CcooH

Succinic acid
HOOC—CH—~CH.—COOH

Malic and §
HOOC—CH,~CHOH—COOH

Aceuc acssd
CH,;COOH

Qrgamsms

Mucor pyriformes (548) Conwophora cere
bella (75) Merulus spp (30) Asper
piitus spp (354) Botytis sp (444a
465) Fusartum graminearum (159) Mo
mha formosa (458) Pemcillium spp
(134 136 546 S47) Sclerolum del
phanss (414)

Ciranella sp  Cunninghamella sp  fucor
sp (207) Rk opus spp (177 207)
Neurospora sitophila (spores) (535)
Aspergillus spp (465 496 513 549
550) Caldariomyces fuma,o (Fuma,o
sagans) (141} Afontha formosa (458}
Peracillium griseo fuloum (432 Strepto-
myces coelicolor (145)

Pentallum resticuloswn (68)

Blastocladia prin, shesmn (106)  Mucor spp
(196 502) Rhuzopus sp (56) Neuro
spora sutophla (spores] (535) Fomes
annosus Merultusspp (400} Aspergillus
terreus (70 433) Botrytis cinerea (224)
Clasterosportum sp  Fumago tagans (80)
Fusarumspp (351) Mombhaspp (377
457) Penscallium spp (81 #10) Strep
tomyces coeltcolor (145)

Rhu opus spp (50 503) Aeursspora sito
phia (spores) (359) Aferulius spp
(30) Aspergilius spp (52 70 496
550) Hotrplts cnrrea (224) Fusarum
gramincarum (159)  Pemcillium spp
(228 298 465)

Mortierella spp  (416)  Mucor mucedo
{418) Mewrospora crasia (418) Fomes
annosus Aferubus spp (402) Polyporus
anceps (415) Fusarum spp (225 3.1)
Momlia formoss (457} Sclerotium det
pham (414) Memnomella echinata (419)
Actinomyces spp  (201)  Streptompees
pp (416 421)
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The Formation of Orgamic Acds from Carbohydrates

by Fung and Actinomycetes*®

Table 1
Acd
Glucome aad
HOCH~(HCOHR)—COOH

Manspome acd
HOCH~—(CHOH),—COOH
Galactome acd
HOCH—(CBOH)~COOH
Glucuronic acd}
HOOC~(HCOH)~CHO
Sacchanc acd
HOOC—(CHOH)~—COOH
2 hetogluconic acd
HOCH—~{CHOW),—CO—CO0H
Xylome ac1d}
HOCH~(CHOH);—COOH
Arabome andi
HOCH;—(CHOH),~-COOH
Lacte acd
CHy—CHOH-—COOH

Organisms
Mucor plumbeus Rhizopus spp t (465)
Ceratostomelle ubm (166)  Comophora
cerebell t Meruhus lacyymons t Pobpo
tus vaporarius (465} Aspersil'us spp
(80 192 321 379) Dematium pubilans
(422) Fuma_o vagans (80} Fusariuwm
bine (399) Pemalfum spp (80 321)
Selerotium delphants (414)
Aspergslins mger (3213 Pem dllum futeo
purpurogenum (13)
Aspergatlus mger (321)

Pemerlium spp (298 474) Sterewn hors®
tum (956) Ustuling vuigans (567}

Aspergallus mper (126)
Pemcrflium breor compa tum (474)
Fusarsum lims (265)

Fusarium fin (265)

Allompyees arbuscula (292)  Apodachlya sp
(23) Blostacladia prin_shermn (106)
Chytndium sp  Macrochytrium botrydio
tdes (152) Monoblepharella sp (374)
Mucor rouxts (132} Mucor spp (502)
Pythasgeton sp  (10T)  Rhaprdwm sp
(231) Rht opusspp (453 541) Sapre
myces elongatus (231)  Batrylis ctnerea
(224) Mombhaspp (377 457T) Actino
myces SPP (184 291) Sireptomyces spp
(71 424 562)

* Exclusive of the keto acids the hagher fatty acids and acidic ting compounds
Orgamisms are hsted by groups phycomyc tes ascomyeetes bandiomyeetes
Fungt [mperfect actnomycetes wm that arder

§ Idenuification doubtful
} See text
§ In sulfite nhibited culture
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Table 1 (continued)

Acd Orgamsms
Glutacomc acd Aspergubius niser (26)
HOOC—CH~=CH—CH,~COOH
Dimethylpvruyic acid Aspergillus mger § (272 438 439)
(CHy)»—CH~CO—~COOH
Fihylenc oude s rgillus fumgatus {67 368) Momha
a B-dicarboxy hic acd Sformosa Pent slicwm vintferum (4>8)

HOOC~CH~CH—COOH

far as 1s now known the accumulation of large amounts of the aad
15 restricted to certain strawns of Aspergillus spp and Pemalhum spp
and many fungi yzeld no gluconnte by classical wsolation procedures
(321 372 465)

Because of the potenual industrial importance of the process the
cond of gl synthesis by Aspergutlus niger have been 1n
tensively studied Tt 1s found generally that a relatnvely lugh pH
favors the formition of gluconate over that of atrate {101 221 513)
Calcum carbonate 15 customanly added to the medium to control the
PH interference with metbolism by precipitated calaum gluconate
can be minimazed by the addition of borie acid or borax to the medium
{386)  As m other uaud syntheses but to a more pronounced degree
the accumulinon of gluconate 1s favored by aeration (464 554) Itas
also favored by a relatvely high glucose concentration (16 269) and
a lmiting amount of phosphate (269) Under appropnate conditions
almost complete comersion of glucose to gluconate occurs (221)

The biochemical basis of gluconic aad formation s probably the
wetion of enzvme glucose aerodehydrogenase (glucose oxidase) (Chapter
7y althongh Dematium puflulans 1s reported to form gluconate (422)
and to lack the enzyme (212) The first product in the reaction 1s
glucono §lactone whach may be found 1n the medium with the free
11d (80)  Cluconate 15 further uulized by fungt (46 514) but the path
of metabolism 15 not known

The formation by dspergiilus niger of other hexome aads—man
nonic acid from and gal acid from gal has
been reported (Table I) but the process has not been studied further
Pemallium chrysogenum forms Iietobromie 1ad from factose ({51a)

Glucurome aad 15 teponed to be formed 1n traces by fungi (Table
1) although an une fi 15 sill lacking  Sacchanc
aad s (ound n cultures of A:pergxllus nuger (126 539) The appewr
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Table 1 (continued)

Acad

Ethyl acetate
CH:COQCH CH,

Oxalic acd
HOOC—COOH

Trtacome acid
COOH

C=CH:
"
COOH

cts Aconitic acid
CH~—COOH

C—COOH
CHy—COOH

Itatartanic acd
COOH

HO—C—CH-OH
(“H
COOH

Tartanc aad §
HQOC—/CHOH)—COOH

Clyoxylic acid
OHC—COOH

Glutanc acid 1
HOOC—(CH:)s—COOH

Organisms

1 ndocondiophora momlsformes (241) Pemt
calleum ditatum (72)

Rhuzopus mgricans (545) A eurospora crassa
(418) Sclerotima spp (33 545) demid
lana mellea (261) Comophora cerchella
(75) Corticium centrifugum (277} Fomer
annosus (AD1)  Marasmus  chordalts
(478) Merulrus spp (401) Polyporss
tumulosus (437) Ponta rasllantss (407)
Asper, llus spp (67 515 545) Botrshs
cinerea (224 545) Demattum pullulans
(34) [usarum spp (159 357} FPem
cilhum spp (134 156 545) Sclerotum
delphnn: (414 Trichophyton tonsurans
(533)

opergalius stacomscus (34 315) A terreus
(105 349) Ustila,o ear (263)

Aspergallus nt er (455)

Aspergritus terreus mut (492)

Pusartum spp (357)

Aspergellus mjer§ (87)  Bolptis comerea
(224)

Aspergrllus mger (26)
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Citre Aad  The ability of fungi to accumulate atuc aad was
first duscovered by Wehmer (546 517) n species of Citromyces'
(Pemartlium)  Later (155) 1t was found that ugher yields are obtained
from selected stramns of the black spored Aspergilli usually referred
to as Aspergillus niger  Certam of these straws are presumably used
for the commerctal production of atric aced  Although the acd 1s
probably 2 bol diate of aerobic bolism 1n all fungt
{Chapter 7) it appears n sigmficant amounts only m a few forms
(Table 1) primanly species—or miore correctly certamn strams of
species—of Pentcillium and Aspergillus  Most stratns of 4 miger have
the p y for the lation of atric gl and oxalic
aads particular strains under a gven set of conditions may form
predominantly one acid or a muxture of two or three (48 58) Stramn
dufferences contribute to the failure of different laboratories to agree
on the details of the cienic aad process but the basic physiological
#ients are presumably the same n all struns  Selection may increase
the yield of atrate (169 307) and correspondtngly a strain may
change 1ts capacity as the result of mutation (218 331) No adequate
genetic analysis has been made probably the typical stram 1s a
heterocaryon with nucler of dufferent genetsc types which segregate in
spore formation (28)

The biosynthests of atrate by Asperpillus miger was investigated
extensively during the period 1920 to 1940 largely by growth and
replacement culture expertments which by themselves do not dis
criminate among the varous possible metabolic pathways  Theories
based on this work all obsolete or correct only by chance are re
viewed by Faster (200) and Walker (538)

As discussed 1 Chapter 7 1t now seems that fungr like other
orgamisms  utthze the atne acad cycle m aerobic respiration  the
evidence which 15 ad dly stall p comes from
studies and from sotope experiments with atrate formation 1n
Aspergillus niger At least one other pathway of ctrate (or 1socitrate)
metabolism 15 known m fung: (405) and may be found 1n the future
to make a significant contribution to citrate synthesis  If we postulate
the ubiquity of the citric acd cycle 1n fung accumulation of aitrate
15 best regarded as an unusual modification under genetic and en
vironmental control of a process which occurs 1n all cells under
aerobsc conditions

Figure 1 13 a simplified diagram of some of the known and probable
relationships of orgamic acids 1 Aspergillus mger and with some ex
ceptions very likely 1 all fungt The salient and physiologically
sigmficant 1mplications of the scheme may be summarized
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ance of pentonic acids 1n cultures of Fusarsum lin: {265) has not been
confirmed and the method of 1dentfication used leaves something to
be destred

Lactic dcud  The formauion of lactic acd m fungt ss restnicted
almost entirely to phycomycetes (Table 1) and all fungt which con
vert 2 major fraction of the carbohydrate to lactate are m this group
The early history of the problem and the cultural condittons favoring
lactic acid accumulation are reviewed by Foster (200) Locknood et al
(353) and Ward et al (541 542)

The optical 1somer formed by fung: 1s usually rlactic (dextro-
rotatory) (536 541) although formation of the p and ot forms has
been reported (453 457 501)

As discussed tn Chapter 7 the anaerobic formation of lactate by
Rhuxopus oryzae conforms to the postulate that glucose 1s broken down
by the Embden Meyerhof sequence of reactions to yield lactate
ethanol and carbon dioxide tn equimolar amounts the mechanism by
which the eq lar ratio 1s d 1s not yet known More
lactate 15 formed acrobically than anaerobically and the brosynthesis
of this extra lactate 15 not understood  If 1t 15 assumed that all of
the glucose used 15 converted to pyrusate the aerobically produced
lactite must 1rise from 1t or from ethanol perhaps wutft 4 carbor
actds as intermediates (109)

Some carbon dioxtde enters into the lactate molecule (226) Lactic
actd production i high yields ss obtamned from cultures which are
aerated either by shaking (54) or by the rotary drum method (542)
It should be noted that Sakaguch: and coworkers (460) could not
confirm the stmulacon of lactate formation by aerobiosts

Lactate forming orgamsms other than Rluzopus spp that 15 the
lower phycomycetes and Streptomyces do not so far as 1s known form

extra lactate aerobically Again in contrast to Rluzopus some
lower phycomycetes anaerobscally convert 85 to 100 per cent of the
glucose consumed to lacuc acxd (106 231 292) Evidently the bio
chemical basis here differs 1in 1mportant respects from that of Rhi.opts
the difference recalls that between the homofermentaine and the
heterofermentative lactic acid bactena

Lactic acid 15 not an end product of acrobic metabolism but 15 con
sumed after exhaustion of the principal carbon source (106 171)  An
aerobic lacuc dehydrogenase 15 known n Pemcillium chrysogenum
(111) but che enzymatic basis of lactate utthzauon in those fung
which accumulate the acd 15 not known The oxidaton of lJactic
aad by resting cells of P chrysogenum 1s suppressed by glucase (278)
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particular reactions shown 1n Figure 1 may not all occur in fungi but
there 18 no doubt that fatty aad and amno aad skeletons are buiit
up from 1ntermediates of cirbohydrate oxadation It 15 sigmficant that
strawns of Aspergitlus niger which do not accumulate atrate have 1
tugh growth rate (185) and that highly aadogenic mutants are relv
tuely slow growing (218)

5 Carbon may lso be drawn off into glucomc or oxalic aad m
Aspergstius niger and mto still other naids i other fung

These biochemical relationships explain many of the known physio
logical requirements for aitric actd accumulation  In the first place
the concentrition of available carbohydrate must be ugh (853) usu
alty glucose at 15 to 20 per cent 1s employed  Under these conditions
there 15 an excess of carbon over that required for energy and for the
synthests of cellular matertal this excess will then we thank accumu
late wherever genetic and environmental factors permuit rapad formz
ton but only slow breakd of a boll Such a
may be directly on 2 major pathway or on a shunt  duersionary
pathway (200)

The requirement for a high carbohydrate concentration has s
counterpart in the usual finding that highest yields of atrate are ob
tamed 1f other major nutr rogen  pl
stlfur—are at levels which Iimit growth (103 155 303 413) Dan
which contradict this generalization are however often reported
and there are undoubtedly secondary physiological effects of nutrients
(472 479

Mmor elements affect aine aad production but contradictory re
sults have been reported There 1s no doubt on the one hand that
une gjton manganese and copper are essential to growth and acd
formation (518) or on the other that high concentrations of merals
may lower yields (420) Between these two extremes 1t appears from
recent work that the best yield of atric aad and other anids 1s obtuned
at concentrations of the minor elements which allow som¢ growth
but are at the same tme lunitmg to growth (130) Increases of zinc
for example may result 1n a greater total yield but the pereentge of
comersion of glucose to acid 1s lowered {129) Perhaps the clearest
example 15 the mhibitory effect of ron on atrate accumulation the
inhubition disappears 1n a medium 1n which growth 1s linuted by low
phosphare (72)

The optimum level of any given nutrient affected as 1t 13 by the
strain used the conditions of culture and the other nutrients present
5 a matter for individual determination  “The important general
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Tigure I The interrelations of the orgamic aads 1n metabolism

1 Cutric aad 15 shown as arising by the condensation of oxalacetate
and acetyl coenzyme A an ongin from sucanate and glyoxalate 15 a
second possibility (405)

2 In order for cutrate to accumulate oxalacetate must therefore be
provided 1n Figure 1 1ts only indicated source s the carboxylation of
pyruvic aad  Whether this mechanism 1s quanutatively adequate for
the high yields of aitrate which have been reported (553) 1s not finally
certain although there 1s no doubt that carbon dioxide does enter
nto the atrate molecule m substantial amount (369)

3 Citrate may be oxadized further 1e 1t 1s not an end product
This 1s borne out both by stuties of the time course of atrate ac
cumulation (47 581 213) and by 1sotope studres (110 3837)

4 Lkspecally duning growth the carbon of atnic aad cycle mter
mediates 15 drawn upon for amino aad and hipid synthess  The
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Oxygen 18 required for atrate synthesis both i surface culture
(169) and 1n the more recently developed submerged processes (308
472) ‘Too vigorous aerition may 1t has been suggested (186) sweep
out the carbon diovide raprdly enough to reduce atrate formation
The probably essential role of carbon dioxide mentioned above 1s
supported by experiments showing that increases tn the carbon dioxide
of the atmosphere tncrease the yield of aitrate (259)

Measurements of the oxidation reduction potential duning the cul
ture cycle suggest that there 1s an opttmum potential for atrate forma
tion above the optimum Aspergillus mger forms glucomic acid rather
than crtric and below 1t ethanol 1s formed (332)

Virtually all studies of citric acd formation indicate that a low cul
ture pH 15 essential to good yields generally mn surface culture an
wtial pH of about 20 15 recommended for Aspergillus niger 30—
40 for Penscallium spp (169 218) In aerated cultures of 4 niger
2 somewhat higher inittal pH—about 4 5—appears to be optimal
(472) At pH valucs above the optimum gluconic and oxalic acids
tend to replace atric (213 38) The mechantsm of this pH effect s
unknown 1t has a counterpart in the effect of pH on the balance of
metabolic products formed by the lactic aaid and the coliform bacteria

Metabolic poisons affect citric acid formation and have been used
n attempts to elucidate the biochemustry of aad formation The
tesults are ambiguous as 1s to be expected from the muluplicity of
reactions which compete with or supply carbon to the atrate pool
and from the fact that most potsons have several sites of acion The
effect of shghtly growth mmhibitory concentrations of the lower ali
phatic alcohols on the yield of crtric acid 15 very striking (383 455) and
may prove on further investigation to be specific

Fumari Acid and Related Acids  Four of the 4 curbon dicarbovylic
acids—oxalicetic malic fumaric and sucamc—may be constdered
together masmuch as they are readily interconveruble {see Figure 1)
Oxalacetate 15 unstable and does not accumulate appreciably Prob
ably all the other acids of this group can be detected by suffictently
sensttive methods 1n the cells or culture fluid of fungi during aerabic
metabolistn ~ For this reason the listing of fungi which produce
these acids 15 somewhat deceptive 1t 15 more a history of the interest of
investigators than a survey of aad formation

Fumaric 2ad 1s formed 1 small amounts by many fungi (Table
1) certam of the Mucorales especially Rhizopus spp are the only
fungi 1n which 1t accounts for a major fraction of the glucose con
sumed  dspergillus fumaricus as onginally 1solated formed fumaric
acd 1n large amounts (549) but the strain on examination ten years
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principle that growth and aad formauon are 10 a degree competine
should not be obscured by these secondary effects ymportant as they
may be for other reasons

The time course of artnic acid formation i submerged aerated cul
ture 15 sllustrated 1 Figure 2 from which 1t 1s evident that there 15 2
phase of growth with httle aad production followed by a phase of
acid formauon and slow growth Maximum ytelds obsiously require
that a balance be struck between growth and actd formation at some
pownt there 15 enough cell matersal 1o convert the residual glucose
with maxymom efficiency mto product  These considerntions apply
i prnaple to all aad svntheses and 1n fact to 4l syntheses of non
pratoplasmic matertals

Reference to Figure } makes 1t clear that many different carbon

s cntering the bolic pathway at different ponts may

bc e(pccled to prouide carbon for aitrate synthesis and this proves
to be true (854) There are so many possibihiies here that expen
ments m which 1 carbon cnmpou\\d 1 added to a preformed mycelsum
n an attempt 1o (rice broch al p Ny fait—almost
any compound can be fed mto the atne aad pool
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berg Wieland reaction  Tlus pathway has been proposed 1n fungs on
the basis of both chemical and 1sotape data (30 49 102 202 203 450)
As noted elsewhere (Chapter 7) the evidence 1s not conclusne al
though there 15 of course some mechanism for the conversion of acetate
and other 2 carbon compounds to larger molecules

4 The cleavage of ssoatne aad directly to sucamc and glyoxylhe
acids (405) This system 1s probably 1dentical with one known 1n bac
terta (477} sts functions during glucose metabolism and 1ts quantitn
tive importance 10 fungs are not yet knawn

Formic and Acetic Ands  These tho volanle acds are more char
acterisucally bacterial than fungal metabolites and under normal con
ditions of enlture nether accumulates 1n such large amounts as do the
tion volatile acids so far considered

Formic acd has not been reported to accumulate dunng carbohy
drate unhzation but several fung: form i1t duning the metabolism of
lactie and pvruvic aads (133 454)  These experiments suggest the
well known transacetylase Teaction

Pyrusic acid + coenzyme A - acetyl coenzyme A + formic aad (1)

The entrance of formate or a denvauve 1nto metabolism 15 demon
strated by 1sotope results (302) and by direct uuhization of formate
(187 262) It has been suggested that formate may enter through the
sequence of reactsons

Glyane 4 formate ~» seTne —» pyrusare 2)

Until active cellfree preparations are studied these reactions of
formate must remain hypothetical n the fungt

Acetic acd 1s found 1m traces n the medwm of many fungu and
actinomycetes the hst in Table I omits nonspeafic determiations
of volatile acsds (54 73) Larger amounts of 1cetate are formed by
Streptomyces fradiae (421) and by f usanum spp (351)  As also shown
m Table 1 two fung: form ethyl acetate from catbohydrate

In view of the central vole of acetate and acetyl coenzyme A 1n
metzbolism we may assume therr presence even 1f 1solable amounts are
not formed  this generalization 1s borne out by 1sotope dilution studses
on Pemctllium chrysog, (368) and Streptomyces coelicolor (143)
In particular orgamisms acetate may be formed from pentose (225)
from ethanol by oxidation (898 415) or possibly from giyane by
deaminavion (562) Direct studies have shown that exogenous acetate
1s oadized by Merultus niveus (30) Pemiallium chrysogenum {278)
nd Zygorhynchus moeller: (382)
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later proved to have lost the capraty to form the acd from glueose
except under spectal circumst iices (518 550)  Fumarate 1s also found
wn the sporophores of basidiomycetes (577 576)

Penalliur resticulosum 1 glucose medum forms fumarel st
danine n which the amuno group of alwnine 15 joined 1n a peptide
Iinkage with one carboxyl of fumaratc (68)

Succimic aad accumulation s rarelv so great as that of the other
acds considered thus far  Resung cells of Blastocladia pringshetmn
~ecumulate succmnate equsvalent to about 10 per cent of the glucose
metibolized (106) but the wmounts formed by most crgomsms hsted
in Table I are much smaller Malic actd has onlv rarely (56 469)
been reported to be formed 1n laxge 1mounts from glucose although
1t 1s produced by a varety of saprophytic fung: (Table 1y Most of
the identifications of matic rad 1t should be noted rest on color tests
the use of which 15 often difficult and uncertamn re examunanon by
enzymatic methods would be profitable

In fumanc acd svnthesss one of the most stnhang physiological
aspects 15 the effect of 2mc which ncreases gronth and glucose con
sumption wnd decreses by as much s 86 per cent the formation of
fumnrate (208 Fum uic rad formation 1« thus a symptom of retarded
growth i the presence of an tbundance of carbohydrate By alogy
with acd formanon 1 Aspergilfus neger 1t 1s hikely that anv metal
deficiency has the same effect (129 130) but the role of other metals
1 still uncertamn md wran hose sts optimum level scems to have hitle
nfluence (208)

Carbon dioxide his been shown by 1sotope studics to enter mnto the
molecule of fumwic acid (204 205) and sucanic acid (144)  Sucanate
formation by Streptomaces coelicolor and Blastocladia pringshemmts
1s enhanced by carbon dioxade (106 113) but the reltion of exogenous
carbon dioide to fumarate formation 15 uncertun (206 207}

The 4carbon dicuboxyhic aads under discusston probably are
formed by more than one biochermeal mechamism  Four such mecha
msms have been suggested namely

1 Oxudatine formanion 1n the aine a1l cycle  Bulk formauon by
tins mechanism has not been proved

2 The reductne carboxylaton of pyruvic acd either to oxdare
tate or chrectly by the agency of the mwalic enzyme to mahe acd
This 15 the best known and perhaps the major pathway evdence for
1ts Tole comes from sindies on the mcorporation of sotopic ¢rbon
dioxide and on the physiatogical effects of carbon dioxide mentioned

above
$ The dircet condensation of two 2 carbon fragments 1n the T Tn
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35 38%) Distinctne features include the very low pH optimum—
about 19 for shaken cultures—and the pronounced effects of sodm
chlonde and magnesium sulfate under certam condinons  The fow
pH optimum of the processes has been shown conclusively (354) to be
determined by the fact that the enzyme system for raconate formanon
15 present only duning cultvation at low pH

haconic aad 1s formed an wvritro from o3 acomite acid by the enzyme
ns wontic decarboxylase (i1} stnce cis acanitate 15 a component of the
mearboxyhic aaid cycle che formation of waconic acd may be regarded
as an alternate metabolic pothway for glucose carbon (Figure 1)

A mutant of Aspergillus terrews ob 1 by ultraviolet dsas;
forms 2 myxture of itatartaric acid and s lactone (492) The struc
tre (Table 1) has 1n obvious resemblance to that of itaconate and
3t1s reasonable to suppose that the tsv0 aceds are brochemically related

Other Aads  Tartanc acxd has been reparted in small amounts
1 cultures of Fusanitom spp {Table 1) but the ernena of identificavon
were not wholly satisfactory  Ustag color tests and sopper reduction
as crateria Bernhauer and Bacll (51) found that most stratns of
Aspergllus mger form tartrate dunng incubatien of preformed
mycellium with ethanol  The problem menis study with the more
sensitise methods now fable for ol and deter of
ands

Ghoglhic aad (OHC--COOH) olten accompamed by glycolic acd
(HOCH,~COQH) 1 formed 1n traces duning carbohydrate break
down by some fung (Table 1) 1t has abo heen reported as bewng
formed during the metabolism of acetate (55 125 403) ethanol (136)
and autrate (125) St should be nated that substances gung the color
reactions for ghoxylic aad are found 1 stenie autoclned cultnre
medea (157) 2t has not always heen clear that adeguate controls have
been included 1n experiments on the dccutreace of ghyovylate

Glyoxylate has been proposed as an intermedsate 1n the oudatise
formanion of ovalate from acetate by the following Teactions (403)

Acetate — glycalate -> glyocylate —» oxalare &

It 15 not yet certain that these reactrons occur  The faet that glyoxyhic
and glycolic acids teplace glycne 1 the nutrston of a mutant of
Neurospora crassa (566) suggests a secand pathwav for their utilization
and formation  Firally the abiity of fungs vnder some condittons
1 3phy asoostrate 1o sucanate and glyoxvlate and to oxrdsze glcolate
1o glyonylate hias been shown unequivocally (105) Ghowylate ws also

1t should be noted a product of the action of allantorcase (Chapter 8)
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The higher fatty acids above acetic are considered 1ntegrally with
the metabolism of hpids

Oxalic Acrd Oxaltc 1d 15 1 common metabolic product of fungi
(Table 1) especally of the Agariales  Spectes of Pemcrllium and
Aspergillus accumulate the largest amounts but substantal oxalate
production occurs m a few other fungt eg Sclerottum delphinu
(547161;) Sporophores of basidiomycetes often contain oxalate (17 575

The physiology of oxalate formation deserves more study The
acid 1s formed from various carbon sources (49) the most favorable
cultural conditions include a high carbohydrate concentration 1de
quate acration (49 545) a limited supply of 1organic nutrients (129
447) and most mportant a relatively Ingh 1mtial pH (46 49 299)
The enzgmatic basts of the pH requirement has been elucidated by
Shimzono (470) at low pH an enzyme oxahc acid decarboxylase 1s
formed and conserts oxalate to formate and carbon diouide This
finding suggests for the higher basidiomycetes at least that oxalate
15 2 normal metabolite and accumulates under conditions of an
enzyme deficiency Cultures of dspergilius miger utthze oxalate pro
vided that the pH 1s below 55 (27)

In Cortrctum centrifugum oxalic acid production 1s increased by a
growth ] g defi y of tl (391) This relatton 15 con
ststent with the general view that oxalic and other acds are formed
maxamally when available carbon cannot be used for growth

The biochemical origin of oxalic 2ad has been mmestigated rather
trequently but none of the pathways proposed has been proved (4 5
403) Recent results with isotopic carbon are consistent with the
onigun of oxalate from oxalacetate (88 138a 201 338) The possibility
that glyane which mn d organisms 1s bolically related to
other 2-carbon compounds 1s imolved has not yet been explored
Progress on the problem depends on the preparation of active non
cellular preparations

Ttaconsc and Itatartaric Acds  Itaconic acrd was discosered by
hanoshitr (314 315) to be formed by 1 strun which he designuted
Aspergillus rtacomicus n sp This stram has lost 1ts capaty to form
more than small amounts of the acid but strains of Aspergutins terreus
have been found to produce large yields (105 381) Other struns of
the same species form no itaconate nd wpleraviolet mduced mutants
yield more or less acid than the parent culture (519)

The opttmum condwons for itaconic aad formation are rather
dufferent from those which give best growth of the organism (348 350
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352 384) Distinctive features include the svery low pH optimum~—
abaut 19 for shaken cultures—and the pronounced effects of sodium
chlonde and magnesium sullate under certain conditions The low
pH opumum of the processes has been shown conclusively (334) to be
determined by the fact that the enzyme svstem for itaconate formaton
15 present only duning cultivation at fow pH

Ttaconic acid 1s formed tn vitro from cis acomuce acid by the enzyme
cts aconitic decarboxylase (41) since ¢ acomitate 1s a component of the
tncarboxylic acid cvcle the formation of 1taconic acid may be regarded
25 an alternate metabolic pathway for glucose carbon (Figure 1)

A mutant of Aspergillus devreus obtaned by ultraviolet irradiation
forms a mixture of itatartaric acid and 1ts lactone (492)  The strue
ture (Table 1) has an obvious \i e to that of and
1t 1s reasonable to suppose that the two aads are biochemucally related

Other Aads  Tartanic aud has been reported 1 small amounts
wn cultures of Fusanium spp (Table 1) but the cnitena of 1dentification
were not wholly sausfactory Using color tests and copper reduction
as crteria Bernhauer and Bockl (51) found that most strains of
Aspergillus miger form tartrate dunng incubation of preformed
mycelium with ethano! The problem ments study with the more
sensiine methods now avatlable for wsolation and determination of
aads

Glyoxyhic aad (OHC-—COOH) often accampanied by glycolic aad
(HOCH —COOH) 15 formed n traces during carbohydrate break
down by some fungi (Table I) 1t has also been reported as being
formed during the metabolism of acetate {55 125 403) ethanol (136)
and atrate (125) It should be noted that substances giving the color
reactions for glyoxylic acid are found i stersle autoclased culture
media (157) 1t has not always been clear that adequate controls have
been included 1n expersments on the occurrence of gliovylate

Glyoxylate has been proposed as an mtermediate 1 the oxidauve
formation of oxalate from acetate by the following reactions (103)

Acetate —» glycolate —> glyoxylate — oxalate 3)

Tt1s not yet certatn that these reacuons occur  The fact that glyoxyhc
and glycolic acids replace glyane m the nuinton of a mutant of
Neumspam crassa (566) suggests a second pathway for their unhization
and formation  Finally the ability of fung: under some conditions
to sphit to and gl late and to oxidize glycolate
to glyoxylate has been shown uneq; ally (405) Glyoxylate 15 also
1t should be noted a product of the action of allantoicase {Chapter 8)
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The other aculs listed m Table I—glutanie glutaconic, dimethy
pyruvic and ethylene oxide o g-dicarboxylic acuds—hue as jet no
blished phystological or bioch 1 sigmificance  The first two
have been reported only once from xylose cultures 3f their formation
can be confirmed a route from pentose ta a-ketoglutanic aad 1 2 pos
sibthty  Dunethyipyruvic aad accumulates in endtures posoned
with bisulfite  Suggestions on the biochenmcal ongin of dimethyl
pyrusic aad are reviewed by Birkinshaw (63)

Lilylene oxide o g dicarboxyhe acid (trans L epoxysucanic acd)
chemically related to tartaric aad 1s formed from a vanety of carbon
sources by dspergullus fumsgatus m up to 21 per cent yeld (370)

During the breakdown ot aitric acd by dspergillus niger two other
acds  acetonedicarbotylic aad (HOOG—-CHp—GCO—CH,—COOH)
and malomc acid (HOOC--CH —COOH) appear 1n the medium and
1t has been suggested that they derive from a route of atrate dissimila
ton otherwise unknown (125 495)

Conclusions  Some generahizations ¢ be made concerning the
physiology and biochemistry of those acds—~ghicome ame fumanc
sucainte lactic and oxalic—which are formed in large amounts and
which have been studied ntensivelv Not all the data agree but i
general 1t can be said

1 The aads occur 1n small amounts at Jeast as normal metabolites
m organisms other than the fungr  This 15 also true of acetate
formate giyoxylate and malate

2 With few exceptions—and these are subject to confirmation—
the acids which accumulate 10 fungus cultures are Iater utihized for
energy and growth unless removed by a trapping 1gent eg calaum
1on or unless thetr accumuiation powsons the cell

3 Most expeniments agree that fughest aad vields 10 terms of the
fraction of sugar comverted to product ate obrained i media i which
catbohydrate 15 abundant but 1 which some other factor usually nu
tritional restricts growth (o a Jess than maximum amount

4 Oxygen 1s essental for the synthesis of all but lacuc rid s
requirement 15 of courst obvious from the structure of the acuds
Gluconate formanon catalyzed as 1t probably 1s bv 1 flavin enzyme
15 the MOSL TEsSponsIvE tO OXYEEN pressure

5 Carbon dioxide enters by fixation into lacuc cunc fumarie
and sucamc acds and appears to be quanttatnvely amportint 1n
providing the carbon of all of these except possibly lactate

§ Genetic factors determune whether or not a clonal culture wilt
accumulate 10d under gnen external conditions
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‘We may visuahze a metabolic pool of any given aad with carbon
flowing 1nto 1t from a ligh level of carbohydrate and flowing out 1nto
amino aads 1nto respiratory carbon dioxide and into other undeter
mined ch ls  Under cond of 1 demand on the paol
for growth the acc ! of aad 15 d by the labl
carbohydrate by the relauve rites of the manv reactions which pro
duce and break down the aad and by the rate of exchange of acd
between cell and environment  The scheme of Figure 1 applying
speeifically to aitnic acd 15 1n prinaiple a model for all acid accumula
tion  An acid may be more closely related to carbohydrate as s
glucome acsd or 1t may be 1n a metabolic shunt removed by one or
more enzymatic steps from the mam pathway of carbohydrate dis
sumulation

Phystologically a uuluzable aad serves as a reserve carbon source
although the concept 1s more or less meaningless under the usual con
ditions of acid accumulation 1n enlture A prion 1t would appear that
the soluble acds having effects on both the pH and the osmatic con
centration of the medium are less sausfactory reserve substances than
the 1nsoluble polvsaccharides and fats

The permeability of the cell membrane to organic aads deserves
more study difficult as the problem 15 Obwiously a biochemical
eqmbibrium wall be reached ery quickly within the cell and very little
acid will accumulate 1f the formed aad cannot leave the cell If 1t
leaves rapidly 1n fact the concept of enzymatic equilibrium becomes
almost ynapplicable Conversely if re entrance of evternal aad nto
the cell 13 slow 1ts uuhzation as a source of carbon will be lirmted
It 15 concenvable that some of the environmental factors which favor
acd accumulation act primanly on the rate of exchange between
ceil and and that duff between strains reflect mem
brane differences rather than enzymatic capabiltties

“The genetic factor 15 so far a matter of observation only—acid forma
ton 15 highly speafic and indidnal stramns duffer from each other
both quanutatively and qualitatinely These stratn differences must
not however be overemphasized so far only one instance of complete
loss of ability to form an acid has been reported that of Aspergillus
fumartcus (p 141) and even the altered stram 15 able under some
conditions to form the missing product Quantitatne changes are

frequent especiaily when several acids compete for carbon The
qualitative constancy 1s particularly remarkable in view of the fact
that n many of the fung: stdied for aad producuon the comdia

used for transfer of cultures represent sclations of nucler from a
heterocaryonc myeelium
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Virtually all modern theonies of aad brosynthesis assume a pre
himnary converston of carbohydrate to pyruvic acd except of course
1n the biosynthests of the sugar acids  Whether ting assumplion repre
sents the facts or merely the } of current biocherzeal knowl
edge 1s uncertam  The phosphogluconate pathway of glrcose metab
ohism (Chapter 7) provides to the cell a group of compounds mclud
g the 4 and 7-carbon sugar phosph P 1y unk and
quite possibly of direct importance 1 acid synthests

Table 1 summarizes the reported formation of acids by fung: and
actinomycetes acting 1n culture on carbohydrates  So far as possible
duphieaung reports have been onutted and some of those tncluded are
based on questionable or at least madequate evidence  Satsfactory
proof for the identity of an aad should wnvolve more than color tests
or the chromatographic constant an a single solvent on the other hand
the results of these presumptive tests are often correct and reports
based on them cannot therefore be dismussed out of hand  Ideally
an aad or other metabolre product should be 1solated as a erystathine
dentvattve 3f this 15 not possible several mdependent entena should
be utnhzed  Enzy dentsfi ¥ to be the most sensttne
and accurate for metabohtes which are found only 1n picro amounts

2 THE METABOLISM OF LIPIDS

The Lpids may be defined as those substances which are soluble 1t
fat salvents a few Iike the leathins are somewhat water soluble but
most are wsoluble 1 water  Laprds which are of wmportance to the
physiology of the fungs mnclude the true fats the fatty aads the

pound hypds (phospholipids) the sterols the carotenowds and
triterpenes and a few hydrocarbons The general chemistry of the
lipids 1s reviewed by Deuel (164) Those hipads which occur as consit
uents of the cell are considered 1n Chapter 2 here we are primarily
concerned with k and breakd: Ithough for comerence the
occurrence of some lipeds 15 included

The Synthesis of Fats Fatty Aceds and Phospholipids  The neutral
fats are tnglycerides of the higher fatty acxds  These are synthesized
by many fung: 1o amounts up fo 50 per cent of the mycehal dry
weight  One rather strrking difference between the hipds of fungt and
those of tmimals 1s the high content of free fatty ands 1n most fungal
Tiprds (Chapter 2) This means that most experiments an the factors
affecting gross ipd content deal mdisciminately with bothy neutral

fats and fatty acds
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Virtually all modetn theories of aad biosynthesis assume a pre
himinary conversion of carbohydrate to pvruvic acid except of course
in the biosynthests of the sugar acids  Whether this assumption repre
sents the facts or merely the imitations of current biochemical knowl
edge 15 uncertan  The phosphogluconate pathway of glucose metab
olism (Chapter 7) provides to the cell 4 group of compounds taclud
g the 4 and 7-carbon sugar phosphates previously unknown and
quite possibly of direct importance 1n acd synthesis

Table 1 summanazes the reported formation of acids by fungi and
actinomycetes acting in culture on carbobydrates  So far «s possible
duplicating reports have been omutted and some of those included are
based on questonable or at least madequate evidence  Sausfactory
proof for the wdentity of an acid should mvolve more than color tests
or the chromatographic constant 1n a single solvent on the other hand
the results of these presumptine tests are often correce and reports
based on them cannot therefore be dismissed out of hand  Ideally
an aad or other metabolic product should be isolated as a crystalline
denvative 1f this 15 not possible several independent critersa should
be utihized  Enzymatic idenufication prormises to be the most sensttie
and accurate for metabolhites which are found only 1n micro amounts

2 [HE METABOLISM OF LILIDS

The lipids may be defined as those substances which are sofuble m
fat solvents 1 few lke the lecsthins are somewhat water soluble but
most are msoluble 1n water Lapids which are of tmportance to the
physiology of the fungi include the true fats the fatey aads the

pound lipids (phospholipids) the sterols the carotenowds and
witerpenes and a few hydrocarbons  The general chemustry of the
Tipids 1s reviewed by Deuel (164)  Those ipids which occur as constit
uents of the cell are considered 1 Chapter 2 here we are primaniy
concerned with synthesis and breakdown although for cansentence the
occusrence of some lipids 15 included

The Synthesis of Fats Fatty deids and Phospholipsds The neutral
fats are tnglycendes of the ligher fatty acids  These are synthesized
by many fung 1n amounts up to 50 per cent of the mycelial dry
weight  One rather striking difference between the hypds of fung: and
those of ammals 1s the hugh content of free fatty acds in most fungal
hpuds (Chapter 2)  This means that most expersments on the factors
affecting gross lipid content deal discriminately with both neutral

fats and fatty acds
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Virtually all modern theomes of acid biosynthests assume 2 pre
linunary conversion of carbohydrate to pyruvic acd except of course
i the biosynthesis of the sugar acids  Whether this assumption repre
sents the facts or merely the himitations of current biochemical know!
edge 1s uncertam  The phosphogluconate pathway of glucose metab
olism (Chapter 7) provides to the cell a group of compounds nelud
g the 4 and 7 carbon sugar phosph pr 1y unk and
quite possibly of direct importance in aad synthesis

Table 1 summarizes the reported formation of acids by fung: and
actinomycetes acting 1n culture on carbohydrates  So far as possible
duplicating reports have heen omitted and some of those included are
based on questionable or at least madequate evidence  Sausfactory
proof for the idenuty of an actd should involve more than color tests
or the chromatographic canstant 1 a single solvent on the other hand
the results of these presumptive tests are often correct and reports
based on them cannot therefore be dismissed out of hand  Ideally
an aad or other metabolic product should be 1solated as a erystalline
dentvative 1f this 1s not possible several independent arteria should
be utihized  Enzymatic identification promuses to be the most senative
and accurate for metabolites which are found only m micro amounts

2 THF METABOLISM OF LIPIDS

The hpids may be defined as those substances which are soluble 1n
fat solvents a few like the leathins are somewhat water soluble but
most are insoluble 1n water Lipids wluch are of xmportance to the
physiology of the fungt include the true fats the fatty acids the

d hipids (phospholipids) the sterols the carotenoids and
triterpenes and a few hydrocarbons  The general chemustry of the
lipads 15 reviewed by Deuel (164) Those lipids which occur as constit
uents of the cell are considered m Chapter 2 here we are primanly
concerned with synthesis and breakdown although for convenience the
occurrence of some lipids 15 included

The Synthess of Fats Fatty Acids and Phospholipnds  The neutral
fats are triglycendes of the higher fatty acids These are synthesized
by many fungt in amounts up to 50 per cent of the mycelial dry
weight  One rather striking difference between the lpids of fung: and
those of animals 15 the high content of free fatty acids 1n most fungal
Jipids (Chapter 2) "This means that most experiments on the factors
affecting gross lipid content deal indiscriminately with both neutral

fats and fatty aads
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Virtually all modern theories of aad biosynthests assume a pre
liminary conversion of carbohydrate to pyruvic and except of course
in the brosynthesss of the sugar acids  Whether tius assumption repre
sents the facts or merely the hmtations of current brochemical knowl
edge ss uncertain  The phosphogluconate pathway of glucose metab
obism (Chapter 7) provides to the cell a group of compounds includ
ng the 4 and 7-carbon sugar phosphates previously unknown and
quite possibly of direct importance 1n aad synthesis

Table 1 summarizes the reported formation of aads by fung: and
actinopycetes acting n culture on carbohydrates  So far 4s possible
duplicatng reports have been omutted and some of those mcluded are
based on questionable or at least madequate evidence  Sausfactory
proof for the 1dentity of an acid should mvolse more than color tests
or the chromatographic constant in 2 single solvent on the other hand
the results of these presumptive tests are often correct and repotts
based on them cannot therefore be disnussed out of hand  Ideally
an aaid or other metabolic product should be 1sulated as a crystaliine
denvauve 1f this 1s nat possible several sndependent criteria should
be nulized  Enzy dentification g 1o be the most senstne
and accurate for metabohtes which are found only sn micro amounts

2 THE METABOLISNM OF LIIIDS

The hipids may be defined as those substances which are soluble it
fat solvents a few Lke the leaiduns are somewhat water soluble but
most are ansoluble 1 water  Liptds which are of mportance to the
physiology of the fung include the true fats the fatty aads the

pound hypids (phospholiprds) the sterols the carotenoids and
tritetpenes and a few hydrocarbons The general chemuiry of the
1iprds 1s reviewed by Deuel (164)  Those hipids which occur as constit
uents of the cell are considered m Chapter 2 here we are prunarily
concerned with svnthests and breakdown although for contenrence the
occutrence of some lipids 15 mncluded

The Synthesis of Fals Fatty Acids, and Phospholipids  The neutral
fats are tnglycendes of the gher fatty aads  These are s) nthesszed
by many fungi in amounts up 10 50 per cent of the mycelal dry
weight  One rather strikang difference between the lipids of fungt and
those of amumals 15 the hugh content of free fatty acids 1n most fungal
hiptds (Chapter 2)  This means that most expenments on the factors
affecting gross hipid content deal indiscrizminately with both neutral

fats and fatty aads
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Figure 3 Glucost concen
- fration and fai synthesss ty
Aspesgillus fischers 1 loteed
from data of Pnfl Wenck
and Peterson (498)

Dry weight, mg
Fat, gm per 100 gm glucose wtilized

It
Glucose uhh ed gm
{fogarthmuc scate)

(318) and effects of metals which are definzte but not susceptible of
generalization (426 466) Fat formation m most yeasts and fungr 15
optimal at neutral or shghtly alkaline reaction (238 128 485 560)

A supply of oxygen 15 umvarnably essental {for fat synthess (50)
However cultrvation with shaking reduces the far content but not
always the efficiency of comversion of glucose to fat (561) Here the
effect 15 probably chat of encouraging respsration and growth and
thereby reducing the amount of carbon available for Iipid synthests

Maximum yields of fat have been of saterest because of possble
mdustrial applications (270) Rippel (446) cakeulated that consider
wng the usual values for pratemn content and for the economic co
efficzent the maximum synthesis by mcroorgamsms the fat co-
efficient 15 15 gm of fat per 100 gm of sugar utihized Values usually
found 1n the yeasts and fung: are wn the range 5-15 (158 318) but
cultivation of Rhodotoruls gracilis under conditions which restrict
protein formation to a muumum allows a value of 18 to be attamed
1n aerated culture (179) Swmce hpids are more reduced than carba
hydrate much of the glucose carbon must be oxidized to carbon
iwoxide tn order that the necessary hydrogen be supphed

The composition of the fat of a given species 15 relatively constant
but external conditions 1ppear to affect st in two ways  Furst the ratio
of unsaturated to saturated fatty acids 1s clumed to be greater at low
than at high growth temperatures (413 508) No such effect howeser
+ as found tn careful studies on Aspergillus fischer: (428) The raun
of saturated to unstturated fats 18 also affected by glucose concentra
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1on and by pH (818) and sn an as yet undetermined manner by cell
pigments {(103) Second the content of free fatty acuds 15 greater at
Ingh carbobydrate Jevels  The acrd value 15 also stated to be affected
by pH (425) but the obsersed effecss may be atinbutable to other
causes

The relation of fat formatson to growth 1s exemphfied 1 the data
of Figure 4  As discovered early by Lindner (345} two phases of meta

bolic actsvaty are hable in many org a phase of growth
and a phase of fat accumulation  This 5s exactly comparable to the
sequence of events i atnic aad ac (Frgure 2) P

of growth and fat synthesss 1s not however always so clear (429)
Figure 5 shows paraliel courses of dry wesght and fat production

In ammal and bacteria} systems 1t seems clear that fatty acids are
synthesized uwltimately from 2carbon fragments specifically acetyl
coenryme A (114) ¥n the fungi precursor studies reviewed by Foster
{200} early suggested the insolsement of 2 carbon compounds m fat
syathests More conclusive evidence has been obtamned with several
msotope rechmques  Thus in 2 mutane of Neuroipera erasss which 1s
unable to form acetate from casbohydrate the carbon of fatty aads
15 derwved atmost entirely from exogenous acetate (407) The im
portance of acetate m fatty acid synthests appears alse from studies
on 150tope dastrnbution 1n the fatty acuds of Phycomyres blakesleeanus
{43 485) Fusanum hm (146) and Ushlago 2eae (190)

Whether the unsaturated aads ave derived directly from the
saturated by dehydrogenation 55 an open questton  Two types of
evulence—nunitienal responses of a fauy and requinng mutant

Fat

Fpure ¢ Growih sugar utr
Uratton and fag formatcon
cultures of Rhodotorula gra
eths Redsawn from Encbo
Anderson and Lt ndin {179)
by permsion of Amsemc
Press Inc

Celt y etd

Quantity —»

Res duaf sugar
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of Neurospora crossa (336) and direct analyses of the mycelum of
Aspergiilus mdulans (475)—ndicate that the routes of formation of
the tivo types are sndependent evidence to the contrary (146) 15 less
convinang  The only fatty acid dehydrogenase known m the fung:
acts only on the short cham acds (387) In amimal wssues 1t seems
likely that the saturated and the unsaturated fatty acds anse w
dependently (216)

Phospholipid synthests has been studied by Raveux (#42) who found
the phospholipid content of Aspergillus niger to be independent of
the fat content and to parallel the available ntrogen of the medum
The time coutse of phosphohpid formation has been determined m
A mger hpotdal phosphorus of the mycelium rises to a peak and
then declines duning the Jater—probably autolytic—phases of culture
222)

The Breakdown of Fats and Phospholipids  Although the neutral
fats are relatvely poor sources of carbon they are uulized by many
fung: (Chapter 3) The first step m such uuhization 1s the hydrolysis
of the {at to glycerol and fatty acxds (288) 1t 1s assumed that endog”
nous fats are spht 1 the same way before uthization  The hydrohysis
15 catalyzed by hipase or ltpases

It 15 common practice to assay for hpase actiuty by measunmg the
hydrolysis of simple esters eg  ethyl acetate or p nitrophenyl acetate
It 1s doubtful however whether the simple esterases so deternuned
re active 1n hydrolysis of the rrue fats (7) Simple esterases occur 1
most fungy investigated the esterase of Lenates seprana fuls to
hydrolyze fats (574) Lipase proper as dnunet from esterases, can
probably best be studied with water soluble synthetic substrates (60
168

Virtually all fungr which hase been studied for lhipase production
appear to form the enzyme (187 317) Lipase 1s pnmanly mtra
cellular but both 2t and esterase do appear m the medinm late m the
culture cycle (153 488 570) 1t has been suggested (198) that dspergt
Tus miger and Pemallum roguefornt form tvno lipases one m the
mycelrum and the other released mto the medum

Data on the relatian of pH to actiuty and on the stability of fungal
Itpases vary widely from one orgamsm to another (195 198 317 440
471, 512) so much so that the formation of different enzymes seemts
Iikely The amount of extracellular Iipase formed by Afucor mucedo
1s nfluenced by the temperature of cultrvation and 1s mncreased by
inclusion of 2 hipid 1n the growth medium (488) Like lipase from
other sources fungal Iipase under approy cond ) the
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synthests of esters eg 7 butyl oleate from a fatty ac1d and an alcohol
(440,
( Tzle phosphatides—lecithmns and cephal are complex phosp
Liptds 1n which one of the fatty acids found 1n the true fats 1s replaced
by phosphoric acid linked to a mtrogen base They are hydrolyzed
at different ponts 1n the molecule by the phospholipases A B and C
(498) Phosphohpase A found m dspergillus oryzae (148) and
Lycop gig (211) phospholip B m the mycelium of
i (191) Phospholipase C 1dentrcal with glycero
phosphatase (Chapter 9) 1s found 1n 2 commercral enzyme preparation
from Aspergillus sp (3)

The Metabolism of Fatty Aads The fatty acds occur both free
and combined tn mycelmm (Chapter 2} information on therr bio-
synthests has been summarized above In this section we are con
cerned with the breakdown of exogenous fatty acids ansing m natural
substrates by lipase action or supplied 1n pure culture as such

The breakdown of fatty acids 1n amimal tissues 1s believed to occur
by the socalled  g-oxidation condensation  route the oxidation pro
ceeds by the removal of two carbon atoms at 2 time with subsequent
recombination of the 2carbon fragments to form acetoacetic acd
Acetoacetate 1s formed by fung: duning the oxidation of butyric acd
(149 388) but the details of 1ts origin are not known We are con
cerned therefore primanly with information bearing on the g-oxida
tion phase rather than on possible recombination processes

Beta oxadation 1n animals 15 essentially the conversion of a fatty acid
of n carbon atoms (R—CH —CH»—COGH) to one of 7 — 2 carbons
(R—COOH) and acetate or a derwvative of acetate The key mter
medate 1s a 8 keto fatty aad and the reactions may be summanzed as
follows

R—CH,—CH,—COOH — R—CO—CH.-—COOH [¢))
Fuy d FEC d
R—CO—CH —COOH — R—COOH + CH,COO0H (5
Aett
Coenzyme A 1s required at two pomnts mn the activation of the
ongnal fatty and forming an acyl A and 1n the f

of acetate which appears as acelyl(oenzyme A Repetibon of reac
tions 4 and 5 leads of the long
chain fatty acad to 2 carbon mmpounds The process 15 reviewed 1n
detail by Green (245) and by Chatkoff and Brown (114)

Evidence for gowdation 1n fungt denves almost entirely from
studies on the breakdown of fats and fatty acids by growing or Testing
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cells  Interest m the problem was first aroused by the finding that
methyl Letones are present mn certain of the fungal cheeses and m
edible onls attacked by fungr (482 494) In a number of expenments
1t has been shown that Pemucillium glancum comverts a faity aad to
1 methyl ketone of one less carbon atom, 1€

R—CH —CH;—CQOH - R—CO—CH; + CO {6)
Thas has been d ated 1n experiments on many fatty
acuds (2 509 511) eg
CHy—CH.—CH,—COOQOH ~» CH;—CO—CH; (4]
Biyeced Acetore

CHy—(CH,)—COOH -» CH;—(CH }—CO~CH, ®)
Qtan ¢ ad M thylamyl ket ¢
CHyz—(CH,);;—CQOH ~» CHy—(CH,)s—CO—CH; V)
Dodc 0 acd M thyf o1yl kewone
The same general reaction 1s found in Pemallhum notatum and m
Aspergillus spp (149 380 569)
Thaler and co-wotkers (510) propose the following sequence of
reactions ta the formation of methy! ketones from fatty acids

R~CH —CH»—COOH — R—CH=CH~—COOH

Fang a ud 2 8 Unsatrated! aya d
-~

R~CHOH—CH.—~COOH
£ Hyd oyl tyacd
~» R—~CO—~CH.~COQH ~» R—CO—~CH, + CO {10
SRt Iyacd Mertyd ke

The evidence for this sequence 1s that methy1 ketones ars e duning the
growth of Penicrllium glavcum on « gunsaturated acids and ghy
droxy acds Thus methylpropyl ketone 1s formed from hexanow
acid 2 hexanoic acid and ghydroyyhexanoic acd  Further fungt
are known to form g keto aad decarboxylases (309)

This scheme up to the formation of the § keto acsd agrees with our
current understanding of the process 1 ammal cells but unul en
zymatic studies are made the rdentity of the two systems Temains
hypoth 1 The It step mation of the methyl ketone—does
not go on appreciably in the normal anumal cell which nstead forms
as mentioned above 2 2 carbon compound and a new fatty aad  Thus
suggests that methyl ketone formation by {ungt 1s an abnormal or 2t
Jeast unusual rerction perhaps to be attributed to toviaty of the
substrate fatty acd (49%) It 1s reasonable to suppose that complete
owudation of fatty acids 1n the fungt follows the ammal system with
hiberation of acetylcoenzyme A or free acetate as the last step The
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strangest evidence for this supposition 15 in the finding by Webley and
others (544) that the oxidation of o, substituted phenyl fatty acids by
Nocardia opaca an actinomycete yields end products in conformuty
with predictions based on g-oxidaton  Comparable studies on the
fungi have not yet appeared

Indirect evidence for goxidation mn the fungi 15 provided by the
ncorporation of fatty aad carbon it the side cham of peniailin
(380 516) The most effective precursors are fatty aods which by
their structure are not susceptible to cumplele goxidauon

It has been argued from 1 p p that
Streptomyces f oxidizes by some
other than ‘Boudauon {276) Homever 1t 1s now known thar the
i fatty aad oxadation since the
ndapm: system may be that which activates the fatty aad failure of
octanoate adapted cells to oxidize butyrate may therefore mean onlv
that activation of the two acids 1s carried out by different enzymes

Fatty aad owxidase systems probably occur 1n fungi and actinomy
cetes (387 543) In addion mycehial extracts of Penuctllum glaucum
and of Aspergillus spp contamn a hipoudase capable of oadinng un
saturated fatty acds (387)

The Metabolism of Stermds and Triterpenes  Sterols occur m
small amounts m the lipid fraction of most fung ergosterol appears
to be the compound of this group most often formed by fung: but
other sterols have been tentauvely rdenufied (Chapter 2) Cultural
conditions which favor sterol formation are reviewed by Bernhauer
(50) It appears that sterol and fat synthesis are compeutive reactions
the effect of pH on therr formation (428) 15 perhaps the strongest
evidence for this compention Biochemical studies on yeast and on
fung 1indicate that ergosterol 1s formed n large part from 2 carbon
compaunds although isovaleric and may also be mvolved (146 318
407) The amount of sterol formed varies among strains and among
single spore cultures of a given stran (556)

The breakd of lied sterowds has been studied
m two connections (I) the uuhzauon of sterouds for energy and
carbon and (2) partial and Ltmited transformations of the steroad
molecule

Cholesterol 1s oxadized 1n souf (521) by actinomvcetes and by Gram
negative bacteria 1t 15 nat clear which organisms are responsible for
steroid breakdown 1n natural souls (462 523 525) Some fungt are
apparently able to grow with ergosterol as carbon source (462) and
some of the products of the action of Proactinomyces erythropalis on
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sterouds have been identified (522 524 526) but most of the pathway
of steroid oxidation 1s unknown

Specific microbiological transformations of sterouds 1e reacuons at
single specific points on particular steroid molecules have been studied
extensively first with bacterra and yeast (364 532) later with actino-
mycetes (271 329 330 555) and fungi (423) The pharmacological
importance of these processes has stumulated since 1952 a very large
volume of experimental work for which the fung: and actinomycetes
have been the best material  The known processes may be classified
s follows (557)

1 Hydroxylations specific mtroduction of the —OH group Ex
amples are shown 1 Table 2 1t will be noted that among the most
frequent positions of attachment are 68 1la 118 and 17«

Table 2 ‘The Hydroxylation of Sterotds by Fung: and Actinomycetes*

Organism
Aspergallus spp

Sterod Position Hydroxylated f
68 1a 17a 21

Cephalothecium roseum 68 Na 17a

Colletotrichum antirrhint 15a

Contothyrium sp 118

Cunntn_hamella blakesleeara 18

Curoulana spp T 88 () 118 14a

Dactylsum dendrordes} 1a 170

Didymella vodakn 16

Gibberella bacenta 152

Heluostylum prrsforme 68 8¢ lle 14a

Len.tes abielina 68 158

Vucor spp 68 86 () 14a

Neurospora crasia 88 or 9

Ophobolus kerpotrickus 21

Pemctlluam spp § e

Peziza spp Ta

Phycomyces blakesteeanus 7E 158

Proactinomyces roseus 7

Rhazopus spp 68 78 8¢ N

Streptomyces Spp 68 8kor 9t (?) 118 16
68 17

Trichothecrum roseum

* Except as noted from Wettstein (557) A more complete list appears in the

review of Eppstein et al (182a)

1 The speaific compounds attached and often the yield of product are given
1n the ongnal papers ated by Wettstein (557)

{ Dulaney et al (173)
§ Dulancy et at (172)
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2 Hydrogenauon of steroul aldehydes or ketones by bactena yeast
Streptomyces spp  and Riuzapus rugricans

3 Hydrogenition of ning carbon toms by Clostridium sp Strepto
myces spand Rluzopus nigncans

4 Dehydrgention of steroid secondary aleoliols by bactern and
scunomycetes

5 Epoaxvydation of sterowds contuning an isolated double bongd by
Curvularig luneta and Cunmenghamella blakesleeasa

§ Dehydrogenation i ring A wath or without degradateon of the
side chawp by Fusanum solan: Colonectria decore Cylindrocarpon
radicolz and other fungt

7 Oxidanon of the side chain only eg by Ghachdiem caten
ulatum

8 Ring demvage wuh lctone formaton eg by Pemcllum
chrysogenum

Speaific enzyme systems must of course be respansible for these
wansformations and some knowledge of ammal and bactenal enzymes
is avadable (244 577} The 68 hydrocylauon of progesterone by
Aspergilius pohnacetts 1s secelerated by znc ut has been suggested that
the metal 15 required for the synthests of an tnduced enzyme which
carsies out the reaction {174)

§ dak eg diosg apper not 1o be hydroxylated
by fung or other mucroorgamsms (376)

Chenmucal studies on several basidiomycetes have brought to hight o
new series of fungal metaholites the tetracychic tnterpencs  As
terpenes they ave related to the carotenouds but ther structute also
bears an obsious relsnion to that of the stexols they are not hawever
true sterofs  Sumitar compounds are knows m higher organusms eg
betubn 1n plasits and squalene 1 anumals  The structure of ebunicoic
acsd formed by several Hymenomycetes (151 220 281) may be taken
as an example of the group

HOOC SN
CH CH, CH,
CH, | | e
CHy C—CH
I
- CH, CH,
HO CH,

CH; CH,
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Other compounds of this type include the closely related poly
poremic ands A B and C 1solated from Polyporus spp and Pona
cocos (91 92 151 154 257 260) The trnerpenods are biosynthett
cally related as judged by the occurrence of all three polyporenic acds
n one speces (154) and by the fact that three strains of Porta cocos
form polyporemic acid B and a fourth forms ebuncoic and (151) In
Polyporus eucalyptorum eburicotc aad constitutes at least 20 per cent
of the dry wesght of the mycehum (220) and must therefore be con
stdered a major metabolite The chemistry of these compounds bas
been teviewed by jJones and Halsali (506) triterpenods occur also as
hehen products (24)

The antibiotics cephalosporn P, and helvelic atd are tetracychc
compounds and may be related ta the sterosds but their complete
structure 3s not known (100)

The Metabolism of Carotenords The carotenoid pigments which
appear among the unsapombable lpids nclude (1) the true caro
tenes eg fcarotene and lycopene and (2) oxygen contamning dersva
tves eg thodoviolascn  All may be considered as bwlt up of

o

eight 1soprene umits the carbon skeleton of which 1s C==(‘1—C==<C
In addition to the colored caratenowds colorless polyenes are found 1
the funge and will be considered with the pigments

The formulz of §carotene illustrates the essential features of the
carotenod prgments

c,q, /cm
CH; CH;
VAR { |
cff, G~ CH=CH—C=CH—CH=(H—C=CH—~CH=CH-—~CH
CH, C—CH,
1
ot cH, CHi
GH, cH, p
:1 3
{ ! AN
#=(—~CH=CH~CH=~(—CH=CH~G CH
cHr-c\ /cr{,
CH,
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Carotenowds are of widespread but not unversal occurrence sa the
fungt ncluding representatives of all the major taxonomic groups
(432 236 264) Table 3 hists the carotenowds of a few fungt which

Tahle 3 Carotenoids of Some Fungs

Orgamism Carotenods

Allomyces Jozamicus 4 carotene * f carotene lycopene phytofluene (178
529)

Phycomyces blakesleeanus o carotene f carotene * &y carotene f-carotene § lycos
pene ncurasporene  phytofluene  phytoene (233,
310)

Neurospora crassa B carotene v carotene * 9-camtenc lycopcnc * spiril
loxanthin (shod:
rene *
pounds (264)

Dacrymyces stllatus o carotene caro(cne *y :arotenc (*) &carotene
torulene phy
phytocne (7) (ZJ4)

Puccima spp 8 carotene y-carotene (?} lycopene (293)

P
fl com

denufied

phv\ocnc

* Quanttanvely important
1 See Havo (264) on fungal f-carotene

have been intensively studzed  In contrast to ugher plants g-carotene
15 not so nearly universal 1n the fung and aadic carotenowds eg
torulathodin are more common (232)

The intracel bution of fungal ds has not been
systematically investigated  In certain of the higher fungt carotenoid
pigments occur both 1n rod shaped structures apparently part of the
mutochondnial system and 1n o1l droplets 1 the cytoplasm (266 267)
The carotenoids of the male gametangia of Allomyces spp are found
in cytoplasmic o1l droplets (178) those of Rhodotoruls rubra 1n
granules m the pencapsular region (127)

The 1 log of g are to some degree
speafic “for indvid In Ph blakesl the
tume course of carotene formation (Figure 5) mdicates that the bulk of
the mmlene 1s formed after growth has been mmplctcd and lhal

1s independent of ipid f

ence of fat and carotene synthesis also appears from thewr dwergem

pH {238) G 15 affected of course by
c:niyon ‘and nm-cgen nutntion but the data do not aﬁord a basss for
1 of Phycomy, blak at low

)¢ total catotene } but does not aflect the
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Frgure 5§ Crowth fat forma
uon  and  cavorenogeness 1
Piycomyees blagesteeanus  Re
drawn from Goodwin and Wil
tmer (238) Ly permussion of the
Cambndge Unwersity Press

Amouny i

Time days

proportions of the different carotenoids formed (215) as it does
Rhodotorula rubrg (892) Oxygen 1s sequired for carotene formation
by Neurospora crassa (572) and presumably this 1s true of other
fungs
The mycelial carotenouds of Neurospora crasse do not develop
complete darkness although the conidsal carotenords do this problem
has been studied by Zalokar (572 578) Very brief exposure to hight
1s sufficient to actnate pigment synthesss which 1s proportional to
Iight sntensity up to a saturation value  The action spectrum of hight
activauon 1s consistent with but does not of course prove the
parnapation of a flavoprotemn as the phototeceptor  Calculated
quantum yelds are so Ingh as 1o make 1t necessary to postulate that
activation 15 an indirect process Carotenogenesis in other fung: 15
stumulated by light but does not require 1t (131 219) Synthesss by
green plants does not require light

Carotenoid formation 1s inhtbited by streptomycin
phemcol and somconme hydrizde at concentertions winch do not
aliubie growth (235)  Daiphenylamine inhabits carotenogeneus m both
bacteria and fung: (233 528) Its effect 15 10 reduce the absolute and
relative amounts of the more unsaturated carotenowds eg  g-carotene
and to ncrease the relative amounts of the more saturated eg
phytofluene and neurosporene

‘The brosyntk of the

chloram

ds may be dered under three
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lieads (1) the ongin of the 1soprene skeleton (2) the mode of con
densation of 1soprene unus to form the 40-carbon chain of the
carotenads and (3) the relaton of the different carotenawds to one
another

On grounds of comparative biochemstry and espectally from studies
on higher plants (304) the most likely route of synthess of the 150
prene skeleton involves the following steps (236 346)

1 Formation of acetoacetic acd from acetate and coenzyme A

2 Condensation of acetoacetate with acetyl coenzyme A to form
Bhydroxy gmethylglutaryl coenzyme A

3 Comversion of ghydroxy gmethylglutarylcoenzyme A to 8
methylcrotonyl-coenzyme A This process 1volves more than one
reaction and includes a decarboxylation

The condensation of two 5-carbon unts to yield a 10 carbon chain
followed by successine reactions with new 5 carbon units could m
principle yield the 40-carbon chamn of the carotenoids (346)

Evidence for the foregoing scheme 1n the fungt 1s somewhat Iimited
but adequate to establish 1t as a working hypothesis  Caroteno
genesis n fung 1s stimulated by g methyl ldehyde (237) and by
T th aad and p 't which enter into the coenzyme A
molecule (249) The labeling of the gcarotene of Mucor hiemalis
grown on Gl acetate 1s quilitatively consistent with the proposed
mechanism (247 248 2484) That fungt form carotenords during
cultivation on acetate (463) cannot be urged as proof for the hypoth
es1s although again the fact 1s consistent with 1t

The final set of problems 1s d with the rek hip of the
carotenoids to one another From genetic data on higher plants
Porter and Lincoln (427) proposed a umhinear sequence of formaton
of the carotenaids by successtve dehydrogenations that 1s that the
unsaturated hydrocarbons are derived from the saturated as follows

Tetrahydrophy — phy —» phytofl ~> ¢carotene —
neurosporene — lycopene —» y-carotene —>
B-carotene —> a-carotene

Although this scheme fits the behavior of mutants of Ghlorella vulgans
(138) Rhodotorula rubra (89) and Neurospora crassa (264 469) 1t
cannot be regarded as proved  Goodwin (232 233) has argued largely
on the baus of mhibitor studies that the more saturated polyenes
eg phytofluene are formed by one pathway the less saturated eg
Barotene by another both from a common precursor ‘The effects
of added methylheptenone and g1onone have been nterpreted as
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supportng the second hypothests (361) It must be concluded that
the question 1s still open

Tt 1s usually assumed that the oxidized carotenoids neutral and
aadic xanthophylls anse by oxidation of the hydrocarbon polyenes
(264)

Although g10none increases carotenogenesis 1n Phycomyces blakes
leeanus 1sotope evidence indicates that the molecule 1s not as one
might expect 1ncorporated as such 1nto the g carotene structure (182)

Two functions have been suggested for the carotenoids a direct
role as receptor for the light sumulus i phototropism and an un
defined role 1n sexual differentiation

Phototropism 1s discussed later (Chapter 11) and 1t 1s concluded that
there 15 no satisfactory proof of the direct mvolvement of carotenouds

Although the carotenoid pigments and the colorless polyenes of
Allomyces javanicus are restricted to the male gametang (178 529)
an essential role in the sexual process 1s rendered less probable by the
finding (527) that diphenylamme infbits carotenogenesis 10 A
javanicus without appreciably affecting the sexual reaction It seems
Inkely that the c are side prod of a bolism which 15
n some respects at least distinctive to the male gametangium  The
{+) and (-) strains of some of the Mucorales show guantitative
differences 1n carotenord content studies as reviewed by Goodwin
(282) have been confined to the fact 1tself and 1t would appear that
i Phycomyres blakesleeanus the difference between (+) and (=}
strains 15 not consistent (219)  Zygospore formation or merely pairing
of compatible strains 1n some of the Mucorales 15 accompanted by 1
creased formation of carotene (29 270a)

The most serious deficiency 1n the study of fungal carotenoids 1
the failure to determine whether or not carotenes occur 1n assacration
with p or lLipop: Such an n 1s theoretcally
necessary 1f they are to function 1n metabolism eg 1 the reception
of hight sumult  Carotenaproteins are well known in ammals (239
and the now classical studies on rhodopsin (147 537) provide a model
for the mvestigation of other pigments

Lhe Metabolism of Hydrocarbons and Hydrocarbon Derwals es
1t has been mentioned (Chapter 3) that hydrocarbons support growtht
of some acunomycetes and fung: The oxdavon of n-dodecane and
other hydrocarbons by Proactinomyces opacus can be demonstrated
manometrically (Figure 6) the orgamism also oxidizes long chain
saturated fatty aads which mav be intermediates m hydrocarbon
oxidation  Details of the breakdown of hydrocarbons are not known
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n Hexadecane

Oxygen uptare st

g

0 3
Time ounutes

Bigive 6 The padation of hydrocarbons by Proactinomyees opscus  Redawn
trots Webley and Dehock (543) by pertniss an of the Cambnd e Universtty Press

ZaBell {877) reviews our knowledge of thc pmcess mn bacterta  Inter
during the oxsd lense by Nocard,

sp suggest \hat benzenod compounds may be formed {520)

Hydracarbons praduced by fungs fall inte tvo groups ethylene and
s dervatives and the subststuted hydrocarbon polyenes and poly
enynes

From the buological effects of volatile products of Penicrlium

1t seemed probable that the org: produces ethyl

(59 378) This has been confirmed {371} ethylene 35 probably pro
duced also by Blastomyces dermatitidas (394) and by Fusanum ox)y
sporum ¥ Lcopersicr {167) Howerer the ethylene produced by
fungus infected plant tissues ¢ belicved to be a host product stum

ulated quantstatsvely by snfection rather than a fungus metabolite
{559

An

g volaule hydracarbon 2 meth 2 (amethyl
ethiylene) 13 formed by uredospores of Pucstmia gramans tritrer and
18 perhaps responsible for self inhib of of the rust
spores (199)

everal antibiotics produced by fung: and acunomycetes are N two
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related classes the polyenynes and the polyenes (406) The polyenynes
charactenized by a system of conjugated triple bonds include among
compounds of known structure, diatetrynes 1 and 2 of Clitocybe
deatreta (10), agrocybin of Agrocybe dura (305 312) and mycomyan
produced by Nocardia acidophilus (113) Some have mtrogemous
substituents e g, diatetryne 2

HOOC—CH=CH—C=C~—C=C—-C=N
Mycomycin, on the other hand s an acid contantng no mitrogen
HC=C—C=C—CH=C=CH—CH=CH—~CH=CH—CH —COOH

Acetylenic compounds are also known n higher plants and n other
fung: than those named here (9 11 97) In an umdentified basidio
mycete the formation of polyacetylenes early 1n the culture cycle 15
followed by therr disappearance this may be interpreted as a re
utilizatzon of the compounds (98)

The conjugated polyenes include a number of anuibiottes the
complete structure of which 1s not known the polyene structure 1s
unferred from therr ultraviolet absorption spectra (282 530 531 558)
All are fungistatic agents The polyenynes except for mycomycin
have been found only among bastdiomycetes the known polyene
anttbiotics on the other hand are produced primanly by actmo
mycetes Grifolin formed by Grifola confluens (275) 15 a substituted
hydrocarbon with one parr of conjugated double bonds

Species of Corticium prod two yellow pigi both c
a system of conjugated double bonds comparable to that of the
carotenoid pigments (183 246) other aspects of their structure how
ever relate them to in and thelephoric acid ¢ lered later
with the aromatic compounds

The sporophore of Lactarius spp and probably the 1scocarp of
Pextza sp  cantain a rubberlike polymer a 15 polyisoprene (491)

3 THE METABOLISM OF AROMATIC COMPOUNDS

Aromatic Compounds of Fungs The fung: resemble the Igher
plants and differ from the bactena m that many species comiert
carbohydrate to aromatc compounds not known to be essentinl metab
olites These compounds have been resiened n detul by Bukin
shaw (63) by Rustrick (130) and in lichens by Asahina and Shibat1
(24) Any classificanion of them must of necessity be based on their
chermcal structure and may Iy obscure ph: gical and
biosynthetic relations  Thus a substituted benzene amt the guinone
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Table 4 Rep Aromatic Comp Produced by Fungt
Group* Compound Organum(s)
I Methyl annamate Lentinus Iepndeus (74)

CH=CH—COOCH;

Amsaldehyde Trametes suaveolens (64)

(|}H Dacdalea junspertna (69)

Polyporus ben awnus (77)

OCH,
Genusyl alcohol Pemsallum spp (66 93
OH 176 180)
| CHOH
Homoprotocatechuic acid Polyporus tumulosus (437)
CH COOH
OH
OH
35 Dihydroxyphthalic acid Pemscillium brevi-compactum
OH (142 408)
| coon
HO COOH
Gallic acd Phycompees blakeslecanus
(44,

?OOH
/Q\
HO' OH
OH

* See text
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related classes the polyenynes and the polyenes (406) The polyenynes
characterized by a system of conjugated triple bonds nclude among
compounds of known structure diatetrynes 1 and 2 of Clitocybe
duatreta (10) agrocybin of Agrocybe dura (305 312) and mycomyan
produced by Nocardia acidoplufus (113) Some have mitrogenous
substrtuents eg  diatetryne 2

HOOC—CH=CH~C=C—C=C~—~C=N
Mycomyam on the other hand 15 an 1ad contamning no mtrogen
HC=C-C=C—CH=C=CH—CH=CH—CH=CH—CH_~CO0H

Acetylemc compounds are also known n fugher plants and 1n other
fungs than those named here (9 11 97)  In an unidentrfied basidio
mycete the formation of polyacetylenes early m the cnlture cycle 15

llowed by their disappearance this may be nterpreted as a Te
utilization of the compounds (98)

The conjugated polyenes include a number of antibiotics the
complete structure of which 15 not known the polyene structure 15
inferred from thew ultraviolet absorption spectra (282 530 284 558)
All are fungistanc agents The polyenynes except for mycomycin
have been found only among basidiomycetes the known polvene
antibiotics on the other hand are produced prnimanly by actino
mycetes Grifolin formed by Grifola confluens (275) 15 a substituted
hydrocarbon with one pair of conjugated double bonds

Species of Cortictum produce two yellow pigments both contaimng
a svstem of conjugated double bonds comparable to that of the
catotenord pigments (183 246) other aspects of thewr structure how
ever relate them to at and thelephoric acid considered later
with the aromatic compounds

The sporophore of Laclarius spp and probably the ascocarp of
Penza sp contain a rubberlike polymer a cts polyisoprene (491)

3 THE METABOLISM OF AROMATIC COMPOUNDS

Aromatic Compounds of Fungs The fung: ressmble the ligher
plants and differ from the bactena in that miny speces comert
carbohydrate to aromatic compounds not known to be essentind metib
olites These compounds have been reviewed in detail by Bukm
shaw (63) by Ramstrich (430) and 1o lichens by Asaluna and Shibaita
(24) Any clasaficauon of them must of necessity be based on ther
chemical structure and may 11y obscure physiol i and
brosynthetic relations Thus a substtuted benzene and the quinane
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Table 4 Rep A i1¢ Comspounds Produced by Fungr
Group* Compound Orgamsm(s)
I Methyl cinnamate Lentorus Iepedeus (14)
CH=CH~COOCH;
Amsaldehyde Trametes suzneolens (64)

Dacdalea junsperina (69)

CHO
Polyporus benzomus (77)
GH;

Genusy! atcohol Peneoillim spp (66 93
OH 176 180y
| cHoH
Homoprotocatechuic acd Polyporus tumulosus {437
CH COOH
i ox
oH
3 5 Dihydroxyphthahic acid Pentcaltium brect-compactum
OH (142 408)
COOR
HO' COOH
€ alhc 2ed Phycomyees Blakeslosanus
?oou (a1)
/
O } oH
on

¥ See text
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Table 4 {(continued)
Group* Compound Orgamsm(s)
I Gladiohe aaid (tautomeric) Pemcitum  gladiol (253
OCH;s
CH; COOCH
Cyclopohe ac\d Perwcrtlium ¢yclopram (84)
CO
CH;OH
Cyclopaldlt acxd Penscillium eyeloprum (84)

COOH
GHO

Ch)oramphemcal Streptomyces 2enzzuelas

CO—~CHGI, @44)
I\I(H
No.—@—cnt)ﬂ—cﬂ——cm{)ﬂ
Mjycophenalic acid Pemctihum spp (6 65 83
CH, 142)
OH
HOOC~—CH~CHr—C~CH—~CH; | CO\
o
7
CH,O CH,
Sulochnn Oospora sulphurea ochraces
(395 396)
OCH;

COOCH;

CHy
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Table 4 (continued)

Graup* Compound Organustm(s)
n 4 Methoxy 2 5 p-taluquinone Coprings sonshis Lentinus
[¢] degener {12}
i o
CH,O
Spinulosin Aspergellys fum_atus Pemt

o allamspp (16 79 98
cH, | om or ¢ )

HO y OCH,
Oosporesn. Oospore colorans (328)
o o Chactamitim aureum
O, || OH HO_ § CH (up
HO f OH
o [s]
Atrormentin Paxillus atromentasus (325)
o
HO, it
"
O
OH
o]
Thelephone acd Thelephora spp  Hydawm

ferrugeneum (326} Loba

00
i OH neretigena (fichen) (23)
/
HO. CHweCH—CH=~CH—~COOH
Vi

CooH  On
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Table 4 {continued)

Group* Compound Organusm(s)
nr Chrysapha!;l)c aod Penecrllium 1slandicum
(289
)] CH, !
S99
OH O OH
Emodin Dermocybe san uznea (327)
[o]
HO | CH,
OH T OH
Asperthectn Aspergillus quadnhineatur
{290)
HO i CH.0H
HO OH
OH O OH
8% Ravenelin Helmunthosporwum ravenclis
OH {389 431
CH,
_O.
|
OH O OH
Pinsehic and Perctliam amarum (390)
CH,
_O.

OH
OH O COOH
v Javaman Fusarvum garanscum (20
21 61a)

oH O
CH,0, || CH—~CO—CH;

CH,
OH O
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Table 4 {contimeed)

Group® Compound Organwsm{s)
VI Stupiraue aad Pemcellum stsprtatum (68
150 165,
Q OH )
AN
HO COQH
Puberulonc acd Pemallm puberulum (2>
1)
Y
HO. @0
\
P
HO cO’
VH  Lecanonc acid Purmelia spp {lichens)
CH, (29)
/(Ico«-o ol
HO oH
CH,
Gyrophoniz and Gyraphora exculents and
other lichens (24)
CH;
o, OH | coon
CO--O-
0—0
on
HO oK CH:
VHI  DNadulin Aspergaltus mdulans (163)
cl
al i
O 00 O QCH,
O
HO N

Cl Gyl
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formed from st by oxidation are more closely refated biglogieally
thau are o differentdy substuuted benzene compounds The fof
lowing division of the aromane products synthesized by fungs taken
largely from Rasstrick (430) showld be conssdered as a formal chsufica
uen only Examples of the ma Jor types are illustrated an Table 4

Group I subsututed benzenes 15 the largest single group of arematic
compounds and prestnts a bewddermg array of possible bological
mterrelations  Some of the metabers of this group ase soluble metab
olites of the culture filtrate others occur n the myeehum and st
others are assocxated with reproductive structures (214 243)

Members of Gronp If substuituted benzoquenones often have 2n
abvious metabolic relation as owidatton products to phenohc com
pounds of Group I Many are denvatrves of toluquinone

Anthraguinones Group I are pigments and are known also
lichens and 1 Jigher plants (280) The fungal anthraquinones may
be considered as dervasses of chrysophame acid

Group IV the xanthones s represented m the fungs by only a few
certamn examples Rubrofusarsn formed by Fusanium spp (389) 1
probably the same methyl xanthone as asperxanthone of Adspergellus
niger (355)

Group V comprnises the naphthoquinones  In add to javancmn
other fungal products of thus type have been wdenufied as products of
Zusartim spp (104 451} and other fungt (40 161}  Solatone (352
and oxyjavanicin (21) are probably identical wath respectnely javant
amn and fusarubin (63)

Derrsaties of tropalone Group VI Table 4 are only quas
by 1 h as the nng seven catbans  Such hgher
plant products as thujaphan and colchicine are tropalones (412) Ar:
ongm of t from phenol fay been sugg
(371)

The depsides Group VII are known so far enly from lichens st may
be presumed by analogy with other Iichen products (112) that the
fungus component of the hchen ss responsible for their formation

Niduhin lustrates the depadones (Group Vi) The hchen depst
dones are similar some eg gangaleowhn and diploianr are chio-
ninated most are not {24)

The phystologel smportance of the atomatic compounds 15 largely
unknown most efort to date having been concentrated an problems
of sdenufication  In what fallows three topics will be bnefly con
sudered pattoways of b h enzymaatic tions and the
possible metabolic sigmificance of the aromatsc compounds
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The Brosyuthests of dromatic Compounds  Although not all of
the aroreanc tompounds of fungy have been proved to be formed
from caybolydrate—some have been reported only from sporophores
in nature—most of them are probably so formed thus s evidenced
for example by the very lugh yelds often obtaned on synthetic
media (9o 128 252)

The ongim of the aromatic rng from glucose has been invesugated
most successfnlly with the biog of the
ammo aads and p anunobenzorc actd 1 bacteria  The current view
of thus process may be diagrammed as foldows (162)

HO  COOH HO COOH
Ve N
-V - =
7
I HO on
on o OH
5Dehyd ogu  od Qm W
i
COOH ?oou
Q= O -
Y on o Nox
OH On
SDehyd  Mlum Shd o ad

In this scheme an unknown conpound V anses from carbohydrate
and s converted through the known matenials shown to a second un
wdentified compound 7y, which 1 m turn uwltmately transformed
into the aromatic amino sads and p aminobenzoic aad the known later
steps 1o the process are reviewed n Chapter 8 The wanal steps of the
Teaction sequence are not known prelimnary evidence (362) suggests
that the carbon chain of glucose 1s yuptured before incorporation of
glucose carbon into stukimic acd

A mutant of Neurospora crasse which requires p amnobenzoiwc acid
tyrasine phenylalarune and tryptophan for growth 1s ssimular in these
requirements to the bacterial mutants which hasve provided much of
the evidence for the scheme just outlmed ind appears to be blocked
m the converstan of dehydroshikumic acid to shuikume aod (507) It
accurmulates protocatechuic aad which 15 then ouduzed by nng fis
sion (p 174)  Irotocatechuie aad 13 known as < metabolic produet
of Plycontyces blakesleeanns growing on a glucose asprragine medium
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(44) and 15 also formed by many fung: during the oxidation of quinic
acid (53 57)

Isotope studies on Neurospora cvassa indicate that as sn bactera
3 and 4 carbon fragments derived from glucose—presumably via the
phosphogluconate oxidation pathway (Chapter 7}-—~combine to form
shukamic acid (506)

As discussed later currently available mnformation at least encour
ages the speculation that )l aromattc compounds arise analogously
to protocatechuic acsd n ¥ crassa 3¢ that the normal pathway to
aromatic amino acids 1s blocked ar saturated and that the carbon of
shikimic acid or its precussors 1s drverted to the synthests of new aro
manuc structures  However 1in N ¢rasse protocatechine aad 15 ox1
dired with ning fission and does not give rise to other aromatic com
pounds

Another posabthity has been considered by Ehrensvard (176)
that pyrones might be intermedrates 1n the conversion of glucose (¢
aromatic compounds by Pemicillium urticae  Eudence so fir 15
Iimited to the action of pyranes eg dehydracetic aad on the syn
thesis of aromatie compounds

Close structural relattons among the aromatic compounds are
numerous both within and between species  Many are discussed by
Rastrich (450) a few examples may be aed

1 $imultaneous formation by one organnm of a phenol and the
corresponding qumone (14 180)

2 Qceurrence wn the same argarusm of a compound and sts diliydro
dernawuve eg cyclopolic 1nd cyclopaldic acids (Table 4)

3 Formation of 1 compound and a hydroxy or methoxy dernatne
of it ¢g glhdiolic and cyclopaldic acids (Table 4) and methyl an
namate and reethyl p methoxyannamate (74)  The ability of fungt
to ntroduce hydroxy! groups 1nto a ring has been noted aboie in
conncctton with sterord metabolism

4 The close structural relationship already mentioned of afl of
the fungal anthraquinones found m such diverse genera as Aspergil
lus Cortinartus Helmmnthosportum and Pemcillium (289) A pos
sible ongin of the anthrag; from t ph 15 discussed by
Tanm {505)

The foregowng examples refer to more or less static reltions In
a dynamic and more conclusie expertment 1t has been shown that
the ratio of patulin to genusyl alcohol 15 controfled by the concen
tration of wan i the medwm (Figure 7) Stmlarly Pencillium
urftcae 1 a low zine med forms p ly 6 Jsalicyl
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Figure 7 The cficct of 1ron on the formation of patulin and gentisy] alohol by
Pen aillium sp  From data of Brack (95)

aad but at higher concentrations of zinc this compound 1s replaced
by a mixture of gentisyl aleohol patulin and toluquinone (176) This
type of analysts 1 which an environmental modification causes a
shift 1n metabolic products 1s extremely promising

Penicrllium bm/l compactum produces several related phenok
Both the )2 of of these comp (409)
and the observation !hat the orgzmsm when fed one compound pro
duces others (230) support the proposition that these structurally re
lated malecules are related biologically as well

A role of the polyphenol oxidases 1n the contersion of phenols to
other compounds 1s probable but has not been investigated in the
fungi Mason (371) reviews several theories on the function of these
enzymes 1 the ongin of aromatic products of higher plants

En-ymatic Transformations of Aromatic Compounds  he major
known types of attack on aromatic compounds may be summarized
as (1) the oudation of aliphatic side chawns (2) the oudauon of
phenols (3) the oxidatne fission of the aromatc ning and (4) the
hydrolysis of depsides

The side chain of phenylacetic aad 1s oxidized by Pemcillium
chrysogenum benzaldehyde 15 formed dunng the o<idation and 1s
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thought to be 11 intermedsate {279) The precess therefore resembles
the oxidation of substituted benzenes by bactenia (479) and hugher
plants (318) m which benzotc wad 13 the wlumate product

?H:COOH CHO COOHR

) {t1)

Phe ylces 8 @ Ba Wy Ben 4

Howeier the entre sequence 15 not known 1n fung: and the forma
uan from phenylacetate of 2 hydroxyphenylacetate and 2 5<dthydroxy
phenylacetate point to other possible modes of attack by fungt and
actimomycetes {207 320 544) Berzow aad w formed n culture by
Perucillium rosco purprureum (427a)

The ovrdation of vamllin and ferulic acid by fung: appears to be
of the sante general type as that of phemylacetate the ide chan beng
oxidized 1 one or more steps to a carbovy! group (268)

There occurs 1 bactersal metabolism an owidatne fission of the
aromie ring of catechol to yield crs s muconic 2c:d (480)

OH
| OH
+ 0 - HOOC—~CH=CH—~CH=CH--COOH (12
Ca ni Tt m 4
This overall reaction has been hypothecated for dspergilius niger
{57y and P l sp acc 1 €15 o1s dunng the out

dation of catechol (333) The aromruc ring of phenylacetic acd 15
sphit by Pemalhum chnysogenum but the deruls of the process are
not known except that an mduced enzyime system 15 responsible wnd
that compounds of the tnearbovyhic and cycle appear m the medium
duning oxvidanon (264 296)

It has been mentioned that a mutant of Neurospora crassa accomt
fates and then oxidizes protocatechuic acsd  The ultimute product 15
p hetoadipic acrd nd the enrymanc steps snvohed re simtlar to but
not dentical with those Lnown 1n Psewdamanas fluorescens (250 481
The first step 1s the contersion of procuechme acd to s e gear
boxymucome actd 1nalogoush to the rection of Equatson 12 by an
nduable exidase system (250 251)

The oxrdauion of phenols to quinones 15 a special problem and
ruch more data are avulble on 31 than on other phases of aromatic

metabolism
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The enzymes responsible for the oudation of phenols are the poly
phenol oxidases of which two have been separated

1 Tyrosinase which ovudues both monoph:nols {tyrostne p-cresol

etc) and polyphenols t g etc) Oud of tyro
sine leads by a complex series o( enzymatic and non-enzymatic re
actions to the of black p the mel {Chapter
8)

2 Laccase which oudizes polyphenols but not monophenols  In
contrast 1o tyrosinase laccase 1s sensitive to carbon monoxide and
has a somewhat different substrate range

Both enzymes are copper protems The characteristic reaction
often used for assay 1s the oxidation of catechol to o benzoquinone

(‘)H OH 10) o]
4

+!o,~© + H.O (13}
Ca b1} #Be 209 wone

Although other polyphenol oxidases probably occur 1n fungs (108
286) they have not been characterized  Most assays do not 1ndeed
discriminate between laccase and tyrosinase

Interest 1n the polyphenol cadases has been sumulated by the
Bavendamm rerction (35) of the wood roting fungy on an agar
naedium contamng gallic or tannic aad the fungt causing white rots
of wood and capable of utihzing higmin form a colored zone The
brown rot fungt 1 general do not form the zone  Several sunveys of
the wood rotting fung: have established that the correlation between
zone production and type of rot 1s hugh although not perfect (86 160
397) The usual do not h between and
laccase but work with specific substrates and on the distnbution of
the enzvmes between cells and medium indrcates that extracellular
faccase rather than ty as¢ 15 resp for the B: d re
action (274 335 313 314)

Extracellular polyphenol oxidases are formed also by other bast
diomvectes including parasitic and micorthizl species and both

¢ ph and Litter b h (346} Fung: other than
bandiomycetes have been less “well studied tyrosnase s found in
Cl 1t 1 (500) and b crasse (210 287) and—

judged by color rexcuions—in Streptomyces srabies (282) and 1n Selero
fima fructicola and Macrosponium sarctnaeforme (445
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Polyphenol oxudases m the fung: are often present only at parucular
tmes in the culture cyele especally dunng autolysis {188 500y or only
m particulwr morphological structures (342 344) The medum used
affects the production of the enzymes both postnely and negatively
Lacease formation by Poly porus versicolor 1s increased non spearfically
by consuruents of the medwm and spectfically by certam aromatic

3 Is which probably act as wnd (189 190) Both catbon
source and growth temperature affect enzyme synthests 1 Glomerella
angulate (49% Negative effects of an interesting fype have been
found mn swudies on Neurospora erasse (287) 1 a medium contawung
the usual level of sulfate a sulfur contatning dalyzable tyrosmase 1
hsbitor 15 formed the resuit being that the conventional assay detects
tyrosinase only m cultures grown n a low sulfate medsum  Ths
finding requires that earhier negatnve reports be reevaluated

The tanmns are esters of polyhydrovy phenols with aromatc aads
and are lydrolyzed by tannase eg

HO HO OH HO
N N
HO-Q«CO‘—OQ - 2HO COOH (14)
,/
HO COOH  HO
Dgll  q Gaffe o8

The enzyme an esterase alsio hydralyzes other sumlar esters (499)
The tannase of Aspergillus niger 1s indnarble (322) sts propernes and
purification are summarized by Dyckerhoff and Armbruster (175}
and partial punfication has been reported (519) Although most
studies have been made on the tannase of A mger the enzyme kas
beeu reported 1n 2 few other fung (36 448 574)

The Swgficance of 4 tic Compounds Some of the aromatic
compounds bulk rather large i the economy of thie orgamsm amount
g to an apprecible fraction of the glucose consumed (140} and of
the dry weight produced (128) Those winch have been studeod an
relation to the hustory of the culture appear to be first formed and
then utitized (93 95) to be more than imackve waste products of
metabolssm

Possibly the most hilely mettbohc significance of these compounds
1s a3 products of an tanced at bol Most of
them hate been 1solated from fungt grown on media sery lugh 18
carbon thus the glucose Crapek Dox medium often used bas a ar
bon mitrogen tatie of 60 Under these conditions 1t 18 not surpnsimg
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that carbon may flow 1nto new metabolic pools simply because of an
msufficiency of nitrogen We may wvisualize this type of process
schematically

Glucose 5 A=B=C=DSE (15)
rn 7
A B —NH;
rn
A B
It dD for ple cannot be synth d because of a rela

P
tive nitrogen deficiency enzymatic equilibria and factors of permeabil
wy and solubility will determune which of the potenual alternatve
pithways 15 folloned In the specific instance of the benzenoid com
pounds and thetr oxidation products it 15 imaginable that the syn
thesis of aromatic amino acids stops because mitrogen 15 no longer
avatlable and that a precursor of these amno ards eg  shikimic
aad 1s then dnerted to the synthesis of new compounds

This view of the origin of aromue compounds puts them in the
same class as orgamc acids fats and polysacchandes as products of
what have been termed metabolic shunts (200) Physiologically the
model proposed above requires that the rat1o of metabolic product to
mycelial nutrogen should increase with increasing glucose concentra
uon at least over a certain range  Thus has not been tested the rauo
of product to dry weight of my (213) 15 less 1nf ve because
of the likelthood that carbon components of the mycelinm may also be
products of metabolic shunts

It has often been suggested that fungl qnones pliy 1 speafic role
w respration and the hypothests 15 an attractive one  The frequent
stmultaneous occurrence of the reduced and ovidized forms in one
orgamism suggests that the system could transport electrons and so
function 1n terminal resprration  However satisfactory proof of
such a role 1n the intact cell has not been brought forward  Addition
of quinones to 2 culture often elicits a respratory response (214 389)
but tius can only be taken as an mdication that the compound could
function not that it does an fact function

A respiratory role for the polyphenol oxidases of higher plants has
often been proposed and the question 1s stll open  In Glomerellz
ctngulata 1t appears that tyrosinase cannot be an essential respiratory
enzyme 1nasmuch as 1t 15 not detectable durning the growth phase (500)

A pyndine nucleotide menadione reductase occurs 1n Aspergillus
nger (961) and a pyndine nucleotdequinone reductase 1n other
fung: (565) 1In princple ether of these could partiapate 1 a
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Polyphenol oxidases in the fungt re often present only at particular
umes 1n the culture ¢ycle espeaially during autolysss (188 500) or only
n particulr morphological structures (342 $44) The medium used
affects the production. of the enzymes both posttinely and negatively
Lacease formation by Polyporus versicolor 1s mcereased non speaifically
by constituents of the medium and speafically by certan aromate
compounds which probably act as wnducers (189 190) Both carbon
source and growth temperature affect enzyme synthests i Glomerella
cngulata (489) Negatve eflects of an mteresung type have been
found sn studies on Meurospora ¢rassa (287) in 2 medium containmg
the usual level of sulfate a sulfur-contamming dialyzable tyrosinise 1m
habutor 1s formed the result being that the convenuonal assay deteets
tyrosinase only i cultures grown in a lowsulfate medwm Thu
finding requures that carhier negatsve reports be re evaluated

‘The tanmns are esters of polyhydroxy phenols with aromatic auds
and are hydrolyzed by tannase eg

HO HO OH HO
N
HO CO—OQ ~  ZHQ COOH  (14)
e
HO COOH HO
Dg W acd Gy aod

The enzyme an esterase also hydrolyzes other sumilar esters (498)
The tannase of dspergillus mger 18 mducible (322) ws properties and
punfication are summanzed by Dyckeshoff and Armbruster (175)
and partial purification has been teported (519) Although mest
stuches have been made on the tannase of 4 niger the enzyme has
been reported m 2 few other fung (36 448 574}

The Signifie of A t1e Comp ts  Some of the aromatic
compounds bulk rather large i the economy of the organssm amount
g to 1n appreeiable fricuon of the glucose consumed (140} and of
the dry weght produced (198) Those which hase been studied
relauon to the Iustory of the culture 1ppear to be first formed nd
then utilized (98 %u) to be more than maetne waste products of
metabolism

Possibly the most hlely bolic signsfi of these comp
1 as products of an unbalanced nutnyon and metabolism  Most of
them have been 1solated from fungt grown on media very lugh in
carbon thus the glucose Czapek Dox medium often used has a car
bon mitrogen ratio of 60 Under these condions 1t 15 not surpnying

1
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that carbon may flow 1nto new metibolic pools simply because of an
msufiaency of mitrogen Ive may visualuze this type of process
schematically

Glicose S A5B= C= D= E (15)
T2
A’ B —NH:
o
A B”

1f compound D for example cannot be synthesized because of a rela
tive mitrogen deficiency enzymatic equilibrin and factors of permeabil
sty and solubility will determine which of the potential altermative
pathways s followed  In the speafic wnstance of the benzenoid com
pounds and their owd: prod: 1t 13 1maginable that the syn
thesis of aromatic amino acds stops because nitrogen 1s no longer
available and that a precursor of these amino aads eg  shkume
aad 15 then duverted to the synthests of new compounds

This view of the ongin of aromatic compounds puts them in the
same class as organic aads fats and polysacchanides as products of
what have been termed metabolic shunis (200) I hysiologically the
model proposed abose requires that the ratio of metabolic product to
mycehal nitrogen should increase with increasing glucose concentra
tion at least over a certain range  This has not been tested the rano
of product to dry weight of mycelium (Z45) 15 less informative because
of the hkelthood that carbon components of the myceltum may also be
products of metabolic shunts

Tt has often been suggested that fungal quinones play  specific role
w respiration and the hvpothesis 1s an attractine one  The frequent
stmultaneous occurrence of the reduced and oxidized forms m one
orgamsm suggests that the sstem could transport electrons and so
funcuon 1 terminal respiration  However sansfactory proof of
such a role 1n the ntact cell has not been brought forward  Addiion
of quinanes to a culture often elicits a respiratory response (214 389)
but thus can only be taken as an indication that the compound could
function not that it does 1n fact function

A tespiratory role for the polyphenol oxidases of higher plants has
olten beent proposed and the question s still open  In Glomerella
angulata 1t appears that tyrounase cannot be an essential respiratory
enzyme inasmuch as it 15 not detectable during the growth phase (500)

A pyndine nucieoude menatione reductase occurs Aspergitlus
niger (564) and a pyndine nucleoude quinone reductase an other
fungs (565) In prmaple ether of these could participate 1 a
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couplng mechinism between substrate dehydrogenation and a poly
phenal aadase system transferning electrons to ovygen

Momy of the quinonoid compounds of fungr are more or less 1
bitory to other organusms and 1t has been suggested (341) that thn
property may confer an ecological advantage  Whether highly re
active p is bike the g could persssy long enough mn
soil to mhiit compenng bactersa and fungt 15 homerer somewhat
doubtfu}

4 DERIVATIVES OF USRONE

Several metabolic products may be considered together as denivt
tives of 14 pyrone and 15 related structuraily to the pyranose fonn
of glacose  hopre acd is typseal

/CO\ CHOH
7
HO-—& ﬁﬂ HOHC \CHOH
HC C—~CH,OH HOHC CH~—~CH,O0H
A
O
o
K ad G pyr nose

hoje acrd was first discovered as a product of Aspergitlus oryzae by
Smto (452) s structure was determined by Yabuta (568) Maay
species of dspergidlus but only one of Pentclluem produce s¢ al
ture (71 227 242 303) thogpe aad 15 weakly antibacterial (381)

hope acid 15 produced from most common carbon sonrces (73 3%
although strans &iffer somewhat 1 $has regard (404)  The number
of compounds providing carbon for kajtc acd synthests 15 fess for
preformed mycehum than for growing cells (504)

‘The data of Figure 8 show that as would be expected there 15 ove?
2 certawn range an imerse relation between mirogen supplied $o &
culture and kopic acsd production per umst mycehal weight  These
data can best be mterpreted as showing that kopc aad synthesis pes
cell 15 maximal when growth ss hunited by a nutrogen defiaency W
accordance with the p ple that bol late when
carbon 15 supphed wn excess of that which can be sncorporated o
cellular matensal

The formaton of kope acd 15 sensove to pH the yreld from 2
preformed mycelnun declines virtually to zero as the pHias rassed fram
©9 to 60 (319) Ethylene chlorhydnn wmcreases the formaton of
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kojie acid by Aspergillus flaves but the cfle ¢ appeus to be on the
entire metabohsm of the orgamsm rather than specifically on kojic
2ad synthesrs (874)

The very lngh yields of kojie actd—up to 57 per cent of the glucose
consumed by a growing culture (373) and up to 78 per cent of that
wed by preformed mycelium (319)—suggest chat the acid may be
formed directly from glucose  This 55 borne out by the 1sorope studies
af Arnsten and Bentley (18) Degradation of kopc acd denved from
Klucose 1 €1 shaws that the bulk of the acd 1 formed from glucose
without splitting of the carbon chain  The occurrence of small
amounts of G m ocher § 15 adeq y explaned by the
Postulate that a munor fractron of the carbon of kone aad 1s derned
from compounds of the phosphogt d P Y path
way (19 283)

The details of the converson of glucose to kope acid are not known
Artstenn and Bentley (18) duscuss some possibiiues  The fact that a
preformed myceliwm does not require added phosphate for kejie acid
synthesss (242) s wrelevant to the problem of whether or not phas
phorglanme steps are molved in synthesis since the endogenous phos
phate seserves of the cell would wichont queston be adequate for 1
eyelic process

Tatuhin 3 2 pyrone dernatne the structure of which 15 largely
known (181 563) It has been rsolated several tmes independently
under different names—clayacin caviformin expansin and danvaun
~—from species of Pemerlltum and Aspergilius sty history and synonymy
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are reuewed by Rastrck (430)  As mentioned earhier the effects of
metals on patubin production mdicte that 1t 13 biosynthetcally related
to same of the aromatic compounds of fungy

Alternanol 15 2 dibenzo 1 2pyrone formed by Alternana tenus
after longconunued growth on a glucose medium {435) ‘Theresno
reason to believe that it 33 metabolically related to the 1 4 pyrones

5 DERIVATIVES OF FURAN

A number of fungal metabolites are structurally furan dersvatnes
Most of these are dertvatives of tetronsc acsd and have n common the
structure

HO-?'—~WG-RX
Ry—C Ce=0
]
One organism  Pemcullium chavless: forms fise related compounds of
this type ymethyltetronse aad earlic aad  carlosic acd  carobinic
acsd and caroltc acd (140 143)  Other compounds of the same
general class are terrestne aad of Pemallium terrestre (82) dehydro
carolic acd of P anerascens (34) and pensatlic aad of Pemcrlfium
spp and dspergllus spp (6 78 227)

L Ascorbic aad well known as a product of hugher plants has been
wsolated from the culture filtrate of Aspergsilus miger (228) s velt
uon 1o the tetromc acds 15 shown by uts structure

HO-~Commeee G —OH

CHOH~CHOH—C  C=0
\O/

Ascoro wd

Studies on higher plants mdicate that ascorbic aad 1s synthesized from
glucose without rupture of the carbon chan and that & galactondy
lactone 1s an mmportans intermediate (367) It 15 also strking 1n view
of the formation of oxalic aad by Aspergllus mger that oxajic acd ss
an end product of ascorbate metabolism 1 the guinea pig (89) Re
ports of ascorbic aard sn fungy other than Aspergsllus neger are sum
marized by Van Lanen and Tanner (531)

An ascorbic aad oxidase of the hugher plant type contmumng cop-
per bas not been xeported from fungi  Myrothecium versugand
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spores owsdsze ascorbate but the reaction 15 believed 1o be mediated
by a new enzyme probably located on the spore surface {365 366)

Two ather dertvatnes of furan—not dernvatnnes however of tetronse
sord—are known 2 kydroxy 5 furan carboxyhie and from Asperglius
spp {396 497) and zymomic aad from yeasts (493)

The thiophen or thwsfuran ring differs from the furan in that a
sulphur atam replaces the awygen A single compound of thrs type
junipal 1s known 1n the fungs from Daedalea jumpenina (69)

§ BIOLOGICAL METHYLATION

The traaster of intact methyl proups from one molecule 10 another
has been most intensnely studied 1 ammal matenals  The synthesis
of methionine may be taken as an example

CH—SH
cH,
{GHy)y— R CHy—CO0™ + HiN—-GH—COOH —
S e

([}Hz—-S—~CHx
"
H,l\—*CH~COOH 4 (CHy)y~N—CH—~COOH 16)
e Theme

e hylglyane
In this reacuon demls of which are neglected sn the above oserall
formulation betaine functions as the methyl donor  Methionine
can n turn donate a methyl group to other molecules €g m the
stepwise methylation of aminoethanol to choline

Studies on Neurospora crassa mutants which require methionine
show that the final step mn methiomne synthesss 15 the conversion of
h o as 1 Eqg 16 above (285} ‘The
m:(hyl donor m (hc fungus system 1s not known

a of biach: 1 genetics

Horowuz (284) showed that Neumqwm crassa synthesizes choline by
the stepwise methylauon of aminoethanol that 13

A " - oyl

hanol

-
dimethylammoethanol —» chohne  (17)

Here 1t 15 to be presumed that methionine or formate 15 the source
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of methyi groups The ultumate source for those fungr—perhaps all
naturally occurring fungi—which do not require preformed methyl
groups in the medmm 15 of course carbohydrate that 15 most or all
fungt can synthesize methyl groups from the products of glucose
metabolism

Early in the nineteenth century 1t was recognized that an arsenscal
powsoning of humans by volaule compounds 15 associated with the
action of fungi on wall or other building materials 4
arsemical pigments  The hustory of this problem 1s reviewed by Chal
lenger {117) the toxic maternal was fimlly identified as trimethylar
swe (121)  The alulty of certamn fung: to form methylated com
pounds of arsentc and other elements has since been smestigated vigor
ously by the group at the Unneruty of Leeds Some examples of the
products identified are Iisted 1n Table 5 these and others are resiened

Table 5 Methylated Products of Fungpn

Substrate Product Organism
MNa 1 Trunethyl prdarcopsis brevicaulss (323)
Na L T hy ) 5 fs (128)
Arsencus oxide Trnimethylarsine 8 brevicoulis (121}
Dicthyla aad Methyldsethyk 5 hs (120)
B tellunte Dunethyl tellunde  § brepeante Pemerltuom spp {62}
Na selenate Dunethyl selemde  Agpergilles anyer (170)

Penscillurs spp (62)
Scopulanapss brevseauls (£23)

Na selenste Dumethyl sclensde § brevicauhis {123)

Ethyl disuifide Methy! ethyl sulfide S drevicaults (124)

Tnorganic sulfate Methyl mercaptan  Schizophyllum commune (76 119)
duaethyl sulfide

by Challenger (118) It should be noted that the methods used permit
only identification of the final product Obstously many steps in
addition to methylation must be assumed mn the conversion of the
hughly ovidized sclenate ton for example to the reduced chimethyl
selenide
Evidence 15 now at hand that these products do 10 fict anse by
transmethylation  Isotope esperiments (122 170) show that the methy}
groups of dimethyl selenide and tnimethylarune ongmate from
h m Scop psis b Lis and Aspergillus niger
Betmne does not serve as a methyl donor carbon from formate and
chohine enters the system probably through methiomne
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T BIOLOGICAL CHLORINATION

Chlonde 1on 1s commonly present in culture media sumply as an
accompamment of estential tons  Wath the discovery of geodin and
erdin tn Aspergllus terreus (433 484) 1t was realized that chlonng
may be mcorporated mto organic pounds by fungm  Sut
mmestgations have shown many chiormated metahnlnes a pamal list
ncludes

1 p Meth ophenot of D hila sub, {8

2 Ch)orm;ted depsrdones eg mdulm {Table 4) Chlonnated
depsidones are also known mn the lichens (24) they are presumably
synthesized by the fungus component

$ Gnseofulvin a complex benzenosd compound of uncertain strue
ture produced by Pemcillizm spp (96 256 411)

4 Chi ¢ yon) an b of Streptamy
atiregfacrens (437}

5 Chloramphemecol (chloromycetn) (Table 4)  Here the chlomne
1s attached to a side chaint carbon chlorarsphenicol 1 also vnusual i
1ts nutrobenzene structure

& Nalgolaxm 2 <k d anthrag of P i nal
g swith sts dechl 1 nalgto-

4
rensin (436)

7 Caldanomyan of Caldariomyces fumage (Fumago vagans) prob
ably a cyclopentane with two chlonine atoms attached to a rng carbon
(141) Terresn of Aspergsllus terreus not a chlartne compound 18 the
only other cyclopentane dernative known in fung: (32 255)

In a survey of 139 fungt it was faund that strawns of 4bsedia spinosa
Alternana tmua.r Aspergrlius spp Cal Iumaga Penterll;
spp um v and T wnde ncor
porate 15 p:r cent or more of the available d\lnnne into arganic
combmauom {141y

Freqs a campound and its dechlora d occur together
m one eg fulvin and dechl tulvin 1n Penresl
Qe spp (562) The anubiatics tetracychine and chlortetracycline are
produced by different species of Streptamyces the related oxytetracy
chine by a third (61) The subsitution of bromude for chlonde in
the medium has specific effects of two hnds either the organssm forms
the bromo analogue of a chionne compound (363) or chlonnation 13
suppressed and the dechloro dertvative s formed (168) Fhe incorpo
ration of chlorine mto tetracycline 15 also suppressed by copper-com
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pleving agents eg  thiourea (168) wiich are known to interfere with
todimation of tyrosine i the thyrod (351) presumably the chlorina
Lon step requures copper

8 PENICILLIN

The discovery by Flemung (197) of an orgamsm producing pensaf
In mtated a new field of medical and biological imvestigruion
the study of the formation and clinical use of antibsotses  The hustary
of the explomtation of Flenung s discorery has heen told elsewhere (1)
w general although extensne application of our knowledge of fungal
physiology was essentral to the development of methods of production
the physiological studies were less dramatic than the gencte and fes
new prmaples of physiology or brochemustry have emerged from the
work on p il and other antibiotic

“The penicillins are produced by several different fung: wmncluding
Penycilltum spp  Aspergrilus spp  and 2 thermophilic organism tenta
uvely identified as Malbranchea pulchella (441) Strains of the Pent
arthum chrysogenum sertes mcluding P nofatum are the most active
and supply the pemiciilin of commerce

“The pemcilling are alike 1n their bassc chesmcal structure but
differ 1 the side chan (R m the formula)

s
/ \ HJ
R~—CO~~NH—CH-CH
[ “CH;
CO-—N- CH~—COOH
The natural pemciliing whose structures have been determuned
chude

2 Pentenylpeniallin (pemailin ¥ pemcilin F)
Benzylpencihin (pematin I pemalln G)

£ Hydroxybenzylpenteslin (pemsailin 11 penterlitn )

7 Amylpensathin (dihydro pemalhn Fy

n Heptylpemailin (penialhin IV permiatlin k)

4 Amino-4 carboxy n butylpemaillin (cephalosporin N) (393)

G R o 8D e

It 1 Dikely that other pemsciltins formed only m small wmounts hate
not been wdenufied  Benzylpemalin now avadable n crystathing
form 1s the penicillin of medscal practice

Extenstve mnformation on the metabolism of pemcillin producing
fungt reviewed by Chawn (115) and Perlman {(417) s available but
1t must be said that there 1s no correlation of any other metabolic



PENICILLIN 185

process with pemallin formation It 1s pcsslble to speufy farly
exactly the optimal d for a gven
stramn but not possible to define the vuay n which these condmons act
The metabolic changes which take place during penicallin produe
tion are comentently divaded 1nto three phases an mitiaf phase of
rapid growth and metabolic activity with asstmilation of the more
available nutrients a second phase of stower growth with carbohydrate
utilization and a third phase of autolysis and low metabolic activity
These are 1ilustrated 1n Figure 9 Pemallin formation begins late
the first phase and 1s most vigorous during the second  Rates duffer
but 1n broad outhine thus pattern 1s followed by different strains i
both complex and synthetic media with varous carbon sources and
under diverse conditions of aeration (31 209 217 239 300 324)
Lactose or other slowly utihizable carbohydrates yield both a fayorable
rate of growth and a ble pH for p ihin f (385 484)
Peniaillin production 1s also directly affected by aeration (483) The
metal requirement for maumal pemicillin farmation by 2 strun of

LR LU
Prase? | Pnase2 | Phae3
{ |
| !
! 1
t
Res dual lactose |
)
1 Residuat fact ¢ acrd
! ‘ '
1
L | ,
H { Penic in
& ! 1
! )
| |
\ )
|
d |__ Dryweght
t
0 SO I B vt o sy B Y
2 [ 19

4 6
Time days

Fgure 9 Metabolic changes accompanying pesicilin formation by Pemscall um
notatym n shaken fia ks m a corn steep 1 quor lactose medium  Redray n from

Koffler Em rson Perlman and Butns (3 3) by perm ssion of the Williams and
Wilkint Company



186 CARBON METABOLISM 11

P chrysogenum 15 somewhat hgher paruculatly as to son and
phosphorus than that for growth {301)

Corn steep hiquor & complex myxture of organic substances derved
by bactenal action on maisze (339) probably has more than one rofe
m penwcillin production s principal function however appears to
be as a sotirce of £ phenylethylammune and related compounds (372)
which are speafic precursors of benzylpemicrdiin  In the bosynthess
of mixed peniciting phenylacenc acd and its dervatives shadt the
balance of natural penteallins toward benzylpemaliin (278)  Sumlarly
P hydroxyphenylzcetate mereases the relatne amount of p hydroxy
benzylpemallin - Although only a small fraction of the phenylacerate
supplied 15 1ncorporated mnto the molecule (205) 1sotope studies have
shoun that 1t 15 incorporated without didution 1e  that the miact
benzyl group enters as such mto penseitlin (38 240 467)

Dot only are close relatives of phenylaceuc aad incorporated wnto
benzyipemathin but many other substituted acetse acuds can sene as
precursors for new  biosynthetic  pemcillins (37)  Fauty aads espe
crally those which are not rapidly broken down by the fungus are
incorporated into both natural and new penscillins (380 516)

The sulfur of g 1m cn be supplied by inorgamg sulfate sulfur
of methionine cystesne cysune or glutathione 5 however utthzed 10
preference to that of morgame sulfate (490)

The ongin of the main pnt of the pematlin molecule has been
clanified by Arnstemn and Grant (22) Using G labeled valine and
triply (N®5 €% 539 Iabeled cystine they have shown that (1) gystmne
~probably after contversion to cysteme—is wncorporated directly 1nto
the perucillin molecule and (2) the remmmng five carbons are sup
plied by vahine  This 15 consistent with earhier work on the incorpora
tion of small molecules mto penicillim (368 489 517)  The molecule
of benzyipemallin may be viewed thercfore as made of three metd
bohe umis one formed directly from phenylacetic acd one dusectly
from cystine (probably sia cysteine) and one supplied directly or 10
dsrectly by valine The steps by s hich these struciures are conbmed
remam for future investigaton It 1s to be expected that energy
necessary for pemeiiiin formation from these unis and the nlubrtory
effect of 2 4-dinstrophenol suggests that the energy 15 derned from
oxidatne phosphorylations (419)

The extensue studies on pemafhin precursors have made it clear
that although a p may be specifically and directly 7 d
smio a molecule provision of the precursor does not necessanly
crease the final yield of product It s only when the formation of the
precursor 15 5o slow as to be rate imuung to the total process thit
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such mcreases an yseld are found Thy general pnnaple cbviously
applics to all biosynthetic studies wath putative precursors

Pematinase 1s produced by many bactersa and probably by act
nomycetes 1t 15 not certan whether any fungus forms at (116}  Irs
action ts w0 comvert pentaliing to penscliowc acds by hydrolys:s and
apening of the g lactam ning

Pemarthin wmidase found m the mycehum of Pemeallium chryso
genum and Aspergillus ory.ae sphus off the benzyl side chan from
benzylpeniaitm hke p i at attacks 3 pephde (amude) ink
age (459)
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£ chkrysagenum 15 somewhac Igher particularly as to won and
phosphorus than that for growth {301y

Carn steep fiquar 1 complex myxture of organic substances denved
by bactersal action on maze {339) probably s more than one rle
1 peatesthm production s prinaipal function hioweser appears to
be 13 3 source of @ phenylethylimsne and related compounds (373}
which are speafic precursors of bennylpemerllin In the biosynthess
of mixed penesthmy phenybicene acd and us dernamnes shult the
Inlance of nrturad pemaling tonard benznyipersailhin (278)  Sumlarhy
£ hydrogphenybicetate increases the relative 1mount of B lndsoty
benzylpemcitin AMthough enly 1 smalt fracuon of the phenylacetate
supphed 15 meorperated into the molecule (290) sotape studies hne
shown that 2t mcorpsrated without difution 1e that the ntact
benayl group emters 13 such wnta penicdiin (38 246 467)

Mot only are close relatines of phenylicetic acd mncorporated 1nto
benzyipentatiin bat many other substituted acetic acuds e senve as
precursors for new  biosynthetic  pemailing (37)  Fatty acds espe
crdly thase which e nor ripudly broken down by the fungus are
incorporited nte both natural and new penscithins (380 516)

“The sulfur of pesterllin can be supplied by morganse sulfate sulfar
of methtonine cysteine cystine or glutathuone 55 however uthized in
preference to that of anorganic sulfate (490)

The orgim of the mun part of the pemaitim molecule has been
thificd by Amnstem and Crant (22)  Using CH hibeled vahine and
miply (N#¥ CH §%) Iabeled cystine they hase shown that (1) gystine
~—probably after comiersion to cystemne—is mncorporated durectly mnta
the pemcithin raolecule and (2) the remaimng five carbons are sup-
plied by valine Tt 1s consistent with earher work on the incotpora
101 of small molecules inte pentattin (368 489 517)  The molecule
of benzylpemaithin may be viewed therefore 1s made of three meta
bolic umity one formed directly from phenslacetic acd one divecth)
from cystine (probably i cystesnc) and one supplied directly orin
chrectly by vilime  The steps by which these structures are combined
remmin for future mvesugation It s to be expected that energy 38
necessary for pemallm formatson from these umits nd the mhibitory
effect of 2 4-dmstrophenol suggests that the energy 15 demved from
oxidative phosphorylanons (149)

The extensne stuches on pematim precursors have made at clewr
hat although 3 precursor may be specfically and directly sncorporated
1ato ¢ molecule pre of the p does not necessanly 1m0
crease the final yield of product 1t 1s only when the formaton of the
precursor 15 5@ slow as to be rate imsting to the total process that
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such increases m yield are found This general pnnaiple abviously
apphes ta all hosynthene studies with putative precursors
Pemoifhnase 1s produced by many bactenia and probably &y act
nomycetes 1t 15 not cextamn whether anv fungus forms 1 (116) I
action s to convert pematihing ta pemallowc aqids by hydrolysis and
opening of the B lactam ning
Pemalhip amdase found n the mycehum of Pertalitum chryso
genum and rlspcrgl{lu: orymae splits off the benzyl side cham from
Tike ¢ 1 3t attacks 2 pepude (anude) hnd

1ge (459)
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P chrysogenum 15 somewhat fugher parttculatly as to won and
phosphorus, than that for growth (301)

Corn steep hiquor 2 complex mixture of organic substances derned
Ly bactenal action on mawze (339) probably has more than one role
tn pemcillin production s prmapal function however appears to
be 15 a source of g phenylethylamine and related compounds (375)
which are speetfic precursors of benyylpemallm  In the brosynthess
of mixed peicilins phenylacetic acrd and 1ts dertsatives shuft the
tnlance of natural penictiling toward benzylpemallin (278)  Simalarly
$ hydroxyphenyheetate mereases the selatrve amount of p hydroxy
benzylpeniaillin - Althougl: only 2 small fraction of the phenylucetate
supplied 1s incorporated into the molecule (29,) ssotape studies have
shown that 1t rs mcorporated without dilution 1e¢  that the mtact
benzyt group cnters as such into pemaillin (38 210 467)

Not only are dosc relabnes of phenylacetse acd sncorporated into
benzypemiaillin but many other subsututed acetse actds can serve as
precursors for new  brosynthetic pemailling (87)  Fatty acids espe
crally those which re not rapudly broken down by the fungus are
incorporated nto both natural and new pengaillins (380 516)

The sulfor of pemollin cn be supplied by snorganie sulfate sulfur
of methionine ¢ysteane cystine or glutathiane 15 however utithized 1n
prelerence to that of morgime sulfate (190}

The onigin of the main part of the pentallin molecule has been
chirtfied by Arnstein and Grant (22)  Using C'$ Iabeled valine and
tnply (NS C' S 3) labeled cystune they hase shown that (1) cystine
~probably after conversion (o cysteune—1s weorporated duccctly sato
the pentesthn molecule nd (2) the remaining five carbons e sup
phed by valine  Thus 1s consistent with earlier work on the incorpora
ton of small molecules mto penscrthin (368 489 517) The molecule
of benzylpentcillin may be viewed therefore as mde of three meta
bolic units one formed directly from phenylacetsic acid one directly
from cystine (probably 111 ¢ysteine) and one supphied dwectly or m
tirectly by valine  The steps by which these structures are combined
rematn for future mestigation It &s to be expected that energy 15
necessary for pemicithin formatton from these umts and the mhibitory
effect of 2 4-<hmitrophenol suggests that the energy 1s derned from
oudatve phosphorylations (119)

The extensive studies on pemu”m precursors have made 1t clear
that although a precursor may be specifically and durectly mcorporated
into a molecule provision of the precursor does not pecessarily 1n
crease the final yield of product  Ie1s only when the formation of the
precursor 15 o slow as to be rate mting to the total process that
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such increases in yield are found  This general prinaple obvionsly
apphies ta all biosynthetie studies with putative precursots

Penialimnase 1s produced by many bactenia and probably by a2cu
nomycetes 1t 15 not certun whether any fungus forms 1t (116) s
action 15 to convert pemscsilins to pemalloic acds by hydrolysis and
opening of the g lactam ring

Penscithn amdase found mn the mycelwm of Pemcrlum chryso
genum and Aspergitius oryzae sphis off the benzyl side chan {rom
benzylpemcillin hike pemothinase st attacks a pepude (anude} knk
age (159)
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7. Resprration

Rcaptnuon m the most general sense meludes all
cetlular oudations which yield energy or could yeld energy to the
celt  In thts chapter alter touchung va a few general problems we
shail consider primarnily those reicuons shich are or may be part of
orgamized respiratory systems  Many indiadual reacnons descnibed
tn the preceding chapter undoubtediy yscld energy but thewr relation
to the magor pathways of respiration s not yet hnown

Resprration mty be aerobie or anserobic  Aerobic resprsatian 1
defined by the fact that the ul hydrogen T 15 1
oxygen 1 anacrobie Tesparaion of fermentation  hydrogen from
substrate 1s transferred to compounds other than oxygen (107) Use
of the term fermentation  to desenbe w acrobic process 15 mslead

ng
The smaximum encrgy wultble from 2 reaction or sequence of

reactions 15 of coursc the free energy change thus complete aerobic
gxadation of glucose to cirbon dioxide and water mvolves a change
sn free energy of approvimately —500 000 calories per mole under
standard conditions  Some fraction of this ¢nergy is erupped by the
cell and used for energy requining reactions  So far as we now know

the size of the fraction so trapped depends on the abslity of the or
gantsm to couple the oxid stion to phosphorylation of wdenosme mono
phosphate or adenostne diphosphate 10 yicld wlenosinetriphosphate
(ATP) Inturn the Tyedrolysis of ATI 15 coupled to energy requining
reacttions 'The common practice of deserabing ATP wnd sumlar com

202
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pounds as hasing hagh energy phosphate bonds 1s ambiguous (103}

In general most of the oxidatnve phosphorylations assouated with
glucase or other substrate oxidations are carried out at the cofactor
level electrons from substrate are passed along a chamn of respiratory
carriers to oxygesn and mn the process in ways still unknmown in detadd
the energy feleased 1n electron tansfer s used to forra ATP  Sub
strate level phosphorylations occur n the anaerobic conversion of
glucose to ethanol and cubon dwxade~the Embden Meyerhof path
way—and passtbly 1o the ovadatng decarboxylation of o Letoghutanc
atid

As desenibed briefly 1n Chapter 9 fungt dn'nng growth tnnsform
worganic uto orgamc phosph Organic phosphorus ¢
which have been identified 1n fung and actinomycetes xndudc sugar
phosphates (38 9% 134) adenosine phosphates (9 162 219) and
vanous of the other known nucleondes (9) A mycelial extract of
Rluzopus mgnricans has myokinase activity (228) catalyzng the re
versible transphospharylation

2 ad R hosnh

g3 £% el L3 L +
adenostnemionophosphate (1)

The unirzatton of ATP to phosphorylate orgamic molecules is mm
phicat i the twe major respiratory pathways for glucose both of which
stare with glucose 6 phosphate  There ss very suggestive evidence that
ATP generated by oxudauce p £ tved 1n the g of
the myxomycete Physarum polycephalum as 1t 1s m muscular con
traction (3 177 303 301 300)

1 IROBLEMS OF METHOD

The resprration of whole cells and of extracts is usually measurable
wm terms of gas exchange—oxsgen uptake or carbon dwoxide formation
The basic wnstrument m most laboratories 15 the Warburg Bareroft
constant voleme manometer described 1 the manuals of Divan (77)
and Umbrert et al (308) Macroresprrometers with larger capacity
have been designed (170 188 282 328) and a few stuchies on fung
have been performed with more sensitise manametntc apparatus (78
214 324) An amp dure for g axygen uhihza
tion: has been appled succcss[uﬂy w studies on Pemcriliem chnyse
genum (59)

Dye reduction methods have a more lumited appheaton but are
useful 10 some problems The best known 18 that of Thunberg {298)
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which depends on the reduction of methylene blue coupled to oxida
tion of substrate

Substrate + oudized dye—» oviddized substrite + reduced dye (@)

The Thunberg method has been used to demonstrate the presence of
resprratory enzymes n cell frec cxtracts from fungs (182 226)  Methy!
ene blue 15 often inhutntory (271) and other dyes eg 26 dichlore
phenolindophenol are m general to be preferred (30 207 216 225)
Spectrophotometrac methods are both more powerful and more
quinttaiive  The most generily useful of these relies upon the
frct that the reduced forms of the coenzymes diphosphopyndine
nucleotide (DPN) and tnphosphopynidine nucleotide (TPN) absorb
strongly at 340 my the change in denssty can be folloned easily and
rapudly after addition of substrate to a suitable system (312) Evam
ples of the use of thus method m studies of fungi and actinomjcetes
include work on the enzymes of Neuraspara crassa (81 801) Asperqal
Ius miger (148) Tusarium I {62) and Streptom)ces coelicolor (66}
Spectroph TEc measure can of course be used whenever
a component of the system changes wts hght absorption as z conse
quence of an enzymatic reaction Oxidation and reduction of cyto-
chrome ¢ can be followed at 550 mp (46 47 71 280) or reducble
dyes may be used (50}
Like all other sensitive the spectroph b
quires 2 certamn amount of judgment  Too ofien a crude enzyme
preparation contamns unsuspected activities which compheate a given
determination  For example an extract may reduce both DPN and
TPN when fructose 1 6-diphosphate 1s added The DPN reduction
15 strarghtforward aldolase forms triose phosphate which 15 then
oxidized with concurrent reducuon of the coenzyme The reducnon
of TPN 1s not however as smight first be thought the same process
mstead  fructase 1 6-ciphosphate 13 first converted to glucose 6 phos
phate which 55 oxadszed by glucose:8 phosphate dehydrogenase and
TPN to 6 phosphogluconate  The crude expermment falsely suggests
that tnose phosphate dehydrogenase can react with either DPN or
TPN
These ne and spectroph hods are general
sn their apphcauon and therefore stand m contrast to the problem
of preparmg cells and extracts of fung for resprrometnic study  Ima
certasn sense each orgamsm 1s 2 problem m aself but t may be
useful here to mention some of the methods which have been used
Dises of growing mycelum from a surface

m particular smstances
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culture may be transferred to 2 resprrometer flask (36 78 24 318)
but most workers have preferred 1o vse when possible the more homo-
gencous mycehum obtawned {rom shaken or aerated cubwres (G2 70
102 163) The mycchum from such cultures 1s aften m the form of
smal] pellets 1f these ave w0 large abose 0 4 mm. for Afyrotheaum
verrucara (¢0) the rate of diffusion of oxygen mto the mienar of the
peliet may be humung  Either susface or shake culture mycehum
may be homogemzedt hriefly but there 15 2 considerable tisk that
mechanical npury may reduce respiratory capaaty (70 86)

The preparation of active el free extracts from funga 15 an even
maere veang problem Ve may list here 1n outhne some of the
methods which have been successful

1 Hand gninding with abrasives {7 44 50 6o 71 140 182 go1)

2 Acerone drying (14 128 212 288)

3 Physical drysng with or withowt a prelemynary freezang (89 155
204 218 331}

4 Mechameal disrupuion 1 a ball mull (240) or m a moror-driven
homogenzey (46 274)

5 Freeaung followed by grinding wah abrasnes o8 by homogeniza
uon (190 201 208 274)

% Sonsc oscilfanion (210 264)

7 Disruption m the Hughes press (142} or in 2 smallonsfice press
(B 200 228)

8 Treatment of frozen mycehum with dilute ammomum hydrovde
faltowed by mid pressure {148)

Of these the maost generally uselul appear to be band grinding with
sand or pondered glass somc osalauon and teamment n the
Hughes or simudar presses  Hugo {143) reviews the methods axalable
lor the preparatton of extracts from bacterra

g mediz for fray be water phosphate buffer
or salt muxtures  Protective Is are often d—both s
tane (G2 209) and ethylenedminetetraacetate {110) protect aganst
tnactnation of enzymes by heasy mecads hiberated during the extrac
tion process

Duning the preparation of cell free extracts the terminal respiratory
systern xs usualty dssrupeed and must be replaced by an added hydm—
gen carrier of hydrogen accepror  Methylene biue 2 §dich
indophenol and other dyes have often been used phemazne “derna
tives (76 ferncyamde (184 235) and manganese dioude (138) are of
salue for the same parpose
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2 FACIORS IN Kks) JRATION

In general 1¢ 1y probable that the most smportant factor in vespita
uon as the specics  Few comparative data are avatable but we may
assume that fung which can grow on a gsen substrate can alio
ovithze 5t (201) so thit the omnnorous sapraphytes eg Aspergillus
spp may be expected to oudize a greater vartety of compounds than
do nutriionally more specinlized forms  Wathin a gaven species age
wd developmental status are the primary non-enysronmental factors
the permeabihty of the colf 35 also presumed to be mmportant by the
usual andirect evidence  The proncepal external factars are acdity
femperature oxygen pressure carbon dioxide and accessory nutrients

Age and Developmental Stotus  As mentsoned sn Chapter 1 the
kughest resprratory actisity 3s usually found durnng the penod of most
rapid growth  Subsequent to tlus pertod respatation especially endog
enous sespiration falls off with mcreasing age  This may of course
reflect only the fact that more and more dead cells accumulate 1 the
older mycehum quite possibly the respiration of the growing ups of
the thallus 1s sndependent of the age of the culture so Jong as nutrents
are avaslable

The data of Figure [ are typical and many others of the same fype
have been reported 1n studtes of fung: and aerobic actinomycetes (52
70 95 96 115 184 163 219} Ustrlago zeae appears unusuzl i that
once the maxznum respiratory rate 1s reached 1t 15 mamntamed (260)

Spore respiration 15 considered briefly i Chapter 12 there 15 as jet
no reason to think that it dilfers fundamentally from that of mycelum
lthaugh & would not be surprising to find generally ugher actresty 1n
germunaung spores than in older ¢ultures The yeast pbase of Blasio-
myces brasiliensss extubits an endbgenous oxygen uptake greater than
that of the mycelal form (215) and the same relation prevanls between
cell types of Mucor guillermondn (179)  In Blastocladiella emersons
the tsa different types of mature thattus differ i thewr contens of
ympottant tespiratory enzymes and presumably an thesr resprratary
puthways (44} Oxygen ption of Dictyostel f d
25 an part a funicuon of developmental stage (116)

Cell Permealelity It 35 difficult to distingiish between murmsic
tnability of a cell to respire an exogenous substrate and fminre of the
compound to penetrate o the interior of the cell  As m the utthza
t1on of orgame acds for growth (Chapter 8) 1t 1s often found that a
low pH s requised for or accelerates the oxidauon of arganic acids

"
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Figure 1 The effect of culture ace
on the endogenous respiration of
Fusarsum solams mycelum  Curve
1 dry weight of culture curve ®
Tespiratory rate in gl oxygen per
mlligram dry cells per hour

Magnitude —~—»

1 £ ' ! '

2 4
Age days

(93) or that prousnm: of wn ester of the acid 1ncreases 1ts biologieal
effect (13) Or ntact cells of a fungus may fail to oxidize a substrate
while cell free extracts do so rapudly (13 65 89 258) All of these
types of evidence suggest that the intact cell 1s impermeable to the
substrate In general romizable substances eg phosphorylated com
pounds and organic acids are the most hkely to be excluded by a
permeability barner

However failure of exogenous substrate to be utilized cannot al
ways be ascribed to membrane impermeability Thus 1n yeast frozen
cells are permeable to citrate but metabolize 1t only after further
treatment with chloroform (90) It 15 possible for enzymes 1n the cell
to be naccessible by virtue of subcellular orgamzation 1n most cases
we cannot distinguish between this situation and true membrane
effects

Inductson of Rﬂplmtory Enmymes The enzymes of whatever funda
mental resp an org: has are probably always
present whatever lhe substrate  But 1t 1s often observed that some
compounds are oxidized only after a long lag or only if the cells have
previously been grown 1n contact with them  This suggests that cer
tain enzymes § bly those d m the p y steps of
respiratory breakdown are not constitutive but are induced by sub
strate  The oxidation of phemylacetic acsd 1s an c'(amplc {Chapter 6)
and attack on other d

P y Hormod: um sp
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appears 1lso to require the formition of inducible enzvmes (127) In
Streptomyces coelicolor gluconie acid and pentoses are oudired only
by specsfically adapted cells (66) In none of these cases just cited
however has the speaific enzyme been ssolated 1nd studted as such

Acudaty and Resprranion  In most expenments reporred the pil
of the suspending medium has httle effect on endogenous metabolism
over the range pH b to 8 (3 70 187) and the data of Figure 2 are
typreal of many  Fxceptions to tlus general rule have howeser ocea
swonally been found (93 127 214)  Acidity 13 more 1pt 1o be unportant
n substrate yespiration e¢g  the oxidanon of phenylacetic aad by
Pemserllium chrysogenum (135) and of glucose by Streptomyces griseus
(131) S$ince the internal pH of the mtact cell 15 probably protected
agatnst all but the most extreme changes 1n the medium 1t seems hikely
that p d pH effects on resp of und d compound
or of very weak acids sigmfy that surface located enzymes are involved
n the total process of metabohsm

Phosphate buffers are the most generally satsfactory for respiro
metric studies others particularly acetate arc O‘f(en toxec (Chapter 1)

Temperature  Most resp 1c studies of saprophytc fungs md
acunomycetes ate performed at moderite temperatute 20-30°C
tugher temperatures are more surtable for the fungt pathogenic to
ammals (215) Carbon dioxide evolution from growing myceltum of
Aspergilus nuger has 2 high Q4 at Jow temperature eg §12 over the
range 7-17% the Q,, drops as the temperature 15 rased and s only 17
over the range 27-37° (217)

Oxygen end Carbon Divade Pressure The response of aerobic
TespIration to oxygen pressure vares with the organism studied (3 72

P S
Figare 2 pHl and the endo
" genovs tespiraton of Strepto
'z 2 rivees coelicolor (cusve 1) My
& ratheowum verrucarid {curve 2}
r’___’/' and Fusarium solans {cune 3)

mycelum
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Frure 3 The effect of oxygen
pressure on the rate of respiravon
ot Aspergillus niger  Redrawn
Srom ¥ Shu Joumsl of Agncul
tural and Food Chemustry Yol |
p 119 November2 1953 Copy
aght 193 by the Amencan
Chermeal Socety anl vepnnted
by perms sion of the copynght
owner

Oxygen uptake rate ~—>

' ) ]
400 €00

Oxygen pressure mm Hg

259 200 291) Resy depends diately upon dissolved oxy
gen which 1 turm is propartional to the partial pressure of oxygen
i the gas phase  Finn (83) dehnes €  as the concentration of dis
solved ovygen above which cell respiration 15 independent of the
o¥ygen concentration data from several sources show that C . for
Pemscillium chrysogenum 13 about 0022 miilimoles per liter (equiva
lent to an oxygen tension of 16 mm of mercury) that for yeast and
Escherich a colt considerably lower  Amp Tie

show that the rate of oxygen unlization 1s independent of oxygen
pressure down to very low values (52) It follows therefore that the
requiremnent of many fung e, Aspergilius niper (Figure 3) for rela
tevely high oxygen pressure for maxamal respiratory rate means that
other factors must be operative  Studies on the respirition of my
celium of Myrathecrum verrucarta indicate that the Tate of oxygen con
sumpuon by the ¢ rather acuve cells 15 bmited 1n part by the rate
at which oxygen reaches the nterior of the cell mass (70}

The oxygen uptake of Micromonospora vulgans 1s reduced by high
oxygen pressure (315) but thus effect 15 not usuailv encountered 1n the
fung

Lattle evidence 1s avarlable on the miftuence of catbon dioxide pres
sure on fungus resprranon  Most resprrometnic techmques mnolie
removal of metabolic carbon dioide during measurement of oxigen
vptake  in many bactena oxygen uptake 1s 1n fact depressed by such
removal of carbon dioxude (119)  Two methods are avatlable to deter
mne if this occurs with any gunen orgamsm nse of Warburgs
direct method (308) or use of diethanolamune as 4 carbon diovxade

buffer (166 231)

Muments Potusium phosphorus and magnesium ate usnally sup
phed to respinng cefls although 1t 1s likelv that endogenous reserves
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of these nd other muncrals are sufficent  Aerobie oxidation with
exogenous substrate 15 generally markedly ncreased if a source of
mtrogen 1s provided (199 265 275) this of course converss the
preparation at least potentsally to a growing culture carrying on ammo
aad or even protein synthests with an attendant demand upon energy
wnd upon metabohe intermediates of the atnc aad cyele  The effect
of such orgame materials as yeast extrict may be the same but there
1s the added complication that respirable matenals are also beng
supplied

3 I'NDOCFNOUS RISLIRATION

Lndogenous respiration or  autorespiration  defines the metabo-
iism of the ceil sn the 1bsence of an external substrate snsofar as at1s
expressed by gas exchange In veast there 1s normally no anaerobic
cndogenous cibon diovide kberation (270) although 2 4-dimtre
phienol miuntes fermentauon of carbohydrate reserves (2o1) Fusa
1um fonon the ather hand has a vigorous endogenous fermentation
(98)

The substrate of endogenous respiration mn fung 1s not known
resptratory quotients ire consistent with lipid oxidation (186 230) but
suttible anilyncal data to discriminate between this and other posst
biftues are not available  Cell free extracts of Neurospora crasse are
stmulated 1 endogenous respiration by trniphosphopyndine nucleo
ude (301)

Scopulariopsis brevicauhs cells are unable to assumilate nitrogen n
the absence of exogenous substrate 1e  the endogenous respiration
cannot be coupled to wmino acid or protein synthesss (186) ‘This 15
1n contrast to both Chiorella vulgarns (284) and Torulopsis utslis (332)

The lgh endogenous rate charactenstic of many fung: and actino
mycetes compheates expenmental study obviously 1f some limuting
termunal system 1s fully saturated by the endogenous system then an
addition of substrate will not ciuse any further merease 1n oxygen up
take However 1t cannot be assumed that under these crcumstances
the exogenous substrate 15 mert—concervably some of 1t will be ox1
dized 1n compention with the owdanon of endogenous materals
Partial Tesponses are also possible 1f for example the termunal system
were 50 per cent saturated by endogenous metabolism addition of
substrate could at raost double the oxygen uptake rate  But—and this
may be 2 real problem—one can 1magine that in fact the substrate 15
competing on sy equl terms with the endogenous metabolism for
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the tenminai system Were thns so nat 50 per cent but 7o per cent of
the total metabohism would be substrate mctabolism  put wother way
the endogenous system would be suppressed 50 per cent

Barker (11) proposed a method to determine whether or not sub
surate utihization does suppress endogenaus tespiravon The aethod
relies essentially on the assumpnon that the oxygen uptake per mole of
substrate consumed 1s not affected by the concentration of substrate
Application of thus technmique o Pemcillium chysogenum indicates
that glucose does not suppress endo (nous respiration (272)  Ta yeast
on the other hand suppression of endogenous respirion by acetate
oceurs with agar grown cells but not with cells grown w a hqud
medium (322)

A second approach to tlus problam 15 1o usc cells the endogenous
Teserves of which hmve been Jabeled by cultination on 4 carbon 14
substrate (37 244)  Itas essenuial thae all of the rcserves be labeled
by growth from a \ery enrly stage on the 1sotopic substrite a short
exposure to labeled acetate for exampie mav not succeed 1n marking
alt of the reserves  Thas method has recaved only a hmated tral to
date (20 63 101 128 203) and 1L 1s of course open to the eruaism
that not enough 15 known of the compositian and dymamics of the
many metabolic pools imolved  Lperimentally 1t 1s only necessary
to determine what the toral acuvity of carbon dioxide from labeled
cells 33 and whether or not this actiats 15 fected by the ssmultaneous
oxudaton of substrate

Ammo acids have been reported us wlectung cadogenaus resperation
bath posttively (17) and neghtinedy (93)  These findings cannot at
present be interpreted since the presence of amino nitrogen in the
System and the possibility of ammo 1ad toxiaty unduly complicate the
picture

Expermmentally 1t 13 often desirable or even essential to reduce the
level of endogenous respiration  Stamang the cells for a penod of
time prior to measuring their respiratary response to an eXogenous
substrate has been successful with some fungt and actinomycetes (31
70 316 320) Others however lose substrate respiratory capaaty
during the starsation period (14 134 190) There 1s akso the danger
that the starvation Pperlod may result in developmental changes 1n the
orgamsm (145)  Since endogenows respiration 1s affected by the com
Position of the growth medium (25%) the better approach would seem
to be an attempt to find 2 medium n which the cells do not accumu
late reserve matenials 1n large amounts (102) Many of the media com
monly used for fung: are so concentrated that accumulation of such
Teserves 15 almoast forced upon the orgamsm
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4 OXIDATIVE ASSIMI ATION

Oxid of carbon comy ds by many orgamsms 1s not accom
pamed by the oxygen uptake theorenically necessary to account for the
known disappearance of substrate  This has been explamed as the
result of the assimulation of part of the utilized carbon inte reseries
presumably carbohydrate in nature of the cell (59)

Owxidative assmiation occurs m veast (23% 322) actmoraycetes
(258) and funge (70 80 203) Its cxtent may be rather hgh for
Pemcilhium chrysogenum (212) the datt fit the equation

CeH, Og + O ~ 5(CH 0) + CO, +H,0 ®

Thus m tlus orgarusm bout 83 per cent of the glucose disappearing
s assmelared

Fermentaive 1e anacrobnc assimujation s known 1 yest and
bactera (297) In what 1s presumably the same process Aspergitlus
miger forms mtracellular 1 and carbohydrat 1
(255) Fermentatine accumulation may account for the finding (Iat
247) that 4 mger forms less cthanol from glucose than the theoreucat
amount expected from « fermentation of the vewst tpe

5 THE FMBDEN MCYERIOI IATHWAY

The anaerobic breakdown of glucose by yeast 1s dragrinmed i port
1 Figure 4  This sertes of reactions 15 of very general aithough
probably not unnversal occurrence in microorganisms (79 118} In
muscle the reacuons termed ghycolysis are sumlar except thay pyrusic
aad 15 reduced to lactic 1ad i the final step and that the strting
matenial 15 glycogen

Since the Slamentous fungs require ovygen for growth (Chapter 1)
there has been a tendency to discount the possible importance of the
Embden Meyerhof pathwry  Frrst 1t should be reilced that the
products of glucose metabolism by other routes may feed nto the
pathway thus the phosphogluconate oxidation pathway us discussed
later forms triose phosphate  Second the Embden Meverhof pathway
15 not restucted to anaerobic conditions 1t 15 enurely posstble for a
portion of 1t to function simultaneously with aerabic processes or 10
be coupled to terminal aerobic reactions Finally some fung: seem
to be able to ferment sugar anacrobically even though they require

oxgen for growth
Although in the bactena there are routes of ethanol formation other
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than the Embden Meyerhof we may consider ethanol production as
at least suggestive of the pathway  Tormnuon of ethanol from glucose
1s rather common 1mong the fungr  Early work chuefly with species
of Aspergllus Tusarium  Mucor ind Pemcilhum 1s reviewed by
Wehmer (317) Czapek (69) and Foster (81) A number of the wood
destroying bastdiomycetes form detectable amounts of ethanol m
culture (178 221 232 233 319) other ethanol producers include
Ashbya gossypu (19%) Rhi.opus spp (121 310 314) Diplodia
tubericola (121) Dematiwm pullulans (278) Mortierella spp (233)
Neurospora crassa (232) Stemphylum radicinum (178) nd probably
several of the Fungt Imperfect: (20) The most nctive producers are
n the genus Fusariuem and as will be seen later a functional Embden
Meyerhof pathway 1s present in I' Dint

Under the usual expertmental conditions ethanol 1s oxidized con
currently with 1ts formation so that an “ccurate stoichiometry 1s 1m
possible (5 194 2,5) However under anaerobic conditions not
permtting esther growth or ethwmol oxadation 1t has been possible to
show that the production of alcohol and carbon droxide from glucose
follows the quanuitatne predicttons of the Embden Meyerhof pathway
(62 290 302) Speaes of a gven genus vary considerably i ther
accumulation of alcohol under growth conditions this has been
studied especially in Aspergillus (21 292 333)

Lthanol production by fung: 1s generally favored by restricted
aerition (168 285 290) although even under conditions of rapid
aeration some fungt form Iarge amounts of alcohol (176 314) The
accumulation of ethanol like that of other carbon containing metab
olites 15 greatest 1n media relatinely lugh in carbohydrate (146) and
low tn mtrogen and mnerals (213)

Ithanol oxidation 1 Iusarium hai 13 2 spectal case of a more
general capacity to oxidize primary and secondary alcohols (111 112)
ethanol 1s oxidized to acetrldehyde 2 butanol to 2 butanone and 23
butylene glycol to acetotn

Acetaldehyde the precursor of ethanol 1n the yeast fenmentation 1s
formed sometimes 1n ipprecable amounts by growing cultures or
resting preformed mats of several fungi (16 22 27 171 176 211 221
255 257 279 286) “Most of these forms are ethanol producers and
the acetaldehyde may be formed exther as a precursor of ethanol or
during oxidacton of 1t (112)

In the yeast fermentation small amounts of glycerol are formed
more 15 produced 1n the presence of sulfite or at alkaline pH The
same obsersations hue been made with fung (211 287)

Pyruvic aad 1s ficquently produced in nolitible amounts by fung:
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and actinomycetes (60 131 237 238 257) the presence of munte
creases pyruvate formation by Fusarnon spp (220)  Added thiamunc
d ace 273 323) p bly by reason of
liphosphothamine  the c e of pyruvic car

PY
s function 1
boxylase

The formation of ethanol acetaldehyde and pyruvic acd 1s con
sistent with the functioning of 4 pathway of the yeast type as 13 the
appearance of other minor products (0§ 109 237 255 281) but does
not prove the occurrence of the pithway n any sense

The occurrence of Jactic acid among fung: has been reviewed 1n the
preceding chapter  Among the phycomycetes the only true fungs to
form large amounts of lactate from glucose there appear to be two
different types of metabohic pattern  The lower phycomycetes so
far investig ated maerobically comvert virtually all of the glucose con
sumed to lactue aad (18 41 114 115)  This immediately suggests
compartson to the mctabolism of muscle and of the homolermentative
bactena 1n both of winch glucose 15 comverted anaerobicaily to o
males of lrctic aad via the Embden Meyerhof pathway The com
parison must of course be only tentative in the absence of further
data the d of a diphosphopyndme linked lacuc dehy
drogenise would be of especial interest

Membiers of the genus Rhi op s consutute the second proup of
lactate forming, fungt  Under anaerobioss glucose 15 conserted to
lactte actd m 50 per cent yzeld Waksman and Foster (319) suggest the
over all reaction

Clucose ~ lactic actd -+ ethanot + CO;, 4y

The dath of Table [ show that R oryuae ferments labeled glucose as
expected from the Embden Meyethof sequence that 1s the pith of
glucose carbon 1s presumably 1n outline

34
azs

) JCl6
@ C34u w
G025 %
cs Q16
cs N G254 C34
c6 cté

Ol oe Pyruws 18 Lhaol €L

Thus 1mphies that all products ause Jrom a common pool of triose
phosphate leaving open the problem of how the I 1 rano of lacuc and
to cthanal (Equation 1) 1s muntuned  The conserston of pyruate to
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Iactate has been shown (84) and carhon 14 data suggest that a direct
reduction occurs (18) Leuconostoe mesenterordes yields the same
products as Rhuzopus spp but the mechamsm of this heterolactic
fermentation 1s entirely dufferent (75)

Table } The Distubution of CGlucose Carbon zmong the Fermeptation
Products of Rhvopus oryue®

Ethanol Lactic Aad
Exp Substrate CO;y CH; CH:OH COOH CHOH CH;
1 Glucose 1 G — - - 05 05 160
2 Glucose 1 CH 05 141 09 0z [ 38
3 Glucose 34C1 130 0 0 132 035 05
4 Glucoss 34 CH — — - 14 02 02

* Figures represent muillmicrocurtes of carbon 14 1 each carbon atom  From
M Gibbs and R Gastel, Arch Biochem Buophys 43 33-38 (1953) by permusion
of The Academic Press Inc

Purely enzymatic studies ¢an establish only the possibility of the
Lmbden Meyerhof pathway since most of the enzymes of the sequence
are also used for disposing of the triose phosphate formed 1n the
phosphogluconate oxidation pathway and since the enzymes even if
present are pot necessanly functional  Pyruvic cwrboxylase has been
detected m several fungt (62 88 148 230 274) Aspergillus mger
extracts contzin virtually the complete battery of enzymes necessary
for the conversion of glucose to ethinol and carbon dioxide (148) thns
15 consistent with the data aited earlier sdicating that some spectes of
Aspergillus produce ethanol  Several of the same enzymes appear 1t
extracts of Pemcillium chrysogenum (26%) and P notatum (182)
Aldolase one of the enzymes which 1s charactenstic of the Embden
Meyerhof sequence 1s found m dspergilius spp (7 152 149 150)
Neurospora crassa (277) F hne (62) P i spp (182
264) Streptomyces coelicolor (61) and Tilletia canies (212)

Ethanol production 1 Fusarsum spp has already been mentioned
Carbon balance studies enzymitic analyses and isotope distribution
experiments agree that anaerobically the Embden Meyerhof pathw2y
1s functional 1nd that no other anaerobic mechantsm nced be posti
lated (62 125) Balance and fermentation dat on dshbya gossypi
also imphlicate the yeast system (194)

Streptomyces coelicolor 15 unable to form erther carbon diovide or
acids anaerobically 1t contains however the enzymes necessary to
comvert glucose to pyrunic acd by way of the Embden Meyerhof
pathway The explanation for sts farfure to ferment seems to be that
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no enzymes are present which can anaerobically metabolize pyruvate
and regenerate diphosphopyndine nucleotde from 1ts reduced form
(61) This biochemical leston occurs also mn certain of the bactera
(132) These data suggest that faiture of certain of the true fung:
eg Mjyrothecium vertucana to ferment glucose may ultumately be
traced to the same enzymatic defictency

In summary the cumulattve evidence for the Fmbden Meyerhof
pathway 1n at least some of the filamentous fungt 1s impressive  There
are however several different variations of the pattern  Fusarium spp
and probably Aspergillus spp appear to resemble yeast most closely
The enzymatic basis of the twa types of lactic aad formation 1 the
phycomyretes remains unknown and at present 1t 15 only on the basis
of comparative brochemustry that we regard these as subtypes of the
Embden Meyerhof sequence Iinally 1t 1s possible that non fermenta
twve forms can unlize the pathnay by coupling 1t to an aerobic process
m which reduced coenzyme 15 regenerated by an oxidase system and
pyruvate 1s metabolized via the atric acd cycle

6 THE PHOSPHOGLUCONATE OXIDATION PATHWAY

Studies carried out during the decade 1930-1940 by Dickens
Lipmann and Warburg and more recently by Horecker Racker and
many others have established the occurrence of a second sequence of
Tespiratory reacnons vanously known as the hexosemonophosphate
shunt the direct oadative pathway and the pentose phosphate
cycle  The system appears to be widespread in nature orcurring in
ammals plants and microorganisms (238)

For convenience and to avord unnecessary detail we may followng
Racker (236) drvide the pathway into two phases The first 15 an
owudative phase 1 which glucose 6 phosphate 1s transformed to
pentose phospk via 6 phosphogl acd  carbon atom 1 of
glucose the aldehyde carbon 15 comerted to carbon dioxide m the
process

Glucose 6-phosphate + TPN+ — 6 phosphogluconic acid
+ TPNH + H+ (6}

6 Phosphogluconic acd + TPN+ — pentose phosphate
+TPNH+ H++CO  (7)
The key enzymes of this pl\asc are glucose-6 phosphate dehydrogenase
(Equation 6) and 6 ph aad dehyd, (Equation
7) both are linked to mphvsphopyndme nucleotide (IPN) Reac
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lactate has becn shown (84) and carbon 14 data suggest that 2 direct
reduction occurs (48)  Leuconostoc mesenteroides yeelds the same
products as Rhuzopus spp  but the mechanmsm of tus heterolactc
fermentation 15 entwrely different (75)

Table 1 The Bustnbution of Glucose Carbon among the Fermentation
Products of Rhuzopus oryzac*

Lthanol Lactic Acd
Exp Substrate CO; CH, CH.OH COOH CHOH CH,
3 Glucose 1 G¥ - — —_— 05 o5 1690
2 Glucose 1 CHM (3 141 [ 02 02 33
3 Clucose 3404 130 0 0 132 03 05
4 Glucose 34CH¥ — -— u 02 02

* Figures represent milliumiceocuries of carbon 14 1n each carbon atom  Fram
M Gibbsand R Gastel 4k Biochem Buoplys 43 33~38 (1953}, by permussion
of The Acadermc Prex¢ Inc

Purely enzymatc studies can establish only the possibiduy of the
Erabden Meyerhof pathway since most of the enzymes of the sequence
are also used for disposing of the tnose phosphate formed m the
phosphogluconate oxidation pathway and since the enzymes even if
present are not necessanly functional  Pyruvic cbovylase has been
detected 1 several funge (62 88 148 230 271)  Aspergrilus mger
extracts contamn virtually the complete battery of enzymes necessary
for the conversion of glucose to ethanol and carbon diovide (148) this
15 consistent with the data ated earher indicating that some speaes of
Aspergiblus produce ethanol Several of the same enzymes appear in
extracts of Pemtcillium chrysogenum (204) and P notatum (182)
Aldolase one of the enzymes which s charactertstic of the Embden
Meyerhof sequence s found m Aspergilius spp (7 15a 148 150)
Neurospora crassa (277) Fusarsum lom (62) Pemcslum spp (182
264), Streptomyces coclealar (61) and Tilletia canes (212)

Ethanol production wn Fusarium spp has already been mentoned
Carbon balance studies enzymatic analyses and 1sotope distributon
evpenments agree that anaerobcally the Embden Meyerhof pathway
15 funcuonal nd that no other anaerobic mechamsm need be postu
lated (b2 125) Balance and fermentatton date on Ashdye gossppn
also imphicate the yeast system (191)

Streptomyces coehieolor 1s unable to form erther carbon dioxsde or
acids anaerobically 3t contams however the enzymes necessary (0
comvert glucose to pyrusic and by way of the Embden Meyerhof
pathway The explanaton for 1es farlure to ferment seems to be that
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pathway One group of methods is based upon the face that operation
of the phosphogluconate oxsdation pathway results mn a preferential
hberation of the aldehyde carbon of glucose as catbon diowide  The
Iimtation of thus approach s that glucose goes through many more
metabolie pools and ts more diluted 1n the Embden Meyerhof than m
the oxidative pathway before hiberation of carbon dioxyde thus results
n a bias which may exaggerate the contrbution of the owdative path

way Apph of varous dafi ms of this method indicates
that there 15 a substantial flow of carbon over some pathway prefer

entially hberating carbon § of glucose as carbon dioade 1 Pererlium
chrysogenum (80 124} dspergelius oryae (§) Strepiomyces cocheolor
(66) and Neurospora erassa (293) A modification of this method
indicates that i growing Lum of P It chr

about 60 per cent of the glncose carbon goes aver the oudative path

way (124) while t Fuserium lon 2 mussmum of 17 per <ent of the

glucose bol hi imolves pref of car
bon 1 (125)

A more pmmxsmg method mvolves determtnation of acetate
ethanol g Is derived th duning aerobsc
respiratton of specxﬁca!ly Iabelcd glucose (26 818) Apphanon of
this technique to Penicillium ch suggests that the Embden

Meyerhof pathway 15 the prinapal route af glueose breakdown ¢172)
Sull other methods may be applicable but have not yet been tested sn
the fung: (18 19 25 24 105 139 150 236 268) Wood (327) discusses
the methods enucally and ponts out thewr limrtations

In dspergillus mger the distnbution of sotope in atric acd
dicates that the Embden Meyerhof sequence accounts for 8¢ per cent
of the total aerobic glucose catzbolism (261)  Swmilarly n Usteago
zeae the labeling of the carbohyd mosety of the glucohpid usalagic
acud 1s consstent with the resynthesis of glucose from triose phosphate
and consequently with the operation of the Embden NMeyerhaf path
way {(28) The labeling of kojpc aad formed by Aspergelius flavus
from pentose 13 on the other hand suggestive of a prelumnary con
version of pentose through the non-oxidative phase of the phospho
gluconate pathway to hexose (8)

‘The vartaus approaches which atterpt ta utihuze labeled sugars each
has sts own difficulues and ambigusties and we should regard the data

tlected so far as prel y and tentat Some attempt should be
made to see whether two dfferent methods agree with regard 1o the
same matenial before rehtance can be placed on any single method
There scems Isttle doubs that the phosphogltconate oxdanion pathway
13 unilized by many fung: and actinomyeetes and it 55 not unreasonable
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tion 7 1s probably the sum of two reactions It 1s assumed thit the
aerobrc reoxidation of reduced coenzyme {TPNH) occurs and that in
the process the encrgy of the oxidauon 1s utihized for synthess of
adenosine triphosphate or related compounds The phosphoglu
conate pathway 1s an aerobic system evidence for an analogous
fermentative pathway 15 summarized by Gunsalus et al (118)

The first pentose phosphate formed 1e the product of Equation
7 1s ribulose 5 phosphate  this rapidly comes 1nto enzymauc equilib
rium with two other pentose phosphates ribose 5 phosphate and
xylulose 5 phosphate

The second phase of the sequence 1s a complex series of non oxida
trve conversions of the pentose phosph mto other phosphorylated
sugars  Direct mntermediates in this phase include sedoheptulose 7
phosphate  glyceraldehyde 3 phosphate a tetrose-4 phosphate (prob
ably erythrose-4 phosphate) and fructose 6 phosphate  Since glucose 6
phosphate 15 regencrated this second phase may be summarized

6 Pentose phosphate = 5 glucose-6 phosphate (8)

1dol

The key enzymes 1n this phase are transketolase and tr.
In the presence of enzymes of the Embden Meyerhof sequence still
ather sugar phosphates fructose 1 6 diphosphate and sedoheptulose
17 diphosphate appear 1n addition a greater or less amount of the
triose phosphate formed may be converted to pyruvic acid and thereby
removed from the system under discussion

It was natural to imvestigate the fungt for an aerobic system of this
type but so far comparatively little progress has been made toward
an orgamzed and coherent picture of the role of this cycle 1n the
oxidative metabolism of the fungi The evidence at hand ncludes
three types of study demonstration of particular enzymes demonstra
tion of one or more of the characteristic sugar phosphates and study
of the distribution of 1sotope from specifically labeled glucose

The two dehydrogenases of the ox:dative phase of the pathway have
been 1dentified 1n Neurospora crassa (213) Tilletia caries (212) and
Streptomyces coelicolor (06) Extracts of Aspergilius miger contamn
glucose 6 phosphate dehydrogenase (147)

The conversion of pentose phosphate to hexose phospt and the
formation of sedoheptulose phosphate and other known mntermediates
are eanly demonstrated 1n cell free preparations of both fungt and
actinomycetes (64 212 263)

A variety of methods depending on the formation of metabolttes
from carbon 14 Iabeled glucose have been dewised m an attempt to
assay the quantitative umportance of the phosphogluconate oxidatton
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The importance of the oxidation of free glucose 1s defficult to assess
A relatnely Iarge number of fungs form glucomie aad (Chapter 6) and
we may rewonibly wssume that the same reactton 15 1nvohed n 2l
Houever the Lnown glucose 1erodeh)dmgemsc hws been found om}
tn the fungs menuoned above and m Pe e glaucatm apy ty
not occurring . dspergelius fumigatus Mucor racemosus Rhuzapus
mgneans or Dematim pullulans (92)  As menuoned earlier the
availability of the energy of the reaction to the cell 1 uncertn the
hydrogen peraxide formed could 1n the presence of cxtalase serve ais
an oxdizng agent for other cell metabolites (157 291)  The further
metabolsm of glucome and 15 similarly obseure the hkeliest possibih
ues are that the gluconate 15 phosphorylated and enters the bexose
monophosphate pathway or that there 18 a conttnued non phosphoryla
tive metabolism after the pattern of the bactenal genera Psendomonas
and dcetabacter (207 328) discovery of 2 ketoglucomc acid sn small
amonints 10 the entrure lurd of Pemicilltm brevy compactum (Chapter
6) suggests that the bactenial pathway may be worth 1 estigation

8 PENTOSF FERMENTATION AND ONIDATION

The fermensatton of pentoses by funge has been stuched primandy
as 1t oceurs an the genus Fuserum although other fung can carry
out at lenst a slow fermentation of pentose {22%)  Early results and
theoties on the reaction are feviened by Foster (84) and are of
hustorical interest only

Resting cells of Fusartum fom ferment <ylose in accordance wath the
equation

C4HyO ~ € H;0H + CH,COOH + CO (19)
ytosr Eban 1 Acet

With xyfose 3 CH as substrate virtually all of the label appears in the
methyi carbon of acetate (98)  This system resembles that of Lacto
baollus spp {169) with the difference that the lacuc zad character
1suc of the bacterial fermentanon s replaced by ethanol and crbon
diovide  In Lactobecillus pentasus p the pentose chun
ts split betneen carbons 2 and 3 y;c]dmg tnose phosphate and 1ceryl
phosphate (35 128) Presumably sn F duu the tose phosphate 1
then mettbotized 1o ethanel wd cartbon dwade—the enrymes neces
sty for this transformation are all present {62)

The pentose fermentation by £l 5s strhang i another connec
tson there does not seem to be any conversion of pentose to hevose by
the non-exdative reactions of the phosphogluconate ocsdanen path
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to antscipate that for some 1t may be 2 major pathway of respuatian or
of pentose biogenests 1t 15 also clear that 1n some orgamsms both the
oadative and the Embden Meyerhol systems are present and presum
ably complete for glucose metabolism (64) It 1s to be expected that
cells wn different physiological states will strike different balances
between the tno systems

7 THE NON PHOSPHORYLATIVE OXIDATION OF GLUGOSE

The single reaction of this type known 15 the oxsdation of free
Blucose to gluconic acd (the first product 15 1 fact glucono § lactone}
by the enzyme usually descrsbed as glucose oxidase or notatn It 3
debatable whether tins reaction can be classed as respiratory since
we know nether the subsequent metabolic history of the glucomc
acd nor the way mn which energy from the oxidation can be used by
the cell  However st scems Likely that further study will reseal 2
genwme respiratory pathway

The enzyme responsible for the ovsdation of frec glucose was dis
covered by D Mualler (200 206) 1n dspergillus mger and named
glucose oxxdase earher results of Maximav (193) probably imvohe
this enzyme  Interest m it was revnved by the fater discovery that an

antibiotic effect of P, e} { and P 15 trace
able to the hydrogen peroxsde generated by the reaction
Ghucose 4 O 4 H O = glucome 1ad + HQ, @

As an antibrotic and before us rdentity with the enzyme was known
the matenial was vanously named peniailin B notaun and penatin
The enzyme 15 2 flavoprotemn with two flavin ademne dinucleotide
groups per molecule (158) It s lughly speafic for g p-glucose purtfied
preparations are virtually inacuve toward other common sugars (160}
although Z<deoxygiucose 1s oxidized (267) "The speafiaty has been
taken advantage of i a manometric assay for glucose (159) and 1 the
d on of the of P thum (161)
Studies with 1sotopic oxjgen show that the enzyme transfers by
drogen from glucose to oxygen (15) It 1s therefore a dehydrogenase
ragher than an oxwdase and the name glucose aerodehydrogenase 18
ta be preferred
The enzyme differs from the glucose dehsdrogenases of hier (120)
and of Pseudomonas fluorescens (330} nesther of which 15 a flave
rotein  Claums that other glucose dehydrogenases are present in
Fungr (207 224 225) have been duputed (91) and 1t appears that only
one such enzyme 15 mvolved in the organisms studied
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Figure 5 Schemats 2nd wwplified outline of the cine aod cycle  Abbreviations
DPN = diphosghopyndine nucleatsde BPVH == reduced diphosphopyndine nucleo-
nde TPN = taphosphopynidime tuckeotde TPNH = teduced trsphosphopyn 1 ae
Tudevnde  Eazymes 2re numbered 23 Toflo s

! Condenstng enayme 5 Complex system

2 Acomitase 6 Sutome dehydrogenase
$ Dottric dehydrogenase 7 Fumarase

1 Oxalosucame decarbovylase () § Malc dehydrogenase

Free acetate may enter the cycle and be oxadized by 2 moles of oxygen

The occurrence of the cycle 15 well established wm anzmal <ells and
there 15 good evidence that st 1s at least potentially fusmctional in
yeast bacteria and igher plants  There 1s however a real question
whether 1s majar metabolic smportance 15 1n supplying the carbon
skeleton of amino aads (167 248) or whether 1t has an additional role
n providmg energy to thc cell {14 28%) Wuh the probable exception
of the pxidat of aketoglutanic 2cxd  the phos
phorylations assocated mlh the atrie acd cycle are at the cofactor
levet

The organie acds of the ciiric aced cyele which are formed in sub
stantial amounts by fungs include sucainie atrie fumarte, and acetic
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way as described enrlier for other fungt and actinomycetes and as 15
comimont tn yeast and bacterial pentose metabolism (4 99)

The oxidauve breakdown of pentose by fung: has not been inten
swvely mvesugated It has been mentoned 1 the preceding chapter
that there 15 one report of the oxidation of pentoses to pentonsc acids
the more recent and better documented report (175) that Pseudomonas
spp form pentonic acds from pentose suggests that a re examnation
of the problem 1n fung: would be of interest  Streptomyces coelicolor
extracts oxidize xylose and nibose only 1f the cells have been grown
on the particular sugar tndirect evidence suggests that these pentoses
must be phosphorylated and that the kinase responsible 1s an
ductble enzyme not present 1n glucose grown cells (66)

9 THE CITRIC ACID CYCLE

In ammal tissues the functioming of a respiratory cycle the atne
acd cyele (also called the trscarboxyhe acid cycle or the hrebs cycle)
15 well established The historical development of the concept has
been reviewed by hrebs (165) other valuable general reviews arc
those of Wood (326) 1nd Ochoa (222,

In Figure 5 the prinapal reactions of the citric acd cycle are out
Ined It can be seen first that the net effect of one turn of the cycle
1s the complete oxudatton of a 2 carbon fragment CH,CO— 1o
carbon dioxide and water This acetyl fragment 1s known to be
attached to coenzyme A forming acetyl coenzyme A The first reac
tion 1 the cycle 1s the transfer of the acetyl fragment to oxaloacetic
acid forming atric aad  In subsequent reactions two molecules of
carbon dioide are sphit off and oxaloacetic acid 15 regenerated In
prncple thercfore only one molecule of oxaloacetate 1s required to
1muate the cycle after which the reaction becomes self sustarmng  In
fact of course carbon 1s drawn off especally for the synthesis of amino
acds so that steady state operation of the cycle under normal condi
trons presumably requures that 4 carbon dicarboxylic acids be formed
de novo continually Mechantsms are known 1n bacterta by which
pyruvic acid  phosphoenolpyruvic acid and propionic aad can be
carboxylated by carbon dioxade fixation (118) 1n addition the pos
sthility of malate synthesis from acetate has been raised by work with
bactenia {(p 227)

Viewed strictly as a resprratory system the net effect of the cycle
shown 1n Frgure 5 15 the oxidation of pyruvic aad

CH;—CO—~COOH +250 -»3C0 +2HO (1
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the role of an interrupted tricarboxylic acid cycle 1n the biogenests of
atrc aad (212)

Extensive studies of the mcorporation of 1sotopic carbon nto the
atric acid molecule lend further and deciste support to the 1dea that
bulk atric acid synthesis 1n Aspergillus niger occurs via the atne aad
cycle  The labeling of atrate formed in the presence of C1O 1s
consistent with fixation of carbon dioxide 1nto oxalacetate and con
densation of the oxalacetate with an acetyl fragment (191 192 198)
Lewis and Wernhouse (174) showed experimentally that the sym
metnical ctric acid molecule 1s asymmetrically synthesized as first
suggested by Ogston (223)

Expeniments with the metabolism of Iabeled acetic 2ad (28 49 173)
simmlarly implicite the known initial reactions of the atric aad cycle
n the synthesis of citrate by 4 niger A study of the incorporation of
glucose 34 G mto atrate provides evidence that pyruvate arsing
from glucose 15 converted to oxalacetate and an acetyl fragment and
that these condense to yield atrate with almost theoretical incorpora
tion of carbon dioxtde and little or no randomization of the carboxyl
carbons of ovalacetate (58) The last observation 1s important 1n
showing that oxalacetate loes not equihbrate with a symmetrical acid
like fumaric or sucanic

Although 1t has been d (85) that a d of 2-carbon
[ragments may yeld the 4carbon drcarboxylic aad skeleton for
citrate synthesis work with 1sotopic acetate indicates that thus pathway
15 at best of minor sigmficance (28 173) and the studres of Cleland and
Johnson (58) with labeled glucose afford no evidence at 2l for such a
reaction

For Penscillium chrysogenum there 1s good evidence of the forma
ton of atrate from acetyl phosphate and ovalacetate and for the
presence of enzyme systems oxidizing citrate 1socrtrate oketoglutarate
sucanate and malate (51 126 229) A partially punfied sucanmc

dehyd 15 d by mal (110) and acetate oxidation
1s depressed by the same poison (13) The mcorporation of acetate
carbon nto glutamic actd conforms to that expected 1f the atric acd
cycle 15 responsible for the metabolism of acetate (113)

Extracts of Streptomyces coelicolor carry out the major reactions of
the cycle mcluding the formation of atrate the oxidation of o
ketoglutarate and other acids and the decarboxylation of oxalacetate
(65) The mcorporation of labeled carbon dioxide and acetate into
amino acids by § griseus 15 also consistent with the operation of the
cycle (39 104)
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acds malic aad appears usually 1n smaller quantities (Chapter 6)
Although their occurrence 1s suggestive of the cycle 1t 1s in no sense
proof Nor can 1t be argued from the mere fact that intact cells
oxidize these organic acids that the cycle 15 present

Alpha ketoglutaric acid 15 formed 1n detectable amounts by Penteil
hum chrysogenum from lacuc acid (136) by Aspergllus oryzae from
glucose (252) and by A miger from endogenous reserves (311)  Its role
n glutamuc aad synthesis 1s considered later (Chaper 8)

Individual reactions of the cycle have been studied espeally 1
seven org; Blastocladsell Ashbya gossypu Neuro
spora crassa Aspergillus mger Pentcillium chrysogenum Streptomyces
coelicolor and Zygorhynchus moellert  For some of these more or
less data 15 also available from 1sotope distribution experiments

Most of the known enzymes of the cycle have been demonstrated m
Blastocladiella emersonn as has also the formation of atrate (43 46
47) The cycle however appears to be at best weakly functional 1
this org and develog of the T g1a s atcom
pamied by loss of most of the enzyme actvities of the cycle (43) Can
tno and Horenstein (45) have suggested that in B emersonst a reduc
tve sucanate ketoglutarate 1socitrate (SK1) cyele 15 operatne the
most striking feature of this proposal 1s that light which accelerates
growth 15 visuahized as providing the energy for the carboxylation of
succinate and a ketoglutarate

In Ashbya gossypu acetate oxadaton 15 accelerated by dicarboxylic
acids curate 1s synthesized from acctate and oxalicetate and atre
nccumulation 1s increased by malonate (195)

Several of the charactenistic enzyme activities of the cycle have been
demonstrated 1n extracts of Neurospora crassa (82 213 208 275)
Incorporation of carbon 14 from several substrates mto spartic and
glutamic acids 1ndicates that 1 this fungus the atnc aad cycle plays
a major role 1n the synthesis of these amino acids (248)

Aspergsllus nuger 13 of particular 1aterest 1 that some strams ac
cumulate aitric acd (Chapter 6) and mn that tracer studies have been
made Enzymatic analyses are the most complete for any fungus and
show that all of the known enzymes of the citric acid cycle are present
m extracts made from mycehum (190 239 210 211} ‘The enzyme
systems acting upon tricarboxylic texds are rather complex there 15
cudence for an acomtise of the usual type an aconiuc hydrase con
verting acomitate only to atrate (73 210) and two ssocuric dehydro
genases (241) Excellent agreement between the enzymatic content of
cells and the accumulation of atric acid affords further evidence for
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‘The formation of 1carbon dicarboxylic acids has often been as
cnibed to the Thunberg condensation solely on the bists that resting
or growing cells given acctate form one or more of the dicarboxylic
aads By 1tself this observation 15 of no sigficance ind cannot be
offered as evidence for the Thunberg reaction

The most effective evidence for some sort of Thunberg reaction n
fungt comes from studies on the formation of fumanc acd by Rh: o
pus mgricans and consists of the finding that the organism forms
fumarate from ethanol 1n yrelds so high as to make 3t unlikely that the
atric aad cycle 1s the pathway responsible (89) The reactron my be
written

2C*H;CH,0H + 0, 2C*H,CO0H
- HOOC—C*H=C*H—COOH (13)

As mdicated m the equation the methyl carbons of ethanol appear as
the methune carbons of fumarate However 1n this mstance the dis
tmbution of 1sotope 15 not of crtical value 1¢  the labeling results do
not require us to postulate the Thunberg reaction (2 233 309) the
entrance of formic aaid 1nto the methyl group of pyruvate also com
phicates the interpretaton of the 1sotope data (151 152)

It has been suggested that an 1cetic dehydrogenase of Aspergillus
fumigatus carnes out the Thunberg reaction (12) but the products of
the reaction have not been 1s0l2ted

Studies on bacteria offer a possible model for the results on Rhizopus
migricans  ‘The enzyme malate synthetase of Escherichia colt carries
out the reaction (325)

Acetyl phosphate + glyoxylate > malate [¢3)

hornberg and Madsen (164) find the same enzyme n Pseudomonas sp
and suggest the following sequence of Teactions

Acetate 4 oxalacetate — citrate (153)
Citrate — 1socitrate (15b)
Isocitrate — succinate + glyoxalate {15¢)
Acetate + coenzyme A — cetyl GoA (15d)
Acetyl CoA + glyoxylate ~ malate + CoA (15€)
Malate — oxalacetate + 2[H] (159
2 Acetate = succinate + 2[H} (15)

Ths complex system requires condensing enzyme (15a) aconitase
(15b) wsocitrtase (15¢) some mechanism generating acetyl coenzyme A
(15d) malate synthetase (15¢) and malic dehydrogenase (15f) Al
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Most of the enzymes of the cycle are demonstrable m extracts of
Zygorhynchus moeller: (201) and 1sotope distribution experiments
mdicate that the cycle plays a major role 1n energy metabolism (202)

Apart from these more ntensively studied spectes individual en
zyme activities have been determined in many other fung: and
actinomycetes  These include oxalacetic decarboxylase (87 306) «
ketoglutaric aad owidase (46) oxalosuccinic decarboxylase (183)
enzyme systems oxidizing succinic aad (46 89 137 182 2I6) and
wsoaitric dehydrogenase and condensing enzyme (12)

In conclusion 1t 1s evident that the enzymes of the cutric aad cycle
are of quite gener:l occurrence among fungt and actinomycetes and
indeed that further enzyme surveys can add little to our understand
g  The more unportant question 1s the phystological role of the
atnc acd cycle  Two such roles may be envisaged provision of
energy to the cell and provision of carbon skeletons for amimno acd
synthests The second of these 1s reasonably certamnly a real function
of the cycle i Neurospora crassa Pemcillium chrysogenum and
Streptomyces griseus A role 1n energy metabolism 1s more dafficult to
establish but would be of great interest Citnic aad accumulation
seems to result directly from an 1nterruption of the cycle under spectal
nutritional conditrons at the citric aad stage

We must also recall from Chapter 6 that 1socitritase catalyang the
conversion of 1socitrate to succinic and glyoxylic actds s known to
occur 1n fungt 1ts activity may contribute to some of the complexities
of the metabolic data

10 DICARBOXYLIC ACIDS IN RESPIRATION

Apart from their role m the atrc aad cycle 1t has long been
speculated that the 4 carbon dicarboxyhic aads (sucanic fumanc
malic and oxalacetic) may be components of another respiratory cycle
m which acetate 15 oxudized to carbon dioude  The mitral reaction
of such a cycle would be the reductive condensation of acetate first
suggested by Thunberg (298)

2 CH;COOH -» HOOG—CH —CH —COOH + 2 [H] {12}

Further reactions can be gined whereby the so formed 15
converted to 1 mole of acetate and 2 moles of carbon dioxide the
acetate re entering the cycle  The net effect would be the oxidation
of one mole of acetate for each turn of the cycle Possible dicarboxyhe
aad cycles are described by Ajl (1) Ochoa (222) and Umbreit (307)
Siegel (262) discusses energy relattons
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The formation of 4 carbon dicarboxylic aads has often been as
cnibed to the Thunberg condensation solely on the basis that resting
or growing cells given acetate form one or more of the dicarboxyhe
aads By 1tself this observation 1s of no sigmficance and cannot be
offered as evidence for the Thunberg reaction

“The most effective evidence for some sort of Thunberg reaction 1n
fung: comes from studies on the formation of fumarte acd by Rhuzo
pus migricans and consists of the finding that the organism forms
fumarate from ethanol 1n yields so Tugh as to make 1t unhkely that the
atne aad cydle 13 the pathway responnible (89)  The reaction may be
written

2C*H,CH OH + 0, - 2C*H,CO0H
- HOOC—C*H=—C*H~COOH  (13)

As mdicated 1n the equatton the methyl carbons of ethanol appear a3
the methine carbons of fumarate  However 1n this instance the dis
tribution of 150tope 15 not of critical value 1€ the labeling results do
Tl Tequire us 16 postulate the Thunberg reacuon (2 283 309) the
entranct, of formic acid snto the methyl group of pyruvate also com
plicates the interpretation of the 15otope data (151 152)

It has been suggested that an  acetic dehydrogenase of Aspergllus
fumtgatus carries out the Thunberp reaction (12) but the products of
the reacnon have not been olated

Studies on bacterna offer a possible model for the results on Rhtzopus
nignicans The enzyme malate synthetase of Eschenchia colt carries
out the reaction (325)

Acetyl phosphate + glyoxylate — malate (1%

hornberg and Madsen (164) find the same enzyme 1 Pseudomonas sp
and suggest the following sequence of reactions

Acetate + oxalacetate — aitrate (15a)
Citrate — 1ocitrate (15b)
Isocurate — sucainate 4+ glyoxalate (15cy
Acetate + coenzyme A~ acetyl CoA (15d)
Acetyl CoA + glyoxylate — malate + CoA (15¢)
Malate - oxalacetate + 2[H] (15
2 Acetate > succinate + 2[H] 15)

This complex system requires condensing enzyme (152) acomtase
(15b) woatrtase (15¢) some mechanism generatng acetyl coenzyme A
(15d) malate synthetase (15¢) 3nd malic dehydrogenase Q5 A1
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though the accumulation of malate or of fumarate by such a system
can be tmagined the cyclical character of the system as written would
not be maintaned  Most of the enzymes required for Equaton 1o
are known 1n fungr and 1t will be of constderable nterest to see if
some suich sertes of reactions participates m energy metabolism or 1n
the synthesis of dicarboxylic acids A comparable reaction system m
Tetrahymena pyriformss converts succinate reversibly to acetyl phos
phate (256)

11 CARBON DIOXIDE FIXATION

Lvidence for a phystological role of carbon dioade m the growth
of fung appears first 1n relatrvely crude experiments on Fusarium spp
(180) retardation of early growth in the absence of carbon dioxide has
been observed in many other fungi (215 246 250) The carbon
droxade requurement is enhanced by muneral deficiencies (269)

An apparent effect of carbon dioxide on dehydrogenations (130) has
been shown to be exerted in fact on endogenous methylene blue reduc
tion (97)

Carbon dioxide stimulation of growth could of course be ascribed
to other phenomena than fixation  However m Pemcilium chryso
genum there 15 good evidence that fixation 1s related to the essentiality
of carbon dioxide (106) In thus fixation 15 neghgible un
less both carbon and mitrogen sources are provided this situation
coupled with the fact that carbon dioxide 15 not essential i a complex
medium and that aspartic and glutamic acids are labeled very early
by C* from 150topic carbon dioxide suggests strongly that the physio
logical role of carbon dioxade 1s 1 the synthesis of essential amino
acids via the aitnic acd cycle  Carbon dioxide fixatton 1 Neurospors
crassa 15 sumlarly enhanced by provision of mitrogen (275) and carbon
(128

It)has been mentioned earlier 1 this chapter that under appropriate
conditions there 1s extensive Incorporation of carbon dioade mto
atnc aad  Labeled carbon dioxide 15 also incorporated mnto the
carboxyl group of pyruvic acid by Rhwzopus nigricans (86) 1 the
carboxyl of lactate by R ory-ae (100) 1n oxalic acd by Aspergillus
niger (174) 1n sucanic acid by Streptomyces coelicolor (60) 1n strepto
myan by § griseus (144) and in umdentfied cell constituents by
several fung: (181)

In orgamisms generally there are Several different pathways by
wihuch carbont diovide 1s fixed (10 118 309) Indirect and not entirely
conclusive evidence suggests that fixation occurs into oxalacetate m
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Rhu opus mgricans (86) and Neurospora crassa (276) 'We have already
noted the proposal that the hght smulated carbon dioxide fixation 1n
Blastocladiella emersonu reflects the reductive carboxylation of sue
cnate and « ketoglutarate (45) ‘The pathway of fixation can presum
ably only be detected with finality 1n experiments with actrve cell free
preparations

12 TERMINAL RESPIRATION

In aerobic orgamsms the ultimate owuduing agent 1s molecular
oxygen the reaction or sequence of reactions by which the electrons
withdrawn from the substrite are transferred to oxygen 1s denoted
termmal respiration  Conventionally the process 15 visualized as
transfer of hydrogen from substrate to oxygen The transfer 1s
mediated by a system in which substances of increasingly positive
oxidation reduction potential form a cham of carriers

The simplest system imvolves only one carner the flavoprotein
prostheuc group of an enzyme examples are the amino acid oxdases
and glucose aemdeh\,dmgenase More usually the pyridine nucleo
tides—diph pyridine nucleotide or trip pyridine nucleotide
——are the first hydrogen carriers of the sequen(e Perhaps the most
common terminal pathway involves a pynidine nucleotide a flavo-
protemn and the cytochrome system 1n succession that 15 the flow of
hydrogen (electrons) 1s over the pathway

Substrate — pyridine nucleotide = flavoproten — cytochromes
—>oxygen  (16)
The cytochrome system 1s complex and there 1s considerable doubt
whether what 15 known of amimal systems can be applied durectly to
The {lavop 1s probably always a metallo

enzyme (141)

Under some conditions eg a high parttal pressure of oxygen flavo
proteins may react directly with oxygen without the intervention of
the cytochrome system (205)

The cytochrome system appears to he general i the fung1 as judged
1n the first instance by spectroscopie observations (32 33 56 117 122
197 227 291 300) However 1t should be noted that experience with
bactertal cytochromes indicates that 1t 15 not possible from smmple
spectroscopic measurements to state with precision whether the com
ponents of a new system are the same as those of the more famihiar
yeast and ammal systems (266 321) Consequently 1t 1s well to re
serve judgment for the time bemng as to whether the fungal cyto
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chromes are the same as those of yeast and to be content with the
generalization that cytochromes are generally present in fungi  The
cytochrome ¢ of Usitlago sphaerogena for example has a spectrum
Iike beef heart cytochrome ¢ but has a ligher molecular weight and
1 lower 1soelectric pomnt (208) In this orgamism too the condsuons
of culture espectally the supply of zinc and of thiamune markedly
affect the concentrations of the cytochromes (117)

Exogenously supplied cytochrome from amimal sources functions
as an electron carrier for the aerobic Jactic dehydrogenase of Penterl
hmum chrysogenum (59) and for the sucainoxidase systems of alt forms
tested (13 190 258)

Cytachrome ovidase may be assayed ewther manometrically or
spectrophotometrically (Figure 6) usually with animal cytochrome ¢
as substrate  The enzyme operationally defined by these assays seems
to be of universal occurrence 1n the fungi experments have covered
representatives of all of the major taxonomic groups (31 32 33 46 47
57 71 117 213 230 300) Asin other orgamsms cytochrome odase
activity 1s associated with the mnsoluble and sedimentable fraction of
homogenates (57 71 122 258 299) In bacterra this fraction 15
apparently the cytoplasmic membrane or a stmlar structure (266)

The flavin components of the termnal system which proceeds over
the cytochromes (Equation 16) have mot been systematically mn
vestigated  Reductases linkang cytochrome ¢ with the pynidme nu
cleotide coenzymes and with succinate occur in Neurospora tetra
sperma (57)

Figure § Cytochrome oxdase
m Blastocladella sp Cure 1
in presence of cvansde curve
2 action of the enzyme  Re
driwn from E C. Cantmo
The Role of \etabolism and
alpha hetoglutarate Oxidase 1
the Growth and Differentia
tion of the Aquatic Phycomy
cete  Blastocladiella  Emer
sontt  Transacttons of The
New York dcademy of Sciences
Senes I Vol 15 No 5 p
159 163 (1953) by permussion
of the New York Academy of
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It 1s of some 1nterest whether the cytochrome system 1s responsible
for the entire termuinal respiration or whether other systems mav also
be important  Elsewhere (Chapter 6) 1t has been noted that a role
of the polyphenol oxidases or of quinone reductises 15 not yet estab-
Tished The other alternative 1s 2 finun system and this possibility
has recenned some attenuon

The cytochrome system 1s poisoned by cyamide aande and carbon
monoxide In general the aerobic respiration of 1ntact cells of fungt
15 also inhibited by these poisons (31 108 189 194 324) However
both 1n Myrothecium verrucana (71) and Ustilago sphaerogena (117)
cell respiration 1s not affected by cyanude or carbon monoxide at con
centrations which nibit cytochrome oxidase  This suggests—al
though there are other possibilities—that some system other than the
cytochrome 1s operative 1n intact cells  Cells of Gelasinospora tetra
sperma on the other hand are as sensttine to these poisons as 15 the
extracted oxidase (31) 1n this and 1n some other fungi (32 57) the
actiuty of the cytochrome system 1s sufficient to explamn mycelial
respiration

There 13 some possibility that slow growng strains of Neurospora
crassa possess a termuinal respiratory system other than the cytochromes
The poky stramn the disunctive features of which are ihented
cytopl 1y 15 relatinely to cytochrome ihiitors more
respansive than the normal strain to oxygen pressure ind has 2 hugh
content of flavin ademine dinucleotide (122 301) A sumilar but gene
deterrnined strain lacks cytochrome oxidase activity and s 1nsensitine
to ande and cyanude (300) Finally although the poky character 15
suppressed by a nuclear gene the cytoch system 1s not
along with the return to normal growth rate this suggests that the
effect of the gene 13 to open up some pathway altermatne to the
cytochrome route of terminal respiration (196) These observations
all point toward a terminal svstem mvolving flavin enzymes

Tamiya (291) summanzes the Japanese lterature which suggests
that 1n Aspergillus oryzae the respiration of mycelum from sub
merged (acrated or shaken) culture 1s mediated by the cytochromes
that of mycelum from sull culture by some other posubly flavin
system  Thus perhaps ments re¢xamination with the mproved
methods now available although there are some contradictions 313

Catalase an 1ron-containing enzyme of the hydroperoxidase group
{296) 15 present 1n all fung: which have been examuned for 1t Catalyz

ing the breakdown of hyvdrogen peroide the enzyme may sene only
to protect the organism against hydrogen peroxide or may have 2
broader function 1n the oxidauon of orgamic molecules (o4 157) The
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catalase of dspergellus orysae appears 1n the medium during autolyns
(67) ud the enzyme may have more than one component (58 155}
Peroxidases which uulze hydrogen peroside for the oudation of
oiher compounds are especially active 1n some of the wood destrojing
bandiomycetes (184 185) Newrospore tetrasperma contuns a oyt
chrome ¢ peroadase (57)
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8. Nitrogen Nutrition
and
Metabolism

Wuh the exception of certain problems m amino
2cud brosynthesis the nitrogen metabolism of the fungt has been rela
tively neglected Numerous surveys of nitrogen nutrition have been
made unfortunately too often without a clear conception of the physio
logical problems imvolved As will be seen little 1s known of the
mechanism of nitrogen assimilavon nto amine acids and protemns
the synthesis of speaific peptides and the metabolism of puries and
pyrinudines

There 1s no opumun amount of nitrogen for a culture the demand
depends in the first 1nstance spon the carbon supply but i prinaple
at least any factor may change the app optrmum 100
of the nitrogen source The dependence upon carbon 1s 1llustrated
n Figure 1 1 this organusm Aspergullus miger enough 1s known of
other cultural factors so that a strict proportionality between carbo
hydrate supply and mitrogen demand can be demonstrated (496)

No single pattern of ntrogen assimilation can be described to apply
to all fungi  In genera] however morganic or organic mitrogen 1s
taken up rapidly during the phase of growth Even in this phase
however there may be a back movement of ammonra mitrogen from
the cells to the medium (211) reflectng the permeability of the cell
to ammonsa  Certain enzymes also begin te appear 1n the medium
duning this peried (115 278) and 1n at least some orgamsms amino
aads and other soluble mitrogen compounds are liberated (139 181
374 413) The major liberation of proteins and other mitrogenous
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Frgure 2 Fhe relition between growth of Aspergiflus niger and sutrogen Sopplt
(mmomum nirate) mm medsa contamng sucrose ag 50 gm per luer feunie §) and
25 gm per bter {custe 2)  Driwn from data of Steinberg snd Bowling (§96)

compounds occurs of course in the phase of autolysis (Chapter 1)

Studies of Scopulariopsis breveauhs indicate that upon exhaustion
of the utihzable nitrogen of the med there s a and
reutshzation of at least part of the nitrogen {rom ofder hyphae to sup
port development of new mycelm (374)

1 INORCANIC SOURCES OF NITROGEN

Primary attenton must be devoted here to three morganic forms
of nitrogen ammomum salts mtrites and nitrates  Qther mnorganic
nutrogen compounds have been hittle studied but appear 1w general 0
be unhzed only af easily or spomtanecusly comverted to onc of the
types above named {278 49%) Cyamde as a nutrnent and metabolite
15 considered separately

The Utdeattar: of Destrate Ntragen  Natrates are excellent sources
of murogen for many fung: (30 221 326 459 Inabiliy to utihue
mitrate 15 especally common m some groups eg  the higher hasidio
mycetes (221 234 273 327 307 546) the Saprolegmaceae (55 434
562) and she Blastocladsales so far as hnown (90) Nitrate utthzanion
or at Jeast mitrate red 8 1 the ac cetes although
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one could ask for more quanttative data (15 306 419 534 569 570)
but some stramns definitely cannot grow with mitrate as the sole source
of nitrogen (138 144 393 541)

It 15 unlikely i the extreme that inability to use mitrate can serve
as a phylogenetic criterion  'Within a genus individual species differ
1 murate utilizaton (150 327 397 610) The capacity to use nitrate
can be lost by mutation (250 255 420 428 455) and survival in nature
of stramns carrying this mutation 1s presumably governed by their
ecologtcal sitnation rather than their taxonomic position

Failure to utlize mtrate 1s usually presumed to be absolute but
there has been ltttle exploration of the possibility that mitrate can be
metabolized once growth 1s imtiated on another more readily ;\vmlable
nitrogen source  ‘When spores of ptomyces griseus are it
mto a synthetic mtrate medium no growth occurs but a pregrown
mycelium uses mutrate readily (105)

As mentioned below nitrite may be toxic m an aad medium It
lollows that the kind and the concentration of the carbon source
insofar as these affect the pH will decistvely influence the response
of some organsms eg  Streptomyces coelicolor (107) to nitrate

Ammonium nitrate 15 often used 1n media and 1t 15 of interest to ask
whether there 1 preferential utilization of erther 1on  The frequent
expertence that util of mitrate 1s accomy 1 by a
pH drop (227 256 409 415 529) 1s presumpuve evidence for prefer
ential utihization of the ammomium ton  More direct evidence 15 pro
vided however by anmalytical studies In Scopulaniopsts brevicauhs
and other fung: mitrate utltzation does not begin unul sirtually all
the ammomum has dsappeared from the medium (Figure 2) this 15

Fgre 2 The utlizaton of
Ammomum  and mitrate by
Scopulariopsis brewicautis 1n a
med um contaming glucose suc
cnate and ammonm mtrate
Curve 1 ntrate conceptration
1 the medwm carve 2 amme
nium concentration in the me
dwm  From tbular data of
Morton and Mach Ilan (375)

Nitrogen in medium mg
w w
S S

o

4 [
Tme days
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also true of Neurospora erasse (511) Detarled study of the phenome
mon (315 875 375) brings out that mitrate uplization 15 cotupletely
stopped by the addation of ammonum salts provided the ammonn
1 asstmtlated 1€ that a carbon source 1s avarlable  Since nrnte utt
hization 13 not blocked by ammontum 5t must be assumed that i these
fung: ammonuum prevents the reduction of nitrate to mtnte thi s
borne out by ennymauc studies wlich show shat the nitratase system
dechines 30 quantity soon aftes ammonia assimilanon begins

Aralytical dam on uthzaton of ammonium nitrate by Helmmnthe
sporium g shatv a diffe refation 10n 15 vsed
much more rapidly than nutrate but there 15 a shght assunglaton of
nurate even m the early stages of growth (110) This relation &
stated to prevarl in some other fung: (375)

The preferential utthzation of ammonsa from ammonsum nyrale #
influenced by pH Foster (168) reciews several studses an dspergillus
aiger all of whuch agree that at very Jow pH ammontum uttzation 1
reduced and at least some nrteate 15 assmulated  Attempts have been
made to explam this pl as one of permeabulsty or as based
on the adsorption capacity of cell coliods (86 264) nesther of these
explanations 15 convinang and 1t woudd appear deswrable to remvest
gate the phenomenon wself before speculatng on 1ts theoreucal s
plicacons  As shown fater (Figure 8) the opumum pH for maate
uptake 1n Scoprulariopsis brevicaulis 1s about 6 0 far above the  astreal
PH at which dspergilius mger 1s claimed to assimilate ngerate (439)

Nurate reductron 1 the fungs 13 belisved to be strcely assgmilatory
wm nature thatis to oceur only in the incorporation of nstrate muragen
sto the cell  This process 1s 1 contrast 1o that of the bacter man}
of which reduce nurate without assmilation of the nstrogen nErate
1f 1t has an essential funcuon 15 acting as 2 hydrogen 1oceptor for sub
strate oxidwons  (556) T mrace sespuation  appears o be
mediated by the cytochirome system n Micrococens denutnifieans and
other bacterra (460 557) whereas as wall be seen mirate reducton
the fungt 15 mediated so far as we know by favin enzymes It should
be obviaus of course that utizattion of nitrate in fungt does depend
upon substrate oxidations and affects therefore the resprratory quo
uent (521)

The mirate reductase of Neurespora crawss has been studied nten
sively ths work is reviened by Nason (384) The enzyme 1 formed
only on mtrale of nuyHe media 1e 3t s anduchle  Flavin adenine
dinudeonde 1s the prosthetic group sulfhydryl groups are essential to
scuvity and molybdenum 35 an essential factor i electron transport
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The passage of €lectrons 15 visuahzed

Reduced triphosphopyndine nuclecoude — favin
ademne dinucleotide —» molybdenum —» nitrate 4V

‘That 15 nitrate 1s reduced with concurrent oxidation of some other
p bly carbon }s d by a triphosphopyridine linked dehy
drogenase  ‘The enzyme of Hansenula anomala differs in that either
di or tnphosphopynidie nucleotide 15 functional (483)

Two other flavin enzymes of Neurospora crassa nitrite reductase and
hydroxylamine reductase also inducible metal dependent enzymes
have not as yet been separated Together and possibly with the aid
of a third enzyme they catalyze the reduction of mitrite to ammoma
{384 385 451)

From these enzymauc studies and from the somewhat uncertamn
occurrence of hydroxylamine in nitrate cultures (322 396 494) an
morganic pathway of mitrogen reduction has been proposed (384)

NO;™ - NO,~ - ?— NH,0H - NH, @

The unknown ntermediate possibly hypomtrite 15 included on the
assumption that the four electron change from munte to hydrovyla
e 15 unlikely to be a single reaction

‘Whether this inorganuc pathway 1s the sole and obligatory sequence
of nitrate reduction m fungt 1s not yet certan  Since molybdenum
deficiency reduces both nitrate reductase content and the ability to
grow on nutrate 1n N crassa and Aspergillus niger 1t seems probable
that the first proposed step 15 essential ~ Genetac studies bear out this
conclusion (184) However we cannot be sure that succeeding steps
are necessarly wmorganic m nature as implied i Equation 2 icor
poration mto organic combination may oceur at an oxidation level
above that of ammoma (220 338 484)

A nutroaryl red system spora crassa 1} the re
duction of m dimtrobenzene by reduced pynidine nucleotides to m m
troaniline (38%) Thus system although posstbly not speafic 15 of
nterest as a model of the reduction of orgamc mitro compounds as an
alternative to the morganic pathway of Lquation 2

The increased toviaty of thiourea to Aspergullus miger m mitrate
media suggests that the pouon interferes with assimilation (158)
chlorate toviaity 1s also more evident an mitrate media (203) Fluorde
causes the accumulation of nitrite m fungi presumably acting spe
afically on the nitrite reductase system (373)
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The Utilnation of Nutrate Nutrogen  Nutrte senves more or fess
well as the sole source of natrogen for a number of fungs eg Fusonum
nrveum (622) Copranusspp (165) Phymatotrichum omniorum {520)
Scopulariapus brevacauls (375) and Rhuszophlycus rosea (424 Dd
ferent speces of dspergitius use 1t well poorly or not at all (305 457
494y Tmlure to utilize nunte whach 1s the miore common situation
i fungy 1s explatned on the basis of 1ts known toxicity (238 402 6°%)
The fact that growth in the presence of nstrite ss best alkaline
media (107 402 154) mducates that 1t 1s the free unsonized 2aid rather
than the mitrite 100 which 15 the toxi spectes  Naupte toqaty ©
Pusenium b s exsdenced by accumulation of pyruvic aad {396)
indoction by mitrate of morphological variants 1 Aspergiilus spp ako
suggests toxiaty (495 497 498)

The Utiluation of Ammonsum MNatrogen Studies on Scapu!anop
sis brevieaulis (336 $38 875) proside the best general view of the
physiology of ammomum ualzaton  Both ovygen and an exogenous
carbon source are d se lauon depends on respiratory
energy ot ghucose breakdown produets or hoth Ammonmm utilizz
tion mcreases with pH and unhke nitrate absorption hizs 10 defimte
pH opumum (Figure 3) Ammosua enters and leaves the cell by

passive difh of the und 1ated NH, molecule the requirement
for respiration 13 not therefore an sndication of accumulation against
a gradient

In orgamisms generally (123 558) in Torglopsis whhs m par
ucular (620) 1t 15 beheved that the miajor and primary reaction of
ammomum assmifation 13 the formauon of glutamc acd  Other

Tigure 3 The rate of uptake of
ammewta and mirate by Scop¥
a2 1opsss brevscanhs as a Junction
o - of pft  Curve 1 wmmoma (10
buffersy curve 2 nitrate From
Aarton and MacMillan (373 by
pesmussion of the Osford University
Presy

Rate of adrogen uptake ——
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Fig ve 4 The effect of mtrogen ass milation on pH n Rarlingia (Rheophlyctis)
rosea Redrawn from Ha kins and Weston (2°7) by permiss on of the 4mencan
Jour al of Botany

amino acids can be formed from glutamate by transamination (p 267)
Sccondary roles in ammonwum asstmilation may be filled by reactions
which incorporate free ammonia nto alamine asparuic acd or gluea
mine Respiratory breakdown of glucose 15 obviously necessary to
supply the carbon skeleton

One of the best established physiological correlates of ammonium
asyimilation from such salts as the sulfate mitrate or chloride is the
rapid and often quantutatively large drop in pH consequent upan
preferential nulizauon of the cation  Typical data are shown wmn Figure
4 The generality of this reaction may be emphisized by hsung a few
of the fungt 1n which careful observation demonstrates the phenomenon
beyond question

Alternania solany (891) Aspergillus mger (496) Chaetormium fun:
cola (4T7) Choanephora cucurbitarum (43) Chytndium sp (113)
Diplocarpon rosae (482) Lntomophthora spp (G04) Myrothecium
verrucania (122) Mycosphaerclla pmodes (35) Pemcilluom spp (119
25%) Phymatotrichum ommworum (920) Pinculana ory.ac (06)
Psalhiota bispora (546) Pythium spp (459) Polyporus spp (221)
Verticllium spp (221 256) \ylana mal: (221)

In many 1f not most of the instances cited the decrease 1 pH was
sufficient to reduce growth Practically several remedies exist use



248 NITROGEN NUTRITION AND METABOLISM

of b or phosphate (177) ncrease m buffer con
centration {122) use of muxed mitrogen sources (254) or incluston of
utihizable organte acds 1 the 1 This last pt has

giten rise to much confuston w the hiterature the smprovement of
growth by use of organic aads m meda relying on ammonyum mtte
gen being taken for a specific natntional or meiabolic effect of the
acd  Morton and MacMullan (375) correctly and with adequate eu
dence dispose of this argurent the orginic aad effect s a pH effect
HMustrative evidence for the effect nself 1s abundint—vork on the
Mucorales (29) lugher basidiomycetes (275) and muscellaneous fungt
(221) may be considered typical

This pownt has been treated at some length because a requuement
for orgamic muitragen re mnabiiy fo grow with ammomum nitfo-
gen may reflect only falure of the orgamism to groswe at low pH
Alamyces javanicus var macroginus (340) and Chytridium sp (113)
tllustrate this phenomenon  No clam of fatlure to uulize ammontuat
nitragen can stand unless the pH effect 15 excluded expermmentally

Other possibalities of error 1n clatms for 2 non speafic organic e
gen req may be }  The amino acids which appear
0 be essential may be acung to reduce by complex formation the
ninbitory effeet of heavy metals present an the bisal medium copper
13 especially hikely to be removed by annno acuds (16 17) and lstudine
speaifically antdotes cobalt toxiciry (411 462)  Apparemly es ential
sources of organte mtrogen muy be effecuse by virtue of their content
of vitamuns (234 591)

The apparent glutamic acd requirement of 4llomyces javanicus vat
macrogynus disappears when the concentrations of glucose potasnum
and minor elements are changed and sulMate ss elsmnated from the
medmm (339

1t seems therefore that many reporis of fatture to unlize ammonium
mtrogen (318 343 859 506) must remamn sub judne There dots
appear however to he 1t some of the lower phycomycetes—Blastocla
drella emersonss (42) Sapromyres elongatus (204) and probably
Leptomstus lacteus (463)—a gemmne smability to grow with am
montum as the sole nrogen source but no speafic aminoe aad re
quirement  Contradictory and only serm guantitative data on 4po-
dachlya brachynema (200 461) do not permit of a decsion  Fanally
the relatvely few maraily ocowring fungt with speafic amins aad
requirements {p 259) and the many known defiient mutants are of
course exceptions to the rule that fung as 2 group can at least under
speatfied conditions grow with ammenium ton as the sole source of

nuerogen
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Ammoma 1n high concentrations 15 toxic (332) and may even find
himzted use as a fungiade (218 888) Abrormaliies in growth (458)
spore germuination (169) and development (108) have been traced to
ammonia toxicity especially in media with large amounts of organic
nitrogen may late to an intubitory level and con
tribute to the so called staling effect (421) The toxiaty of high am
monium 10n concentration to Allomyces javanicus var macrogynus 18
alleviated by phosphate (310)

Mitrogen Fixation  From the earliest days of microbiology claims
have been made that fungi are able like certain bacterra to convert
gaseous mitrogen ta combined nitrogen  These studies have been re
viewed several times n the last generation (18 137 163 202 478)
The evidence 15 overwhelmingly against the occurrence of nitrogen
fixation 1n saprophytic fungt Results with mycorrhizal fung: par
ticularly Phoma spp have been more often posiive but isotope re
sults fail to corroborate earlier clams (601) There 15 therefore at
Ppresent no good evidence for fixation of nitrogen by the fungi  Nutro
gen fixation occurs 1n root nodules of Alnus glutinosa (426) but 1t 1s
not yet known what microorganism 1s involved the causal agent has
been variously assigned to the bactena the actinomycetes the fila
mentous fung: and most recently the Plasmodiophorales (228) Un
1l the orgamsm can be cultivated both s wdentity and s role
mutrogen fixation will remain uncertam

Oxidation of I Compounds H hic oxt
dation of norganic nitrogen compounds 15 effected by a few bacteria
{126) this 1s to be distingmished from the better known autotrophic
oxidation of ammomum and nitrite  Among the true fungt Asper
gllus aureus and A batatae are reported to form mitrate from nitrite
during growth (457) Aspergilius flavus growing on a glucose peptone
Yeast extract medium produces small amounts of nitrite and rather
lirger amounts of mutrate (468) This finding 1if confirmed bas i
portance to $oil rucrobiology  Color tests suggest that 4 niger oxa
dizes ammonia to hydroxylamne (49%)

Among the actinomycetes Nocardia corallina oxidizes pyruvic oxime
and hydroxylamine to mtrie (277 821) An unusual spectes of
Streptomyces § minficans has been studied by Schatz and coworkers
(257 258 464 465) This organism utilizes urethan as the sole source
of both carbon and nitrogen and forms nutrite during growzh on car
bamates and during of urea or
Activity of cell free preparations suggests a pyndine nucleoude linked
ammonium dehydrogenase Nitrate 1s not formed
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Cyamde as a Metabolite Cyanide 1s of course an effectrve respira
tory ponson acting on tron cnzymes It has also however been re
ported to provide assimilable nitrogen to preformed mycelium of As
pergillus mger (271) and to cause an apparent mcrease n growth of
Fusarium hima (895 437) Data so far available however are not ade
quate for a final conclusion on the utilizability of cyanide as a mtrogen
source 1t 1s to be noted that Chughtar ind Walker (104) found that
the growth promoting effect of cyamde 1s not duplicated by mitrate
they suggest a metabolic disturbance which diverts more carbon mto
dry matter  An unidentified soil organism probably an aerobic acti
nomycete makes visible growth with cyanide as the sole source of
both carbon and nitrogen (578)

The liberation of hydrogen cyamde from the frust bodues of bastlio-
mycetes has been noted repeatedly reports are reviewed by Bach (38)
Muller (379) Robbins etal (444) and Zellner (629) An umidentified
Mucor sp was reported 1n 1916 to form both cyanide and benzalde
hyde (219) Cyamde 1s produced 1n culture but apparently only dur
ing autolysis not during growth (444) Frust bodies of Pholiota aurea
do not contarn free cyamde when freshly collected and crrcumstantial
evidence indicates that 1t 15 released from another compound by an
enzymatic reaction (37)

Production of cyamide by an umdentfied basiliomycete growing
under snow cover 15 1pparently responsible for crown rot 1n alfalfa
the fungus 1n culture produces cyamide at low temperature (319 320)

2 DPROTEINS AND 1EPTIDES

Nutritronal Aspects The fungt and actinomycetes as a group are
active wn the decompostition of protems i soil and other matenals {1
568 571 572 578) In pure culture it appears that protemns such 2s
gelatin casein and egg albumin can serve as sources of nitrogen for
at least the common saprophytic fung: and actinomycetes (278 574)
much more data are available on enzymatic destruction of common
protemns than on therr use for growth Utilization of keraun 1s
common only among dermatophytic fungt and possibly chytrids
(Chapter 3) Whether fungi can attack highly purified proteins i
the absence of any other mitrogen source 15 in doubt

Commercial peptone—a maxture of peptides of varying chain
length—1s generally ntilizable but 1n recent years has been replaced
in culture media meant for physiological studies by materrals of
Lnown composttion Dipeptides and tripeptides support the growth
of Aspergillus spp (2 531) and Ustilago spp (62 470) the hisudine
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requirement of Trichophylon rosaceum 1s met by carnosme and histt
dylhsstiine (136) The widesprend occurrence of enzymes hydrolyz
1ng peptides to amino acids indicates that 1n general at least the simple
linear peptides wall be found to be adequate sources of nurogen for
most fungt  Tricholoma gambosum 1s unusual i that growth s
trapled by glyevighyane unaffected by glvane (398)

The requirement of some Myxomycetes for protemn has been men
tioned elsewhere (Chapter 10)

Lnzymatic Breakdown of Protemns and Peptides  Tollowing current
usage (487) we distinguish tno general tvpes of enzvme whih 2tk
peptide bonds

1 Endopeptidases (proteinases) 1cung on peptide bonds erther m
simple peptides or 1n the intenor of a protein chan

2 Exopeptidases acung only on peptide bonds whicls are adjacent
0 a frec gammo or a free carbosyl group and therefore restricted
generally to hydrolysis of small peptides

Both these types are subsumed under the general tenn protease

Surveys of the actity of culwure filtrites indicite than an enzvme
ot enzymes able to hydrolyze gelatin 15 extremely common among the
Fungy Ymperfectt (129 130 142 351) and Streptomyces spp (130
276) Generalizauon as to other fungt 15 difficult gelatin hydrolysis
11 however effected by some ascomycetes (130) and basihiomycetes
(58 629) Among the Mucoriles Rhuzopits sp grows upon and hydro
fyzes several protemns (57%) and Martierella remspora forms actne
proteases (587 588)

However sunveys lmited to studics of the culture Gltrate cannot
be taken as final evidence of lack of a protesse  The distnbution of
proteolytic enzymes between mycelinm and culture fluid 15 conditioned
both by age {185) 1nd by the mediam (203)  This may expl un some
Appirent disagreements (130 142)

The most extensne study of the utilizauon of protems by fungi aml
actinomycetes 1s thit of Waksman and Starkey (571)  Streptomyces
violaceus ruber and Rinzopus sp prow upon and decompose easein
zetn ghadin fibnn gelaun and egg albumun  Trichoderma koningt
utthizes edesun zemm ghadin and casen In culture  protemns are
used more rapidly 1f there 15 no other carbon source bur the hiberztion
of ammonia under these conduions 1s Iarge

Other less comprehensive studies show that fungi and acunomycetes
generally Inydrolyze fibrin (19 185 169 567) and casesn (262 333
485 489 524 567) herianhydrolyang prepirations hwe been ob
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tained from Sireptomyces sp (299), and 1t may be assumed that the
destruction of keratin by dermatophy tic fungi s carried out by anextra
cellular enzyme (491 492 555) A protease of Percillium sp converss
trypuinogen to trypsin but is distinct from the enterokinase which
carnes ouf this reaction 1n amimal tissues (312)

Funga! endopeptidases cannot be 1denttfied with known exocellular
amumal enzymes  However 1t 1s reasonable to belsese that studses of
purificd enzymes acting on synthetic substrates will eventually suppa t
a rauonal classification  For the present a few general observatons
must suffice

1 Crude and punfied preparations from a fungus usually hae
thew pH optimum somewhat on the alkahine side of neutrality (142
185 288 335 485) but particular activities may htve an optumust as
lowas45 (115)

2 Substrate and whibition studies suggest that endopepudases of
the trypsin type occur an Streptomyces sp (377) and i Trichophyton
gypseum (185) and other fung: (335) a punified enzyme from Strepto
myces proteolyticus acts on pepsin substrates but at a pH very different
from that of the animal enzyme (549)

3 Crude and hughly punified preparations alike consist of mixures
of different enzymes (116 279 335 588 589 621), enzymes of erer
closely related strams show differences 1n rate of attack on different
protemns (142)

Endopeptidases of Aspergillus oryzae have been studied thoroughly
(11> 116 198) Three diff acting on p have been
separated The major component probably acts on most proteins 10
cluding those which lack aromatic acds and has been obtamed i 2
crystalline although not completely pure state (114 198)

Culture Bltrates of Streptomyces spp lyse bacterial cells Lysis of heat
kalled Gram negative bactersa has been attribured to a protease (67
285 376, 519) Lysis of Gram posttive bacternal cells by different
spectes of Streptomyces 1s effected however by an enzyme symilar to
lysozyme 1€ a mucopolysaccharase (333 334) or by the combrned
action of a nbonuclease and a protease (376 378)

The formation of exocellnlar protern hydrolyzing enzymes by some
fungt and actinomycetes proceeds mn synthetic media with inorganic
nitrogen sources (251 185 352) for other species a more comple<
medium may be required (I131) There 15 as yet no good evidence of
enzyme mnd by sub Ithough use of proten medsa may
ncrease yields (58 530) A study of cultural conditions as they affect
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endopeptidase formation by Aspergillus oryzae shows as expected
optima for carbon source salts wron and temperature (352)

Culture filtrates or mycelial extracts of fung: commonly perhaps umt
versally hydrolyze peptides However 1t 1s hazardous at present to
1dentify this activity with particular exopepudases known from other
sources or even to state categortcally that endopeptidase acuvity has
been excluded in many of the reports  Aspergillus parasiticus forms
four exopeptid luding an peptidase which 15 activated
by zinc and by reducing agents (284) these same acuvators affect the
aminopeptidase of Persctllium spp (52) A number of fungi—dsper
gillus spp P i spp C ghamella sp  Coprinus yadwans
and Agartcus campestnis—form a dipeptidase an aminopeptidase and
a carboxypeptidase many of these fung: also elabarate an aminotri
peptidase assaved with tighane and a ghveviglyane dipeptidase (58)
A simfar range of actinues 1s reported for Mortierella remispora
Chaetomwum sp and other fung (336)

Glyeylglyane dipeptidase of Aspergillus ory.ae 1s d by co
balt (115) as 1s the same enzyme from other sources (487) Dipepti
dases also are produced by Physarum polycephalum (244) Pineulana
ony ae (209) Pemcillium notatum (263) and other fung: (336 403)

Hydrolysts of some amides may be effected by enzymes which also act
on peptides or proteins  ippuricase  for example may be identical
with a carboxypeptidase (182)

It appears m summary that fungi produce a battery of enzymes
attacking peptides of low molecular weight Information s at present
too fragmentary for 2 detailed classification of the fungal exopepts
dases the availability of synthetic test substrates (487) makes the de
velopment of such a classification a possible enterprise

Peptides of Fungy and {ctimomycetes  Tollowing Bnicas and Froma
geot (76) we may define peptides as compounds of low molecular
weight which contain two or more amino acads and peptide or peptt
dord bonds  This excludes certain compounds such as pantothenic
acd nd bocytin (Chapter 10) 1n which one amino aad and a non
amuino aaid motety are joined by a peptide Iinkage The naturally
occurring peptides may be classified as homeomenic—conysting only of
ammo aads—and heteromeric—consisting of amuino acds and a non
amuno acid morety

Glutathione perhaps deserves first place 1 this discussion because
of us probable ubiquity 1n living cells 1ts vital role 1n triose phosphate
dehydrogenase and its probable role in peptrde synthests (76) Using



254 NITROGEN NUTRITION AND METABOLISYM

an 1odometric method of possibly doubtful speaifictity  Matler and
Stone (366) report the presence of glutathione mn myceltum of Meuro-
spora sitoplula and other fungt The common occurrence m fung of
tniose phosphate dehydrogenase (Chapter 7) of which glutathwone 1
the prosthetic group (808) ndicates that the peptide 15 at least wide
spread among fungi and acunomycetes A mutant of Glomerella sp
requires glutathione and nutritional evidence suggests that 1t 15 defi
cient 1n the ability to form the component dipeptide y glutamyleys
teme (348)

The actmomycins form a group of related antbiotucs first discovered
by Waksmn 1nd Woodruft (575) and produced by Streptomyces spp
(79) and by Micromonospora sp (157) Chemucally they are hetero
meric peptides all contain the sume chromophore or despeptido acti
nomyan of the structure (81)

o o
HO ) I

{ A
N =
H:C I Y\CH,
O »g OH

The peptide chain distinguishes the various actinomycins very many
of which have been described (78 79) the rdentity of the mdmidual
acunomycins 1s much m doubt since 1t appears that many of the 150
lated fractsons are 1n fact different mixtures of the same components
(452) A given stramn may produce one type or mixture early an
other later 1 the culture cycle (210)

Several other antibiotics of Streplomyces spp are or contam peptide
chamns examples include viomyan streptothricin and streptohn (76)
and the less completely charactenized amphomycin (230) and levomycmn
(95) Polypeptide antibiotics are very common also among the true
bacteria  Such compounds are not usual among the filamentous fung:
although pemallin (Chapter 6) may be constdered s 1 heteromenic
cyclic peptsde and the toxin of Helminthosporium victoriae 1s prob
ably a polypeptide (421a)

Lycomarasmin reviewed by Gaumann (190) 1s a peptide produced
by Fusarrum oxysporum { kcopersicr although 1t 1s able to cwse
wiltng of plants 1ts role in natural pathogeness 1n the wilt diseases 15
wn dispute It appears in quantity n the medium fairly late 1n the
culture cycle after autolysts has begun (Figure 5) A heteromeric
peptide 1ts structure has been determuned (609) to be N (« {= hydroxy
propronic acid]) glycyl 1sparagine
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Lycomarasmin forms a complex with wron and 1t 1s the complex
whtch 15 responsible for all or most of 1ts toxicity to higher plants
(190 564) Both free lycomarasmun and the iron complex are relx
tinely unstable 1n solution (128)

Two heteromeric pepudes enmatin A and enntatin B are also pro
duced by usarium spp (190 417 118) and like lycomarasmin cause
wilting of plints (198)

Aspergrilus fumegatus and Streptomyces spp release mnto the culture
medium a diketopiperazine the anhydnde of rleucyl L proline pre
viously known only from 1mmal sources (280)

Lastly the toxins of Amanita spp may be mentioned they have been
1eviewed most recently by Block Stephens and Murnll (61) Ongi
nally the hemolytic nitrogenous glucoside phallin was separated from

amanitin (8 466) later 1t was discovered that the second material
1 1n fact three closely related peptides now known as «amanitine
Bamanitine and phalloidine The European form of dmanita phal
lotdes contains all three of these compounds amountng m total to
about 0005 per cent of its fresh weight (596) Other species of
Amanita have only one or two of the peptides and most species have
none (61) A complete structure has been proposed only for phal
lowdme (597) although the three tovins have been sepirated and
purified (G0 591 59) The suggested structure that of a bicychc
hexapepude 13 unusual sn that two amine aads are jomned by a sulfur
bridge

The cxeretion of umdenufied nitrogenous compounds prsmanly
pepudes 1nto the medium during growth has been studied by Aorton
and Broadbent (374) Thus excretion occurs m Scopulariopsis brev
causs durmng the period of rapid growth 1e 1t 15 not an autolytc phe
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nomenon 1n the usual sense, about 25 per cent of the mtrogen supplied
appears mn the medium and 1t 15 not reunlized

The enzymatic basis of peptrde synthesis fungt 15 at present un
known  Extracts of Neurospora crassa mycehium show y-glutamyl
transferase activity conceivably this system could function 1n the syn
thesis of peptides of glutamic acid (563) In Baerllus subtihs glutamyl
di and tripepudes are synthesized by transfer reactions of this general
type (600)

3 UTILIZATION OF AMINO ACIDS AND AMIDES

Anmuno dcids and Amides in Nutrition  The speaifiaty of response
to different amino acids indicates that 1n fungt as mn other organisms
amino actds are assimilated primarily as such and that comversion to
ammonia before assimilation of the mitrogen 1s at best a secondary
pathway (44 542) It can be shown by analysts that amino acids ate
asstmilated at varying rates from a complex medim and that they
extst 1n part as mentioned earlier (Chapter 2) as free aads in the
mycelum Typically the amino acd content of 2 medium drops a5
the acids are taken up then mses agaimn s they are liberated during
autolysis (181 413 423)

The value of individual ammo aads for fungt 1s customanly as
sayed by growth on media containing the amino acid of 1nterest as the
sole mitrogen source  Studies of this type are numerous but generaltza
tion from them s dafficult we find that a given amino acid allows very
good growth of one orgamism and only very hittle growth of another
but we are not able to say whether this reflects permeabiltty enzymatic
capraties or merely such secondary problems as acidity changes conse
quent upon utilization In additton amino acids and ammdes from
natural sources may be contarminated with vitamins and there may
also be metabolic consequences of the chelation of morgame rons by
amno acds

Most investigations more or less 1gree that glycme asparagine giu
tamic aad and aspartic aad are the most ltkely to support good
growth However 1t 15 relatnely easy to find fung: which grow only
poorly with asparagine (164 252 440 625) aspartate (110 278) or
glutamate (275 278) Comversely leucine 1s generally not an adequate
source of nitrogen (409) but for Trichophyton persicolor 1t 1s one of
the most easily utilizable of the amino aads (506) tryptophan usually
not well ntthzed supports normal growth of Streptomyces coelicolor
(106) Examples of this type could be multiplied to establish the
pomt that although generalzations may be made which fit most
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Relative growth
Ft ure 6 The growth of Ventuna macqualis 1 media with amino acids as the
ource of mitrog s Each alue 1 the mean of 97 observations (3 concentrations 3
1ncubat on penods and 3 replicates) Growth on casemn hydrolyzate has been given
a relative value of 100 Drawn from tabular data of Pelleuer and Kett (409)

fung1 they will not necessarily apply to any one fungus which happens
to be of interest

The data of Figure 6 show the range of utilizability of the common
amine acids for ¥ enturta inaequahs Staustical analysis of these and
other data shows that the apparent relative value of different amino
aads 1s affected by the peniod of incubation the nature of the basal
medium and the concentrations of amino acids used (409) Figure
6 also brings out the point that growth 1s usually better with a natural
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or aruficial mixture of different amno rcuds than with any single
amino acid (442)

Asparagine deserves specinl attention since 1t 1s 5o often one of the
best sources of nitrogen for fungi and actinomycetes The question 1s
does the amide have some particular value or 1s aspiragine merely a
source of aspartic acid and extra nitrogen? Asparagme and aspartate
are about equivalent for many fung: (25 46 275 604) but the amde
1s supertor to the acid for Tricholoma smbricatum (398) Pirteulara
oryzae (406) and Leptographium sp (317) and at least i sole mitro
gen source for Phycomyces blakesleeanus (323) No deciston can be
reached at this ttme nor can 1t be untl possible pH effects of utthz
tion of the two compounds are excluded the role of pH 1s emphastzed
by the response of Coprinus hiascens to asparagine and aspartate (165)
Tt 15 sigmificant 1n this connection that aspartic actd does not replace
the asparagme requirement of a mutant of Neurospora crassa (523)
It 15 also known that asparagine 1s 1n some systems more active as an
amino group donor to transamination reactions than 1s aspartate (854
855)  Puiculania oryzae uulizes the amide nitrogen of asparagine
more rapidly than the amtno nitrogen (260)

Glutamtne has been little studied 1n fungt 1t 15 supertor to glutamuc
wad as a nitrogen source for Tricholoma gambosum (398) and 1s gen
erally utthized by other basidiomycetes (275) Iike asparagme 1t s
active 1n transamination (354 355) and 1t may also have a role in
transpeptidation  One specific and mmportant function of glutamine
has been potnted out (Chapter 5) the provision by transamudation
of the amino group of glucosamine

As mentioned later (Chapter 12) spore germination of Aeurospora
crassa 1s inhibited by amino aads eg glyene at 50 pg per mulliliter
(453) Hydroxyproline at about this level 1s markedly inhibitory to
Trichophyton spp and other dermatophytic fungi (443 471) Hy
droxyproline 1s not toxic to other fungi 1its action on Trichophyton
mentagrophytes 1s partially reversed by L proline (443) Methionine
and phenylalanine are also inhibitory to Trichophyton spp (506)
methionine to other fung1 (169) The posstbility that toxiaty Is ex
erted at the cell surface deserves exploration 1n view of studies on
histidine mentioned below

The aliphatic amudes although possibly acted upon by fungal en
zymes (p 265) are not generally utilizable 1cetamide may be an excep-
uon (39 68 120)

Utihization of the pisomers of the amino acids 15 spectfic  thus
Apodachlya brachynema utilizes p leucine but Leptomutus lacteus docs
not (468) and Ustilago scabiosae can grow with prvaline Disoleucine
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or palamne but not with pleucne or p-phenylalanine s nitrogen
source (62)

1t seems likely that uttlization of the b amuino acids depends upon
ouditive deammation by pamino aad oudase (p 260} ammoma
hberated by the oxidase system 15 then presumed to be incorporated
mto Laads (245)  Speaific racemases effecting direct interconversion
of the b and L forms are known in bacterin (22 28 286 383 608)
not as yet 1n fungr Presumably a second factor in uultzaton of the
pamino acids 1s their occasional toviaty (149)

Spearfic amine acid requirements appear with rewsonable frequency
as mduced mutations m fungt They are however uncommon n
niture and when found are more apt to be conditioned or partial
deficienctes than absolute requirements Thus Mycena 1ubromarg:
nata responds mn growth to tyrostne or phenylalanine but grows with
out etther (169) and Cenococcum grantforme has a partial require
ment for histitine (358) Eremothectum ashbyu requires several
amuno acads only in acid media (619) An absolute requirement fo1
histidine has been reported 1n Trichophyton spp (135 136 196) as
has a requirement for arguune 1in T fonsurans (515) these reports
are based on responses in agar media  Labryinthula mumuta 3 at
lantica requires leucine (059) Lentinus omphalodes tryptophan (171)

Requirements for methiomne or cystemne are assumed to be related
to sulfur rather than nitrogen bol and are d m
Chapter 9 cystemne may also promote the growth of an organism re
quiring a low oxudition reduction potential (275)

Transport of Anuno Acids into the Cell In the present context
the main pm pose of this sectzon must be to call attention to a problem
which has been only tentatively explored in the fungi and for the
solution of which promising expermmental techniques are available
We know that 1 free amino acid pool exsts in fungal cells that trans
port across the membrane occurs 1n both directions and that proteins
and peptides are synthesized  In bacteria yeast and amimal cells
there 15 good evidence that some or all amino acids enter the cell by an
active transport mechanism requining an expenditure of metabolic
energy but different orgamsms cannot at present be fitted nto any
single pattern (100 183 188) lysine accumulation for example ap
pears to be independent of an energy source in Gram positie bacteria
but glutarmic acid enters only 1if glucose 1s being respired  Histidine
enters the cells of Neurospora crassa aganst a concentration gradient
the uptake 1s inhibited by arginine and methionine which are conse
quently tovc to a histidine requiring mutant (850)  An analogous
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mteraction accounts for the toxiaty to Lactobacillus arabinosus of
palamne (293) Threonine uptake 13 possibly mnhibited 1n N crassa
by other amino acids but this 15 not yet certan (566)

Cuatabolism of Ammo Aads  The breakdown of amno acds and
armdes may be revewed under two general headings the processes
which lead to removal of mitrogen and the processes which alter the
carbon skeleton These two categories of biochemucal change are 1e
viewed by Cohen (109) and Greenberg (214) respectnely We must
restrict thss discussion largely to the fungt and only a very mcomplete
preture of amino aaid metabolism will emerge masmuch as many im
portant reactions known i other organisms have not yet been mvest
gated 1 the fung:

One approack to amunc acid catabolism 15 to determune what com
pounds are ewther oxidized or deanunated by resting cells using mano-
metric data or ammoma determinations as cnterta  Pemehur
chrysogenum for example oxidizes glutamic acsd proline and alanme
rapidly other amno acds more slowly or not at all as yudged by
oxygen uptake (603) Washed cells of Streptomyces vene.uelse tbet
ate ammoma from glutamate arginine prolme and other amimno acds
not {rom tyrosine, trytophan leucine or cystetne only thase amno
acids which are attacked can serve as sole sources of ntrogen for growth
(212) Leplomatus lacteus oxidizes and deammnates 1 alamine glyaine
and L leuane (463)

A second avenue of myestigatian of ammo acd catabolism 15 the
study of partrcular enzymatc activities in cell free preparations or as
reflected 1n actnaties of intact cells  Most efforts of thus type have been
focused on amno z2ad oudase (dehydrogenase) systems scattered
mformation on other reactions 1s available but difficult to systematize

The » and pammne aad oxdases are favoprotemns known and
studted 1 ammal systems  their general properges are reviencd by
Cohen (109) and Meister (355) The usual manometnc system em
ploying crude extracts which contan catalase may be formulated as
follows

R—LH(NH }—COOH + 14,0 — R—CO—COOH + NH; (8
Ami d h ooad
In the absence of catalase the keto and 15 decarboxylated and the
over all reaction then proceeds

R—CH(NH )—CQOH + 0; ~ R~COOH + NH; + CO; 4)

The p-ammo acd oxidase of Neurospora crasse acts at varying Fatcs
on a number of amino acids (Figure 7) detarled companison with the
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Fgure 7 The oxidation of some ammo acids by the b amino acd ovdase system
of Neurospora cras @ Curves 1 to 6 represent 1n sequence the rate of oxidation of
methionune Jencine 1soleuctne val ne lysine and ormith ne  The broken honizontal
Ine 15 drav n at the theoretical value for the complete oxidation of the b tsomer
Redrawn from Horowitz (245) by permission of the Jou nal of Brolog cal Chemustry

corresponding enzyme of sheep kidney reveals that the rates of attack
on amino acids and the response to inhuibitors of the two systems are
somewhat different (47) The enzyme exhibis maximal actvity at
pH 80-85 (245) The same or a very simlar enzyme 1s found 1n
mycelal extracts of Aspergellus miger and three Perucilltum spp not m
P g (143) The diff fungal pref differ some
what m their substrate preferences (47 148) Pentcalum chryso
genum forms much more of the enzyme n a synthetic than 1 a com
plexmedium (143)

An oxidase system acting on Lammno acds has been shown
Neurospora spp (47 87 536) both mn cells and in the medium (48)
The enzyme has a somewhat broader substrate speaficity than the
Lammno acd oxidase of cobra venom (47) Indirect evidence sup
ports the assumption that the prosthetic group 1s flavin adenme dinu
cleotide (87) Enzyme yield 15 increased by culuvation with casem
hydrolyzate but this presumed 1induction oceurs only 1 a low biotin
medium (536) Endogenous amino acids interfere with detection of
the enzyme (5361

The ¢t amino acid oxadase of Neurospora crassa converts Iysme to 1ts




262 NITROGEN NUTRITION AND METABOLISM

keto analogue which exists m a cyclic form as probably A -dehydro
pipecolic acd this compound my be either reduced to pipecolic acd
or reconverted (o lysine (476)

Although several other fungi show L amino 2cid oxidase actrvity (51
87 99 224 299) 1t 15 not yet certain that the enzyme 1s 1dentical 11 all
forms The formatton of « keto acids by growing or resting cells sup
phed with the corresponding L amno acid 1s often observed and m1y
be taken as presumptine evidence for an Lamino aad oxidase (551
552 602) The formaton of 1soamy! alcohol from leucine (422) prob
ably reflects oxudauve conversion of the amino aad to a keto aad
followed by decarboxylation and reduction

It should be stressed that chemrcal attack on an ¢ ammo acid dogs
not by 1tself prove that an L amino acid oxidase 15 present A com
bination of transaminase and glutamic dehydrogenase actrvities could
—and probably does 1 mammahan tissues (355)—bring about oxt
datrve deamimation without the particspation of an oxidase and the
over all stoichiometry would be 1dentical with Equation 3

Glutamic dehydrogenase has a wide distribution 1 nature and has
been found 1n extracts of Neurospora crassa mycelium (152)  Unlike
the oxidases 1t 15 spectfic to Lglutamic acd and requires the partc
pation of a pyndmne nucleotide The reaction may be formulated

HOO(—(CH ) —CH(NH )COOH + TPN+
Gl m d
= HOOC —(CH ) —CO—COOH

K g n d

+ TPNH + H+ + NH,4 ()

Glutamic dehydrogenase 1s probably the key to synthesis of amino
acids (see below) and to the entrance of ammonia mto organic com
binaton 1ts possible role i deamination of other 1mino actds has
Just been mentioned

Non oxidative deamination of Lserine and L threonme 1s effected
by senine dehydrase of Neurospora crassa (485 618) the products are
respectively pyruvate and « ketobutyrate Another pyndoxal phos
phate enzyme of N ¢rassa dearmmnates p serme (617) Neither b serine
nor p threonine 1s attacked by the N' crasse p-amino aad oxidase (47)

Aspartase converting aspartate non oxidatnely to fumaric acid and
ammoma 15 so reported to be formed by Neurospora crassa (480)
and Penwctllium notatum (547)

Transamunation results of course m the deamination of the donor
amuno aaid the process ts considered later 1n connection with wmmne
acid hiosynthests
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Catabolism of the carbon chain of amuno acids by fungi can be
considered at present only on the basis of fragments of information
many of which however are suggestive of breakdown pathways known
i other orginisms

Tyrosine 1n at least some fungt and actinomycetes 1s attacked by
tyrosnase a polyphenol oxadase (Chapter 6) The sequence of reac
tions in Neurospora crassa (248) appears to be at least in general the
same as 1n mammalian systems (324) tyrosine 1s oxidized via 24 dh
hydroxyphenylalanine { dopa ) through a red hallochrome pigment
to an nsoluble black pigment a melanin  The pigment of Strepto
myces scabies probahly—although evidence 15 incomplete—1s formed
by this same pathway (15 133 22 248) and 1t 15 usually assumed
that black 1nsoluble pigments as a group are products of tyrosinase
action

In mammalian hver tyrosine 1s oxidiced to acetocetic aad and
fumaric acid by the following sequence of reactions (214)

Tyrosine — p hydroxyphenylpyruvic acd —
2 5 dihydroxyphenylpyrusic acid — homogentisic
acid — act toacetate + fumarate (6)

The last reaction—actually three reactions (300)—1s not known in
fungi  Homogentisic acid can be 1solated as a product of the tyrosine
metabolism of dspergillus mger and Pemcillium spp (261 298 554)
mhubition data 1mplicate p hydroxyphenylpyruvate i the tyrosine
metabolism of Neurospora crassa (125)

“The 1solation of tyramine from Aspergillus mger cultures (552) sug
gests another type of tyrosine breakdown by derarboxylation as in
bacterial systems

Tryptophan catabolism 1n fungs has been studied prinaipally 1n rela
uon to nicotinic acid brogenesis (Chapter 10)  Other pathways arc
known s bacteria (14 121 214 493) involving 1ndole catechol
kynurensc acid or 5 hydroxytryptophan A preparation from Neuro
spora crassa converts 8 hydroxykynurenine an intermediite mn mco
unic acid biosynthests to xinthurenic aad (353)

Indoleacctic acid (auxsn) a growth regulator for hugher plants 1s
produced by several fungt cluding Aspergillus niger Phycomces
nttens and Rhizopus surnus and by so1l actinomycetes and bacteria
(72 73 236 802 394 446 448) Its obvious structural relagon to
tryptophan and the effect of the amino aad 1n stmulating 1ts forma
tion by fung: mdicate that the aun 1s formed from tryptophan (557
605) Production by Rhizopus surnus 15 increased by aeration (538)
Detailed enzymauc studies of the synthesis hive not appeared bug 1t
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has been suggested that oidanve deamination decasbosylation and
oudation reactions occur as follows (353 584)

Tryptophan - indolepyruvic acd —
indoleacetaldehyde ~ indoleacetic acd )]

Although from time to time 3t 15 reported that sndeleacenc asd m
creases the growth of fungs most studies have not shown this (367
438 584) or show 1t only under special csrcumstances {235) Howeser
acceleration of the maturation of the mesosporangrum of AHomycer
arbuscule on agar media perhaps by an effect on the sparangsum wall
indubitably occurs (341)  Growth mbubition by wmdoleacetate 5 com
mon (71 235 438 449) in Neciria galligena inhibitton s reduced by
biotn (400 401) It has been argued on the basis of inlubition stusies
alone that indoleacetate 15 an essental metabolite of Diplodia natalen
s15 (195) the evidence however 15 subject to other interpretations

Destrucuon of indoleacetic acxd oceurs in the cultures in which it s
produced (584) and cell free enzyme systerns of severt] basidromycetes
sacuvate the auxm (77 148 479 545) The enzyme of Omphalia
flamida 15 aghly speafic hizng 1ndol with e i
amounts of oxygen at pH 3% the kst product of the reactront 15 fot
known (430 431)

‘Threonine 15 cleaved by Aeurospora crassa to ghene and acetalde
hyde (565) this non-oxudative reaction occurs also 1n animal systems

214

¢ The breakdown of histidine 11 bacterzal and ammal preparations
proceeds via wrocame and glutamue acds (339 516) thus system has
not been stuchied 1n fung: although gh does during
histidine breakdown by Streplomyces venezuelae (212) Hisudine de
carboxylase could not be detected in Claviceps purpurea or Aspergilius

spp (585}
The 7

of cyst sulfur 15 d in Chapter & and the
role of methionne as & methyl donor 1n Chapter 6 No other sigmfi
cant mformauon on the breakdown of the carbon chans of these
compounds by fungt 1s avalable Cystene desulfhydrase 15 not de
tectable m Penicallium chrysogenum Its occurrence m bactersa 35 te
viewed by Fromageot (180)

Argimne ts broken down 1 the urea cycle duscussed later  Strep
tomyces grisens extracts contam w snducible enzyme which comerts

g to guamdinobutyramide (539 540)

Glutamic actd 1s probably the prinapal donor of aming groups 1
transamanations {(p 267) 1n the process it is comerted to aketogly
taric aad  Hence s carbon chaw may be assumed to be oxdered by
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1

the tricarboxylic aad cyele  Glut: decart
yielding y aminobutyric acid has been detected 1n Pemcillium chryso
genum (201) and Endomycopsis vernahs (290)

It might be at first glance surprising that prohine a nng compound
15 generally an excellent source of mitrogen for fungi (275 278 409
412) ‘The answer concervably lies m a ready conversion of proline
to glutamic acad 1e reversal of the steps mn the synthests of proline
from glutamate (p 268)

Hydrolysis of Acyl Amino Acds and Amides  Nitrogen acylated
amno acids are hydrolyzed hiberating the free amino actd by prepara
tions from Aspergiilus spp and P 1t spp (263 361 389 405)
Although these reactions may be referred to as acylase activity 1t must
be realized that there 1s 1n fungi no clear separauon of acylases amu
dases and peptidases 2ll of which act on the —C—O—N< bond

Hippuricase (hustozyme) splits hippunic 2ad (N benzoylglyaine) to
benzoic aad and glyane  Its identity and relation to other acylases
and to peptidases 1s st1ll obscure certatn other N benzoylated 1. a-ammino
acids are attacked (325) It has most recently been studied mn Fent
allium spp (268 456) reports of its occurrence 1n other fung: are
ey 1cwed by Leuthaxdt (325)

g asp to aspartic acid and ammonia
has recewved some auemxon although 1t has not been purified Ac
tvity 1s found 1n Aspergillus niger (467) Pemicillium spp (184 456
535) Mucrosporum spp (51) and Piricularia oryzae (260) The opti
mum pH 15 about 8 (32 51 467) The enzyme of 4 niger 1s liberated
mto the medium only on autolysis (33) 1s not easily solubilized 1n
sand ground preparations (35) 15 unstable (36 630) and 1s formed m
cells grown on a synthetic medium (467)

Amudase actvity against glutamine 1s found in yeast bactersa and
higher anumals (630) 1t 1s probably common mn the fungi but has been
reported so far only 1n Neurospora crassa (523)

Several early reports reviewed by Foster (163) suggest that fungal
enzymes also act on aliphatic or aromatic amudes eg acetarmde and
benzamide In view of the negative results of Schmalfuss and Mothes
{467) 1t 15 perhaps best to suspend judgment although aliphatic anudes
are hydrolyzed by Torula utilis (630) Penialhinase and penicrlhn
amudase both acting on amude linkages have been mentioned briefly
m Chapter 6

4 BIOSYNTHESIS OF AMINO ACIDS

The formation of amino acids by fungi may be considered for our
purposes from three aspects (1) the entrance of mtrogen into the
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amino acid pool (2) transfer of the nitrogen from one ammo acid to
another and (3) biosynthests of the carbon chains of known amimno
acuds exther before or after incorporation of mitrogen

Most 1ttention has been directed toward the synthesis of the pro-
tem ammo acds  Even a superfictal survey reveals that many other
amino acids are formed by fungi erther free or 1 combined form
Gamma aminobutyric and probably anising from glutamate by decar
boxylation 1s rather common (374 380 486 612) Djenkolic aad 15
found free 1n extracts and culture fluds of Tilletia cartes (380) Beta
lysine occurs n several acttnomycete anubiotics (56 76 382) Antbt
otucs of fungt and actinomycetes yield on hydrolysts numerous N methyl
amuno acds for example sarcosine N methylvaline and N methyhso
leucine (78 417) Alpha hydroxy ammo acids occur combmed 1 ly
comarsmun (609) and 1n ergot compounds (76) while b o methylserme
1s a consutuent of the antibiotic anucetin (160)

Entrance of Nilrogen into the Amino Acxd Pool \\e have observeld
that most fungi utihze ammontum nitrogen as the major or sole niro
gen source other morganic forms are we mry assume with certan
resenvations comverted to ammoma before assumilauon  The best
established reaction 1s the ammation of « ketoglutaric 2crd derived
from carbohydrate via the tricarboxylic aad cycle to form glutamic
acid 1¢ by the reversal of Equation 5 As mentioned the only fungus
m which this enzyme has been unequivocally demonstrated 1s Neuro
spora crassa dustribution of carbon 14 1n glutamate 1s consistent with
the operation of this reaction 1n Streptomyces griseus (89 199)

Reversal of aspartase action occurs m bacteria (145 183) and the
enzyme 1s known m fung (p 262) It 1 not yet however known
whether the reverse reaction

Fumaric acid + NH,~> p aspartc cad )

makes a significant contribution to amino acxd synthests 1n fungt  This
leaves us for the moment with only one mechamism for the entrance
of nitrogen 1nto ammo acids  On grounds of comparative brochem
istry however 1t seems likely that [uture work will uncover other
mechanisms especially 1n the synthests of amudes and of tryptophan
hustrdine  serine and other amino acids  Blastocladiella emersont
which will not grow with ammonta as sole nitrogen source forms glu
tamate from labeled glucose but 1sotopic equilibrium with oketoglu
tarate 15 not observed this suggests that glutamic acid arses n some
other way (91)
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Transwnmation  {n orgrnems generally die amino group of glu
tamuc acid can be transferred to 1arious heto arids yelding a ketogly
tanic aad and a new emino aad thus

HOQC~CH—CH —CHQ\H }—(O0H 4 R—~CO—-CO0H
LGl mb d aKe q
= HOOC~CH~—CH-—~CO—COOH
oK togiin
+ R—CH(NH JCOOH 9
LY u

Tovestigation of these enzvimes in filamentous fungt has only be

gun with the dentficatrion in Neutospora crassa of the transamu

nase reactions 1 which aspwtate and alamine partiaipate as the

R—CH(NH JCOOH of Lquation § (151)  Mutants which lack glu

tamic dehydrogenise extubit 1 requirtment for any of several amino

aads the fact that so many different anuno acids suppore growth

argues for an extensive transiminase s\stem wm N crassa (151 152
154)

Aspergillus fumigatus homogenates carry out the reaction (445)

H N—{CH }y—COO0H + HOO( -(CH ) —C()—(.OOH =
Y Amnoh yne o
HOOC—~(CH ) »CH(\H )-(,OOH {16)
el m oad
This represents the transter of an w ammo group and 1s simular to the
formation of glut ymate {rom ornithine 1nd e-heto lutarate by extracts
of Neurospora crassa (153 155) Endomycopsis vernalis also forms
glutamrc acid by the reacuion of Equation 10 (290} As in other organ
wms transaminations 1n N cvasse are activated by pyndoxal phos
phate (151)
Ak

tr catalyang the wransfer of the o amuno
group of kynurenine or 3 h\dmﬂqkynurenmc to keto atuds has been
partially punificd from extracts of Neurospora crassa agam pyndoxal
phosphate 1s required (274)

Asparagine and glutamime partiapyte also in transaminations  the
amine nitrogen 1s transferred to <ny of several keto aads (355) This
reaction has nat been explored 1n the fungy

Biasynthests af dmwue deed Carbon Skeletany  Perhaps 1a na field
of biochemstry have the techmques of biochemcal geneties been more
fruntfully employed than in that of amino aud synthesis Neurospora
crassa has heen especially useful  In recent years the application of
wotvpe and methods bas provided add \ yaluable in




268 NITROGEY NUTRITION AND METABOLISY

formation It 1s mot always realized that there are sersous pitfaits m all
methiods which seek to state unequrvactlly that this or that compound
15 wn obhgatory precursor of & grien metabolite  Adelberg (1) has
cotically reviesed these problems with the conclusion that present
day techmiques are unable 1o establish metabohe mtermediates with
finality  In practice one approaches certainty or comviction as more
and more evadence from different types of experment 1s accumulated
(128)

1t seems appropniate to melude here only a sketch of the more m
portant biosyathetic pathwiss which are koown or are hkely to be
functional i one or more fungs  As will be seen there 1s hittle evadence
from fungy other than Neurospora crassa  Following Davss (123) we
shall constder groups of amine acids which are hnown to be bosym
thetically related

A family of amino acids 1s dertved more or less derectly from glutamic
aad  Omtung details the following over all formulation may be sug
gested (128 500)

glutamine

Glutamic acid
proline — hydroxyproline [()]

Evidence from fung 15 however limited at present to the glutamate
prolime interconversion {9 64 561 624) and the appearance of A
pyrrohine Scarboxyhe acd the ymmediate precursor of proline in
Equation 11 1n glutamate cultures of dspergillus ory.ce (186)

Ornsthine biosynthesis n Neurospora ¢rassa starts from glatamac 2od
also the pathways however are not at all clear Vogel (560) sug
gests the following sequence ix N crassa and Torulopsis utilis

Gt acsd - gl v idehyde ~> ormthine  {12)

Ths 15 rather dufferent from the Eschericha col system (123) which
depends upon acetylated mtermediates ‘There may be mn N crasta
some other pathway of ormithune biosynthesss than that of Equation 12
{153 560)

Onthine participates 1n the ornrthine cycle fisst worked out 1
anwnal systems (307) and later found to function w Mewrpspora crassa
(156 490) The bauc clements of the ¢ycle leaving aside brachemical
detaifs are schematized sn Figure 8 N crassz although formug
urease does not liberate urea we may suppose that the cycle here
serves pmanly to supply argimne for protewn synthesis Nutrnitronal
data suggest the same general pattern n Pencilliem chrysogenum (61)
{irea 15 1 common product of fungr but direct ewvidence mphcating
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L-Aspartic acid
L-Citrulline N
/ L Argmmcame
L-Ormthine acid
& Ae aod
L~Argmlne

rea

Proum

Fgure § The ormthine cycle (499)

the ornithine cycle 1 net formation of urea has not yet appeared
Ormthine appears 1n the medium during breakdown of argrune by
Streptomyces venezuelae (212)

Canavamne a hydroxyguamdine derivative structurally related to
argimine inhibits the growth of some normal strains of Neurospora
crassa (251) The mnbinon has been traced (576) to the formauon of
a canavinino suceinate which blocks the splitting of 2rginino sucainate

Of the short chain amino acids—glycine alamine serine and cysteine
—only the first named has recerved much attention in fungt A glycine
requinng mutant of Neurospora crassa can grow normally if given
ether glycolic or glyoxyhe aads (613) This 15 1n agreement with
antmal studies (356 582) and suggests the following sequence

HOOC—CH,0H —» HOOC—CHO - HOOC—CH NH (13)
Clycol W Gy ole W
Drawing on expertence with other organisms we may suggest that the
glycolate anses from pentose phosphate (583) and that the amuino
group 1s wtroduced by a transamunation from glutamate or other
2muno donor
Glycine and serine are closely related m Pentcilltum notatum (26)
and Eremothecium ashbyn: (206 207) Both parnaipate 1n a variety of
biochemical reactions and are clearly related in their biosynthests 1t
tannot yet be said which 1s formed first
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Asparhic 263 ——r Homoserie s Threamns kigure 8 I'he probavie
terrelations of aspatic aad

Cystesne thicomsne  and the suffur

amno acds s Veurospora

Cystathionine crassa Several of the steps
mvohe more than one 1e

i action ANl anteno ands ane

Methionine < Homotysteme of the 1 configuration

Nutritional wnd bolic studies ont b Tequiring mutants
of Newrospora crassa established an over all sequence leading from
cysieine o methiomne (159 247 539) A relation of threonine and
methronine liosynthess 1s suggested by both wndubitson studies (13%
and nutritional requirements of a smgle gene mutane {538) These
relations are schematized 1n Figure 9 to which has been added the
postulate that aspartic acxd 15 the precutsor of both threomme and
methionine as 3t 13 n yeast and bacteria (59) The schemne 15 by no
me1ns complete there 15 probably an mermediate between homocys
tewe and methiomne (92) and the source of the methyl group of
metluomne 15 5ot yet clear  An envyme converang homosering (0
threonine occurs 1n fung: (578a)

Sulfur methy leystewne 15 formed by Neurospore crasse and the 50
Iated compound 1s utthizable as & source of sulfur (427)

Capavamne has been mentioned as an mhibitor of arginine synthesss
It has also been suggested thit canaanme reststant strams comvert
ranavanine o } e (329) Streptococsus favcels carrses out this
reaction {292)  Such 1 conversion would explun why canmiamne 18
phces threosune for some N erassa mutinty (532)

Isoleucine 1nd valine are synthesized Ly Newrospora craswsn from
respectively o f§ dihydrony g ethylbutyric agd nd o g dibydrovy 8
methylbutynic acd (13)  An obsersed double requirement for both
1soleuctne and vahine (65) has been traced to a deficiency m the de

possibly dehyd hich convert these dihydroxy acids w0
Leto acuds (881 There 15 some eviddence that the precursors of salme
md solenome uitnmately arse from respectnely pynnic acid and
threontne (12 13 565)

The keto walogue of teucine a b prosc acid replaces Jenane
for 2 mutant of Nenrospora crassa and 15 considered therefore to be a
precursor of 1t (432) Larlser steps t leucine brosynthesss by fung: are

not knowa
Studies on Newrospora crassa have shoun that both o amnerdipic
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aad and o amino-¢ hydroxyeaproic aad serve as precursors of Iysine
probably both bemg converted to a semialdehyde (475 611} Since
Oph lysineless mutants utiize oketoadipic
aad 1t 15 probable that this compound 1s the precursor of « ammoadipie
acud (54)

A series of imvesuganons of histudineless mutants of Neurospora
crassa 1s reviewed by Ames (20) the following over all pathway 1s sug
gested

glycerol p acetol phosph
L hisdinol phosphale -1 hlsudmc (11
Conventional nutritional techmques were of hmited use in these
studies since the phosphorylated intermedrates do not penetrate the
cell  More reliance was placed on 1solanon of intermediates from
blocked mutants and on direct enzymatic studies (20 21)

‘The known early steps of the conversion of giucose to aromatic com
pounds have been diagrammed 1n Chapter 6 Figure 10 takes up the
story from shilimic acad on although this presentation 1s based 1n large
part on studies of Escherichia colt all of the available evidence from
Neurospora crassa 15 1 agreement with 1t In particufar a muluple

for b aad  phenylal tyrosine and
tryptophan 13 met by shikimic aad (526) Addwional evidence 1s
found 1n the accumulation of prephenic acid by a strain deficient for
the three aromitic amino acds (361) and 1n the replacement of
tyrostne by phenylpyruvic aad (125)

The suggestion that o-phenylglyane 15 2 precursor of tyrosine and

phcnvlalanme {222) has not been borne out by later work (124)

yptopt thesis from antt lic acid and indole by Neuro
spora erasse 15 indicated by nutritional responses of deficient mutants
{66 171 525) and by studies with 1sotopic nitrogen (408) The con
version of indole to tryptophan 1s catalyzed by tryptophan synthetase
(indole serine ligase) this enzyme has been 1solated and parually pun
fied from N crassa (616) The overall reaction which requires pyn
doxal phosphate may be wrnitten

Indole + serine — tryptophan + H,O (5

The mechanism of this reaction 15 conidered by Tatum and Shermmn
(528) Tryptophan synthesis in Claviceps purprerea 1s probably effected
by the same system (548)

Presence or absence of the enryme 15 controlled by a single gene 1n
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Figuve 10 The Mosynthenis of tryptophan phenylalamne tyrosine and f amine-
benzaie amd  Fhas 13 a3 general schesme based on data from several organays bot
with knowledge of A porg crassa Many of the seactions shown are

wultiple

Neurospore crasza (241)  However an wtigentcally related protein
possibiy an enzyme precursor or possibly & complex of altered enzyme
with an mhibitor has been wolwted from tryptophan requinng mu
rints (314a)  Cultivation of N crassg m a medsum deficient an 2inC
reduces the concentration of the synthesiung enzyme (386 512}

Thus summary of amino acsd synthesss may give a false impression
of finalty There are n fact wmany compleaties and uncertannes
which cannot be considered here wnd 1t 15 to be expected that our pic
ture of these reacuons will change as tme goes on and more miorma
nony becomes avaiable
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5 AMINES

Although only one specific decarboxylase activity—glutamic decar
boxylation yielding y aminobutyric actd—is known 1n fung: {p 265)
the number of amines which occur and which presumably originate
by decarboxylation of known amino aads 1s farge  Scleroua of Glavt
ceps purpurea yield histamine tyramine isoamylamine agmatine pu
tresane and cadaverme (503 508 586) Occasional reports—not all
certan-—suggest that putresane phenylethylamine 1soamylarmine and
cadavering occur in fruit bodies of basidtomycetes (291 310 499 580)

Amutant of Aspergellus nidulans requires putrescine for growth and
the requrement 1s not met by L ormthime or by other amnes (488)
Several fung1 act on histamine (585) Amines are tn general poor or
unavailable sources of mtrogen (278)

Muscarine the toxan of Amamta muscania 1s an amine Eugster
(146) reviews earlier studies a new structure has been confirmed by
synthesis (301)

Choline has been found as a constituent of several fungy (508 &81)
whether however 1t occurs in the free state or only in phospholipids
(Chapter 2) has not been determined A single report (147} suggests
that acetyl choline 1s a consutuent of ergot  Cyclic chohine sulfate has
been mentioned (Chapter 2)

Barley and other grains scabbed by Fusarium gramenearum or other
related Fusarium spp contam a water soluble material toxic to anumals
{101} 1dentification of this substance with choline has been shown
{473) to be m error

Choline 15 required by mutants of Neurospora crassa (24b) and a
mutant can be used for the bioassay of choline (249 527) The synthe
sis of choline by successine methylations of aminoethanol has been
described (Chapter 6)

Trimethylamine has been 1solated from numerous basidiomycetes
eg Tulletia lewss Phallus impudicus and Russula aurata (225 499
580) and from Claviceps purpurea (508) In plants and in bacteria
trimethylamine arses from choline (98) and the same ongin mav be
Pproposed xn fung

Betaine (CHy)y—N+—~CHy—CQO- has been 1solated from fung:
(581) but as with all the amines found 1n gross studies there 15 some
doubt as to whether 1t occurs as such or combined  One such combined
form of betaine ergothioneine has the structure of the trimethyl beta
me of thuolhustidine
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HC~N
N\
/(}»SH
(]}-M—N—‘-H
CH,
s
(CHyly ~ N—CH—COO0~
Ergothioneme occurs m mammalian blood and semmnal flmd {182 1n
sclerotta and sn cultsated mycelum of Clavieeps purpurea (40 508}
and m the mycelwm of several common funge (360) Experuments
with carbon 14 1ndicate thar ergothioneine and sudine are synthe
stz¢d by the same pathway {229) and that histamine 1 hat a precursor
of exther (599)
Amanits mappa fomt bodies contam an amune Arst calied mappin
but saw known to be wlenucal with bufotemne s structure
5 hydroxy N dunethyf tryptamsne (5895} suggests thar 1t 15 bsosynthett

eally dersved from B hydeavytryprophan an amiro 2ol know s in other
organsms (353 550; but not Lo daie m fung

6 ALTABOLISM Of “UCLEIG AGIBS AND THEIR DERIVATHFY

Nucleic ands nucleotides aad the purne bases ¢ probably all
be used mote or less well as sources of tutragen by fung: (506 607) but
the important aspects of nuclere aed metabolism e more narrauly
metaliolic the hreatdown of nuclete acids nd these brosynthests  In
Tormation on nuglec s breakdown s rather seants and bears almost
exclusively on the punne nbonudleotsdes  Biosymhetic studees are
eren less definttace wnd e himited primonsly to marmonal studies of
deficrent mutants

Catabolism of Nuddeww Acds and Therr Derwatues Thu funga!
enaymes attack nuclere acxds has been known for some ume  n early
expenments bberatian of phosphorus or of nutrogen bases or utlina
tton of mtrogen for growth were the cruers1 so that it 3s pot passible
to speciy what enzywies were rnohed (134 265 284 357 164)

On comparatve grounds we may suppose that fungr Iike bacsernt
atrck nudlere acuds fivst by nucleodepolymerase weoon yietding pima
rily monenuclcotides A few such acttvatres hinvve been shawn w fungs
({Table 1}

“The second step w the clusical padin 1y of auclesc Aeid degradation
15 the dephasphorylation of nucleotides yielting wmorgame phosphite
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Table 1 Enzymes Acting on Nudeic Aads Nucleandes and Nucleosides *

Substrate Type of Acuon Occureence
Ribonudleic aod Depot spp \67 378) Aspergd
F oy e CS1)
n acd  Depol N erassa (627)
sp (378)
Nuclrptides Deanunabion Aspergillus spp (68 69 288 311)
Nucleosides Deamtnanon Aspe pillus oy ae (288 311 370)
Neurespora erassa {3.0)
Nucleondes Hydrolyus Aspergdilus ory ae (311}
¥ of ad phosphates 15 summan ed 10 Table 1 of

*D,
C}*aptc; 2

Tins action 15 often perhaps usually carried out by non speufic phos
of ad P i

phatases (816) Hydroly phosp m
Chapter 9 and the dephosphorylation of nbofl phosphate by
extrarss of Pemestlsum chrysog 96y are p by although not

necessanly effected by such phosphatases A phosphatase of Strepto
myces sp acts both on glycerophosphate and on nucteotides (878)

Driphosphopyridine nucdeoude 15 attacked by a speahe enzyme &
phosphapyrnidine nucleotdase which sphis off nicotinamude from the
4 leaving ardl diphosphate nibose  The enzvme 15
formed by Neurospora crasse (289) 1ts hagh concentration 1 the co
mdia suggests that 1t s formed only dunng sporulation (626) The con
centration of enzyme w the mycelum 15 increased by dehiciences of
zme mitrogen or usually growth factors (386 387) The enzyme of
N erpssa unhive the corresponding amnal enzyme 15 not intubited by
nicotnamide except at very high concentration and does not catalyze
an exchange reaction between the dinuctestsde and free nicottnamide
(828)

Deamnanon of nutleotrdes and nucleosides 15 usually effected by
specific enzymes but an adenyl deaminase of Aspergilius ory.ae acts on
both types of P d % & 5 phos
phate ad 3 phospt d phosp and diphy
pyiidine nucleotide (288

These scattered data do not of coutse give a complete or coherent
picture of nucleic aad breakdown they do mndicate that catabolism af
the punne nibonucleaudes 1 fungs 15 sumifar to that 1o other organ
1sms It scems hikely therefore that the free purines adenmne hvpox
anthine and guamine are conserted to xanthine which 1s then oxidized
by xanthine oxidase to urc aad (518) the further metabolism of which
18 described below

In Vocardia covalling the pynmudines thymive and uracil are metab
olized by wav of barbitursc aid (315) the over all process presumably

P
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also responsible for the catabolism of cytosine and 5 methyleytosne
feads eventunily xn bacteria to urea and malontc actd (474)

Punines and Pyrondines ar Nutritional Factors  Naturally ocur
ring fung: with a partial requirement for ademune have been reported
(172 174 275 625) among the basidiomycetes exogenous adenne ¢
celerates growth but has no effect on final yield (174) The effect of
guanmne and hyp hute on spore g and early growth of
Plrycomyces blakesleeanus 13 mentioned 1 Chapter 12 Punne and
pynmudine requining mutants hnve been obtamed by comentional
procedures in several fungs (166 167 170 197 851 410 544) andhawe
been adapted for broassay (178 380)

For both Neurospors sitophile and Fusantum oxysporum [ wicohe
nae the purines are generally adequate sources of mitrogen the pynm
wdines poor sources the methy! purmes—caffemne and theophyllme—~
unuulizzble (606 607) Yanthme as sole nutrogen source supports
good growth of several unrelated fungs (517) and an wsolate of Nocerdie
coralling can obtam both carbon and nutrogen from uracil (331)

Biosynthesis of Compionents of Nuclesc Acuds ¥t seems cextam that
purines as such are not synthesized rather a nucleoside or more com
plex molecule 15 probably the first stable compound to accumulate
(215} Study of eight ad 1 of Newospora crana led
Mutchell and Houlahan (368) to propose the followng sequence of
reactions

X = Inosine -» Adenosine (16}

Hyp it replaces ad for some of N crassa (414)
Ophiostoma multiannulatum (166 168 176) and Ustilago zeae (410)
These data on fungl are consistent with our knowledge of ammal 5y
tems 1 which the general pathway appears to be (433)

QO + 3 NH; + ghyane + 2 formate -+ wmbose | phosphate >
tnosine 5 phosphate &= mosine = hypoxantlune 4 ribose 1 phosphate

{an

in O multsennuletum there 1s some evidence for a role of 4 zramno 5
te cark de 1 puriie biog (176) punne reversal of
sulfonamude toxiaty to Fremothectum ashbyu (472) 1s consistent with
hes
! Guanasne {or guanyhc acid) synthesss an Ophiostoma multiannula
turm has been suggested to proceed from adenosine (or adenylic aad)
1e by a further step or steps added to Equation 16 (173) 2 6-diammao-
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purnne replaces guanine for some mutants of this organism the cor
responding riboside does not (175)

Adenylosucaimic acd has been proposed as a p of adenyl
aad (93) and an ademne requirmg mutant of Neurospora crassa ac
cumulates both this compound and 1ts riboside (598)

Caffemne 1s inhubitory at low concentrations to Ophrostoma multi
annulatum since the inhibrtion 1s reversed not only by ademine but
by structurally unrelated compounds the status of caffene as a purine
antimetabolite 15 doubtful (253) Inhibition of Diplodia natalensis
by B azaguanine 1s reversed by adenine suggestng an interconversion
m this specics of ademine and guanme or their denvatives (295)
©Other structural analogues of purines cause inhibition of growth in
fungi (179 184) but whether they act speafically on normal purine
metabolism 15 uncertain

Biosynthests of pynmadines 1n fungs 15 even less well understood
than that of purines Pyrimudineless mutants respond better to nu
cleostdes than to the free pyrumidine bases (166 170 331) suggesting
that nbosidanion of a precursor precedes formation of the pyrimde
nng  Orotic acid replaces a pynimidine requirement 1n Neurospora
crassa and the unportance of this compound 15 underlined by the
findmg that pyrimidine requining mutants accumulate orotic acd or
1ts nucleoside orotidine (362 369) These findngs and the demon
strated tncorporation of the carbamyl group of citrulline mto pynim
wdines of N crassa (231) suggest that the following overall pathway
of undylic acid brosynthesis proposed largely on the basis of ammal
studies (93) 1s applicable to fung:

Catrulline = L urerdosuccimc a¢id — diiydroorotic acid —
orotic acid —» orotidine 5 phosphate — uridine 5 phosphate  (18)

Cyudylic acid may then be formed by reactions at the triphosphate
level although there 1s some doubt about the occutrence of this intex
conversion m fung: (447)

7 UREA

Urea 1s generally recogmzed as a utilizable nitrogen source 1t should
be realized that only experiments with cold sterihzed urea are vahd
since urea breaks down to ammoma on autoclavtng  Such expen
ments show urea utihization by for example several of the Mucorales
(81) Coccrdiondes mmstis (39) and Coprinus spp (165)  Although
urease 1s faurly common 1n actinemycetes utilizatton of urea has been

d freqs among Strep spp (211)
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Urease the enzyme hydrolyang urea 1s well known from higher
plants and bacteria (514) It 1s evidently of very general occurrence
among fung: including Aspergillus spp (34 35 36 84 115 161 39°
181 522) Pemallium spp (134 371 547) Pythiacystis crtrophthora
(296) several dermatophytic fungs (524) and most of the fleshy basid
1omycetes which have been studied i this connection (70 189 209
857) Both direct and indirect evidence indicate that urease 1s formed
by at least some actmomycetes (10 15 240 485)

The urease of Aspergillus niger 15 most active at pH 76 (34) al
though its production 1s favored to a marked degree by low pH (371)
It 1s formed by 4 miger on various media and appears i the medwm
after autolysts (34) In basidiomycete sporophores the enzyme 15 most
abundant in the hymenim (209)

Urea 1s formed 1n the fruit bodes of the mgher basiiomycetes (209
268 269 579 615) and by many saprophytic fung1 and actinomycetes
n pure culture (102 194 217 266 267 579) Oxygen and exogenous
ammomia increase rea formation by sporophores (272 273) 'The
function of urea—in some fung: very large amounts are reported (266
268)—1s presumably as a nitrogen reserve

The biochemical origin of ure1 in fung: has not been defimtely
proved and there are several possible processes First among these 18
the breakdown of arginine 1n the ornithine cycle (p 269) Urea bio
genesis by this route 1s indicated by the finding that exogenous argumne
ncretses urea accumulation mn fung: (267 522) and by the demon
stration of urea formation from arginime by cell free preparattons from
basidiomycete sporophores (273 615)

Apart from the specific action of arginase on arginine 1t appears
that urea 15 also formed by one or more enzymes which act on guam
dine and derwvatives of 1t to form urea and ammonia this activity Is
found 1n Streptomyces griseus (510) and n several saprophytic fungt
(103 270)

Formation of urea from calaium cyanamude by cell free preparations
of Aspergtilus niger has been reported (814)

An ongn of urea from purines 1s also possible 1n the fung: by the
general route
Xanthine > unc actd — allantoin —

allantotc acd — glyoxylicad + urea  (19)
Evidence for this pathway 1s still mcomplete but may be summarized
brefly

1 \anthine oxidase and uricase occur (n several fung (518) Ur
case 15 an inducible enzyme 1n Torulopsts utilis (450)
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2 Unc aad has been solued although possbly 5 a degradaizon
product from spores of Aspergilius ony.ae {513)

3 Allantownase consverting allantom to allantowc acd 15 found
cell free extracts of bandiomycete sporophores (83) and dspergilius
wger (84)  Allaptoin serves as 2 mtrogen source for Fusarium oxy
sparum £ nicobanee (607)

4 Sporophores of baswdtomycetes may contasn significant amounts
of allantore acd (162)

Proof of the role of this sequence 1n a single orgamism and demonstra
tion of allantoicase and its products 1 a cell {ree system are required
for acceptance of the pathway as wystten 10 Equauon 19

8 ERGOT ALKALOIDS

4t Jeasz since the dhiddle Ages it has been knowa that the black
sdlerona of the ergot fungus cause dasease and often death of eaten
{41} The alkalowds of the fungus now alse occupy 2 place an pharma
cology and have been mtensively imvestigated as drugs (200 486) Al
though the classical orgamsm 1s Claviceps purpurea there 15 reason to
beheve that selerona of other species of the genns especially € paspal
also contain the active matexsals (82)

Chemeally the known ergot alkalods comprise three basic types
all amides of hsergic acsid which has the structure

COOH
H H,
NCH;
H
4 H
N
§
H

In the ergatamane and ergotoxne atkalawds Iysergec aced s hnled to
a pepude ergonovine (ergometrine ergobasine) s made up of lysergre
aadand L2 3RO 1 propancl (508) A number of compounds closety

related 1o the y iy acuve ls are produced i cul
ture by spmﬁc straing of Cl«wce[n spp (3 5909) the structure and pos
sible b ps of these are Y by Stickings and

Rawstrick (504)  Agroclavine production s greater in sull than i
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shake culture (5, 6 7) The ergot alkalods whether produced by
the fungus or supphed exogenously distppear in tume from a culture
(4 363)

9 MISCELLANEOUS NITROGEN COMI OUNDS

Although the anubtotics of actinomveetes form a large shate of the
known nstrogenous metabohtes 2 number of fungal products are aho
known Table 2 lists some representative compounds 1n a classifica
tion based on chemical sumlanity  Almost nothng 1s known of bo
chemucal relationshups -

Group I of Table 2 mcludes compounds more or less simlar to
amno acids  Azaserine 1s of some general tnterest by reason of us
apparently specific blocking of a single step 1n the brogenesss of purine
nucleotrdes (49 543) Other serme denvattves include the anti
biotic cycloserine and the non anubiotte O carbamylpsermne (2°3)
both actinomycete products  Myceltananude praduced by Pemcillium
griseofulvum 35 structurally related as an acylhydroxylamine to ¢
closerine (67)

The structure of the related bioties thiol and
has been determined (97) and therr resemblance to cystine has been
noted (14)

Compounds more closcly and obviously related o the ammo acids
mclude fumaryl on, alanine of Pemcrllium resticulosum (58) an umt
dennfied ester of glutamne 1 Leprota naucina (502) and the lichen
product picroroccelin a diketopiperazine (27)

‘The orgamic miro group occurs only rarely m biological materal
chloramphenicol (Chapter 6) 15 one example g mitropropionic aad
another (Table 2) An anubiotic of Streptomyces thiwlutens has the
nuro group (23B) Newrospora crassa forms an inducble enzyme
acung on p muropropionic acd and related compounds (328)

Indigo 1s shown i Table 2 as a representatse of Group 11 com
pounds related to indole There 1s goad evidence that indole 15 the
starting pomnt for mdigo formation by both soil bactensa (213) and sn
the mammaliw gut (121) mdole 1 turn we may assume arses from
tryprophan

The mndole nuclens 1s found also m lysergic 2ad (p 279) and m
ccunulin 1 product of Aspergillus glaucus (125)  Ghotoxm pro
duced by 4spergillus fumsgatus Pemallium spp, and Trichoderma
viride (74) 1s beliered to have a reduced mndole nucleus (281) Penm
aillcum terlikowsh: earhier 1dentified 1s P obscurum forms both gho
toxin and 1ts monoacetate (282)

Fusaric acid 1s the sole representative of Group 1V pyndine dersa

hnion
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Table 2 Rep [~
of Fung: and Actinomycetes
Group* Compound Orgamsms
I Azaserme Streptomyces sp - (186

187 372 505)

N+—=N-=CH--CO—0—CH—CH—COOH
NH,
Cyclosenne (oxamyctn) Streptompees spp (226
237 309)
HN—(\:H =0
CcH NH
o}
11 Beta mitropropiomc acid Asporgillus flamust (88)
O:N—CHy—CHy~COOH
I Indigo (ndigotn) Schs ophyltum commune
(365)
o o
4 \,
C:N: :N: C
| |
H H
IV Pusarc acd Fusarum spp Gubberella
Supkuros Nectria ctnna
e S banna (191 192 416
o | (CHa)r—CHs 507 614)
SN
V. Vindicaun Pemastium spp (75
117)

X

*See p 280
1 Also known i higher plants (94)

OH
H

Ol
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Table 2 (continued)

Compound Organsms
Aspergillic acid Aspergillus flavus (141
390 591}
N CH,
7
HC C|}—CH1—CH
CH;—CH;—(IIH—C /C=0 CH,s
CH, I;I
OH
Cordycepm Cordyceps mulitans (50
118)

g
NZ I»N
KN J 1[1) CH,0H

CH—CHOH—CH—CH,

O
Cycloheximde Streptomyees spp {112
304 313 590}
CH—CH—CH:
CHy—CH C=0 o
4 e
CH-—CH CH—C
s N\
CHOH—CH—CH N—H
/
CH—C
AN
(o]
Actithiazic aad Streptomyces spp (352)
H
/
O—C——N

CH—(CH»)s—COOH

CHr—$
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tives although Iysergic acd also has a reduced N methyl pyndine
structure  Fusaric acid 1s a potential wilt toxin in diseases caused
by Fusarsum spp and related fung: Its production by F tasinfectum
1s narrowly controlled by the zinc content of the medium (287) Gtb
berella fupkuror also forms dehydrofusaric acd (510)

Vindicaun (Group V Table 2) 15 a denwvative of quinoline quino
linic acd 1s noted later (Chapter 10) as a possible intermediate 1 the
biosynthesis of nicotinic aad from tryptophan  Some stramns of Pent
allium cyclopium form vindicaun but in one 1t 1s replaced by the
related cyclopenm (75)

Aspergillic aad one tautomeric form of whch 15 displayed in Table
2 represents a sixth group dervatives of pyrazine  Gliotoan men
tioned above as an indole dertvative also contains this grouping as
does pulcherriminic aad the ron salt of which pulchernimin s the
red pigment of Candida pulchernma (111 297) Aspergillus flavus
forms 1n addition to aspergillic acid the compound flavocol a duso
butyl derrvative of deoxyaspergillic acid (140)

The structure of the pyrazines strongly suggests a biosynthetic ongin
from leucne and wsoleucine (74)

Cordycepin yields ademne on hydrolysts  Achromycin an anu
biotic of Streptomyces albo miger also 1s an adenine denvauve (577)
Another actinomycete antibiotic amicetin incorporates the pyrimidme
cytesme (501)

include the azanthraqumone chromophore
of the acunomycms (p 254) cyclohexirmide (Table 2) and the pig
ment phomazanin of Phoma terrestris (239 303)

Thiazohdine derivatives are represented only by the antibiotic act
thiazic acd  Evidence has been presented indicating that this may
act as an anumetabolite of broun (553)

Polyacetylenic compounds of fung: have been considcred briefly
(Chapter 6) Of these two—agrocybin (85) and diatetryne 1 (23—
are amudes and a third diatetryne 2 (24) 15 a nunle

Most pigments so far mvestigated have proved not to contain mitro
gen but several do  To those already mentioned may be added as
examples the p of Trametes b {216) S
coelicolor (792) and § limosus (80)
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9 . Inorganic Nutrition
and
Metabolism

Inorgamc sources of mitrogen have been discussed 1n
the preceding chapter here we are concerned with the utilizaton of
other elements Fung: have relatively large requirements for phos
phorus potasstum sulfur and magnesium and much smaller but def
e requirements for at least five micronutrients (trace elements mmnor
elements) The known essential mrcronutrients are iron zinc copper
manganese and molybdenum The calaium requirement of fungs
if specific 1s of the same order of magnitude as the micronutrient 1¢
quirement whereas calaum 1s a major nutrient for higher plants
Boron required by green plants 15 not known to be needed by fungl
The possibility of other micronutrrent requirements 1n fungi must also
be considered  Effects of sodium chloride have been assumed here to
be non spectfic although 1t has been shown that sodm 1s required
by Anabaena ¢ylindrica (4)

The history of mvestigations on the mueral nutrition of fung 1s 1e
viewed by Foster (57) ILarly studies were primarly nutritional m
nature and were severely hampered by methodological difficultics
More recent nutritional studies owe much to the proneening wark of
R A Stemnberg on both the techniques and the basic concepts of the
field Interest at the present ume 1s shufung toward the problem of
the metabolic function of the 1norganic nutrients with special atten
tion to enzymatic processes in which metals play arole A return to the
exploration of st1ll unknown requirements should be possible as purer
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chermicals and mert container matenals come to the attention of the
biofogist

1 1HOSPHORUS

hosph or di

In culture media 2 level of phosp (@
basic) of 0 004 M 15 usually provided reported op conc
—affected of course by the carbon and mtrogen level—are of the
order of magmtude of 0001-0003 AL (35 100 187 241} These
levels are however too low to provide adequate buffering againse ap-
preaable organic acid formauen

Orthophosphate may be replaced at least for some fungi by other
forms of morganic phosphate (49) by phytic aad (220) by adenosine
phosphates (223) or by caseant (22) Axpzrgllluy niger cannot utihze

or hypop (49) phosp appear to be g 11
men 1n brological syslems (203)

Phosphate defictencies cause several metabolic disturbances The
most easily observed as one would expect 1s a Jowered rate of glucose
utthzation (33 123 130) other metabolic symptoms of deficiency are
presumably sccondary to ths direct effect.

In the typical culture cycle phosphorus 15 absorbed rapidly dunng

18 T T T
D sht

e - ry weight _J
lé - 7 minute P -
g " mycelium
3 -
H
£ L
2
x + J
5
2 6
3 Pm dum
2 — -
2
a —, -4

Iy [ | ! 1 1

0 4 8 12
Time days

Fgr el Crowtt and phosphorus ¢ nges in Aspe giilus ng v From data of
Mann (13) Se en m nute phosphorus 1 orgamic pho phorus m neralued by acid
fydrohsis of 7 munutes duration.
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the early stages of growth and 1s converted 1n the cells to orgamic com
pounds (69 134) Absorption 1s dependent upon oxygen and a respir
able substrate and 15 inhibited 1f respiration 1s posoned (79 134 205)
The rate of absorption 1s retarded 1f available carbon or nitrogen 18

‘Table 1 Phosphatases of Fung: and Actinomycetes

Substrate Action Organisms
Beta glycerophosph Hydrolyssat 4 ssrach (90) Aspergilles
sugar phosphates aad pH flaous* (251) A niger (132 134)
# mitrophenyl phos A oryzae (39 41 42 179) Can
phate etc dida albicans T Cryptococcus spp 1

Geotrichum candidum t and Tortla
cremonst (16)  Streptomyces cuel
color (38) Torulopsis utilss (193}
Beta glycerophosphate Hydrolysis at  Allomyces jaanicust (248) Aspergilias
alkabne pH  flasus* (251) 4 oryzae* (7) Ca
dida albicanst (16) Mucrosporum
cants (34) Pemallum chrysogerim
(206 207) Torula cremonst (16)
Trichophyton rubrumt (172)

Gl 6 phosphate  Hydrol Neurospore crassa (24)
Ad hosph Hydrol llus mger (112 134) Pemctl
Tuum chyysogenum (110 111)
Ad h Hydrol, Asperydllus mer (132 134) Pemadl
phate Tum chryso,enum (206)
N 1l shosoh sdrol s mort ()
Collmdal p p Depol Aspergillus spp  Pentcll sppd
phate tion (95 96 97 98 111 132)
Low molecular weight ~ Hydrol spergellus spp (105 106 111 112
metaphosphate 135)
Pyrophospt Hydroly spergiltus spp (109 132 135 159
160 164 179) Pemcallium chyso
genum (109 206)
Triphosphate Hydrolysis Aspergillus mjer (132) A oryzae
(159 160 161)
Polyphosph ) spergrllus mager (111 112 113)
Phytic actd Hydrolysis Aspergillus mger (50 134) Pemailliunt
chrysogenum (206)
by hosph: Hydrolysis {lus spp (56)

*Two pH optima

+ Histochemical method

1 No depolymerization by extracts from Phycomyces blakeslseants Rl opus nigrt
cans Collybea velutipes Marasmus spp  Merulius domesticus Polyporus betulinus of

Tricholoma equesire
§ Two enzymes
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made lmmung (71 72) and of course if the external phosphate con
centration 1s fowered (35 70) tihen comdia appear miycehal plios
phorus enters the spores (10) Autolysis 1s marled by the appearance
of phosphate primanly wnorgamic 1n the medum (83 42 143 217)
most of this appears to be derived from mycelial organic phosphorus
as the mycehial phosphorus remamns relatvely

constant during autolysis  Most of our information 1s {rom studies on
Aspergillus niger the data of Fagure 1 are typical

Combined forms of phosphate organic and norganic are hydro-
lyzed by fungal enzvmes the phosphatases the occurrence of which is
summanized m Table 1 It may be that the acd and alkaline phos
phatases of fung: are 1dentical with phosphomonoesterases 1 and 11
of other organisms (20%) but the speaficity 15 very much in doubt
Indeed there 1s no certainty 1n most of the examples of Table 1 that
separate specific enzymes are 1nvolved

Probably most or all fungt and actinomycctes form 2 phosphatase
active at low pI against organic phosphates although particular prep
arations have been reported to lack this actiity (34 206 207)

2 1OTASSIUM

Potassium 1s required by fung: at the usual levels of carbohydrate
concentrations of 0 001-0 004 M are adequate (100 187 258) Sur
prisingly little anf 15 available on the p of
n fung: the most striking effect of potassium deﬁclency m A:pefgxllm
niger 13 an increase 1n oxalic aad accumulatton (29 146 196) A
very low supply of the element 15 accompanied by poor sugar utiliza
ton (19s) and 1t seems hikely from work with orgamisms other than
fung: that potassium has an essential function in carbohydrate metabo-
Iism (154 176 202) Certain enzymes however are more active
preparations from potassium deficient cells (85)

Sodium can partally replace potassium in the nutrztion of dsper
gHlus niger (73 238) but the degree of replacement 1s small  Under
some conditions rubidium and cestum have shght effects (238) under
others none (149) In curtain of the bactena rubidium and other
alkalt metals have a much more pronounced action ether as replace
ments for or competitors of potassium (55 124 130 202 247) It
seems lkely that studees of thus prob!cm 1 fungt other than dsper
gilius mger would be rewarding bid can replace p
wn certain cell free enzyme systems (126)

Figure 2 allustrates the typical growth response to the four ‘major
elements—potassium magnesium sulfur and phosphorus
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Figure 2 The response of Cephalosporium salmosynnematum to polassium mag
nesum phosphorus and sultur  Redrawn from Pisano et al (187) by permussion of
the Withams and Walkins Company

3 SULFUR

Media 1in common use 1ncorporate excess sulfur as magnesum sul
fate at moderate carbohydrate concentrations the sulfur requirement
1s about 0000100006 A1 (13 91 228)

Most fungt can supply all thetr needs for sulfur from 1norganic sul
fate 1e they reduce the sulfate and incorporate 1t mnto organic mole
cules  1he organic sulfur compounds known 1n fung: anclude amin®
acds (cysteme cysune nd t sitamins  (th an
biotin) cyelic choline sulfate (Chapter 2) sulfur contuming antt
biotis eg pemallin and glotoxin and such miscellaneous com
pounds as junpal (Chapter 6) thiourea (177) and methyl mercaptan
(Chapter 6) Sulfur mcorporation into organic combrnations 1s often
very large whether or not sulfur 15 released on autolysis appears 0 be
determined by the species studied (81 192 197)

The fungt which as wolated from nature are unible to utilize sul
fate sulfur are all aquanc phycomycetes most Saprolegmales and all
known members of the Blastocladiales (30 31) Other phycomjcetes—
Chytrdiales Leptomtales Peronosporales and the Zygomycetes—ul!
lire sulfate Whether dependence on reduced sulfur 1s biochemically or
ecologieally related to the lower 0xjgen requirement or to the lermen
tatve capacity of the Blastocladnles 1s sull uncertamn  Mutants 1¢
quinng reduced sulfur hase been obtained from Neurospora crasse
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(89) Aspergillus 1 (83 188) F i chry (82)
Ophuostoma multiannulatum (64 65) and Ustilago zeae (180)

Some nutritional studes on sulfur are summarized 1n Table 2 from
which 1t appears that most or all fung: unlize sulfide thiosulfate and

Table 2 The Sulfur Nutnton of Some Fungi*

Sapro Brem Pesta Asprr
loma  lyma  Pyhum  lotia pllus Pemarllrum
Source of dehiea  graohs  spp  moloum  mer  chrysogenum
Sulfur 22) (22) (208) (244) (239) (82)
Sulfate o + + + + +
Persulfate 0 + + +
Sulfite 0 + + +
Busulfite [ + + o +
Dithionate 0 [ 0 + o
Hyposulfite + + + 0 + +
Thiosulfate + + + + + +
Sulfide} + + + + + +
Disulfidet + + +
Cysteme + + + + + +
Cystine + +
Methionine +
Thiourea + + + + 0 +
Thiocyanate +

4 = growth 0 = no growth
1 8ee text

the more oxidized forms of morgamc sulfur (except dithionate} How
ever the data on some of these compounds must be questioned n
view of therr known instability thus Stemberg (234) found thut
Aspergillus miger grows much better on old than on fresh samples of
sodium sulfide and disulfide

It should be noted that the difference between Brevilegnia gracilis
and Saprolegnia delica 1 thewr sulfur nutnition parallels that seen
elsewhere (Chapter 3) in their carbon nuttition—the soil inhabiting
B gracihis 1s more. omnivorous than 1ts aquatic relanve

The details of sulfate reduction are not fully known The available
data suggest the following pathway (1)

Sulfate (SO, ~)— sulfite (SO;~=)->sulfide (5--) or thio
sulfate (§ Og~~)—> cysteine — methronine [4))

The obviously necessary 1ntermediates are not known nor 1s 1t possible
to say at what point 1n Equation 1 the sulfur becomes attached to an
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Figure 2 The response of Cephalosporrum salmosynnematum to potassum mag
nestum phosphorus and sulfur  Redrawn from Pisano et al (187) by permussion of
the Vsslhams and Widkins Company

3 suLFUR

Media 1n common use mcorporate excess sulfur as magnestum sul
fate at moderate carbohydrate concentrations the sulfur requirement
15 about 0 0001-0 0006 Af (13 91 228)

Most fungi can supply all their needs for sulfur from 1norgamic sul
fate 1e they reduce the sulfate and mcorporate 1t mnto organic mole
cules The organic sulfur compounds known 1n fungt include ammo
aads (cysteme cystine and methionme) viamuns (thamme and
bioun) cyclic choline sulfate (Chapter 2) sulfur contamning antt
biotics eg pemallin and ghotoxin and such muscellaneous com
pounds as junspal (Chapter 6) thiourea (177) and methyl mercaptan
{(Chapter 6) Sulfur wmncorporation 1nto organic combinations 1s often
very large whether or not sulfur 1s released on autolysis appears to be
determined by the spectes studied (8% 192 197)

The fungt which as 1solated from nature are unable to uttlize sul
fate sulfur are all aquauc phycomycetes most Saprolegmiales and all
known members of the Blastocladiales (30 31) Other phycomycetes—
Chytridiales Leptomitales Peronosporales and the Zygomycetes—utt
hze sulfate  Whether dependence on reduced sulfur 1s biochemucally or
ecologically related to the lower oxygen requirement ot to the fermen
tative capacity of the Blastocladiales 1s sull uncertamn  Mutants e
quiring reduced sulfur have been obtamed from Neurospora crassa
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(89) Aspergillus ntdulans (83 188) Pemcillium chrysogenum (82)
Ophtostoma muluannulatum (61 60) and Ushilago zeac (180)

Some nutritional studies on sulfur are summarized 1n Table 2 from
which 1t appears that most or all fungi utilize sulfide thiosulfate and

‘Table 2 The Sulfur Nutnition of Some Fungr*

Sapre Brevs Pesta Asper
lgma  leme  Pyuhum  lona  gifus  Pemalium

Saurce of dihca  grachs  spp  maloem  mer  chiysosenum

Sulfur (22) (22) {208) (244) (239 {82)
Sulfate + +
Persulfate +
Sulfite
Busulfite
Ththuonate
Hyposulfite
Thiosulfate
Sulfidet
Disulfidet
Cysteme
Cysunc
Methionine
Thiourea -4 +
Thiocyanate

* 4+ = growth 0 = no growth.

1 Sce text

+ +++oococoo
£ tttotttt
+ ettt
++++eoto
ot +tttttot ++
+

+
+
EE RO

the more oxidized forms of morgame sulfur {except drthionate) How
ever the data on some of these compounds must be questioned 1n
view of therr known instability thus Stemnberg (234) found that
Aspergillus mager grows much better on old than on fresh samples of
sodium sulfide and disulfide

It should be noted that the difference between Brevilegnia gracilis
and Saprolegma delica 1n therr sulfur nutntion parallels that seen
elsewhere (Chapter 3) 1n their carbon nutninon—the soil inhabiting
B gracthis 11 more omnnorous than s aquatic relative

The details of sulfate reduction are not fully known  The available
data suggest the following pathway (1)

Sulfate (SO, ~)— sulfite (SO,~~) > sulfide (5~-) or thio-
sulfate (S O; ~)— qystesne — methromine m

The obviously necessary intermediates are not known nor 1s 1t posuble
to say at what pownt 1n Equation 1 the sulfur becomes attached to an
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organic molecule but the scheme 1s 1n agreement with nutnitional
data on genetically different mutants of Neurospora crassa (89) Asper
gllus mdulans (88 188) and Fentuna maequahs (104) Shepherd
(219) proposes a dual pathway of cysteine biosynthesis ;n 4 nidulans

The naturally occurring fung: which require reduced sulfur are we
may suppose unable to carry out one or more of the reactions of Equa
uon 1 Thus Blastocladiella emersonir grows with either ¢ysteme or
meth (18) and 1s p bly blocked prior to cysteine synthests
Allomyces arbuscula on the other hand appears unable to use any
source of sulfur other than methionine (99) The same considerations
apply to other fungi which require ¢jsteine or methiomne (131 254)

Bulk reduction of sulfate with evolution of hydrogen sulfide 15 not
effected by fungs as 1t 1s by some bactetia  Candida spp reduce sulfite
(178) many fung enzymatically reduce elemental sulfur to HS (1%
144 216) and Neurospora crasse reduces selenite to selenrum (259)

Sulfur and sulfur compounds are oxtdized by fungt elemental sulfur
by Pemtcallium luteum (1) sulfur-containing amino acids by Aspergifus
miger (68 148) cystemne bv Microsporum gypseum (224) Cystemne sul
finic acid has been proposed as an intermediate m cysteme oxidation
(224)

A few mmor aspects of sulfur metabolism may be mentioned 10
concl C 1al enzyme preg 10ns from dspergillus spp
contan a phenolsulfatase hydrolyzing compounds of the type R—
OSO;h (2 162 163 165) other sulfatases hase not been reported
from fungy (66) Pemscilfium notatum 1s able to spht a carbon sulfur
bond (32) The toxicity of barium to Aspergtllus niger results from
the removal of sulfate and banum 1s not toxic 1f sulfur 1s supphied 1o
some other form (228 234) Finally the reduced sulfur requirement
of the yeast phase of Hustoplasma capsulatum (186 209) 15 a requure
ment for reducing conditions not for reduced sulfur as such Transier
of methyl groups to sulfur 1s summarzzed 1n Chapter 6 reductive steps
occur 1n the overall bol of sulfur sel and telfurium

4 MAGNESIUM

M ly provided as the sulfate at about 0001 M
prabably has as 1ts prinaipal essential function the acuvation of en
zymes necess1ry to normal metabolism and growth The optimufit
1s dependent on the concentration of the carbon source (215) the
production by the orgamism of hydroxy acids or other chelate forming
molecules which tend to render magnesium unavailable and the con
centrations of ather 1ons to which magnesium 15 antagomstic. Asper
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gellus terreus 1n surface culture requires much more magnesium than
1t does 1n shaken culture (119 120)

The enzymes activated by magnesium in i1 vifro systems are often
also activated by manganese or other divalent 1ons but 1t 1s beheved

that 13 the physiologically active metal (115 126) None
of the physiological effects of deficiency has been conclu
sively related to enzyme funcuon but 1t 15 ble to suppose

that for example enhancement of nboflavin formation by magnesium
deficiency in Aspergtllus miger (114 210) reflects an impairment of the
nermal oxidative system  In bactersa magnesium accelerates the up
take of phosphate possibly by reason of the role of the metal 1
transphosphorylatons (3)

The absorption of magnesium 15 somewhat slower at neutral than
at aod reaction resulting 1n a shightly fugher optimum at neutrality
1236)  M: 15 preciy d and d virtually
at hugh pH 1n the presence of ammonium 1on (62)

As suggested above the ipparent magnesium requitement 1s prob
ably affected by other 1ons  This 1s deduced from the very great ac
tvty of magnesinm 1n antagonizing the toxaaty to fungi of such
metals as alununum copper and mercuty (120 122 136) simldar re
sults with other 10ns have been reported 1n studies on bacterta (3 130)
The most attractive theory explaining this antagomsm 1s that of Mac
Leod and Snell (130) that other metals compete with magnesium for
enzyme surfaces and that the resulung metal-enzyme complex 15 mactive
or less active than the natural magnesium complex  Competition how
ever need not be limuted to enzvmatic reactions  Marsh (136) shoned
clearly that magnesium prevents the absorption of copper by comdia
of Sclerotima fructicola thus finding suggests a competition of the two
elements at the cell membrane

Berylwm 15 smd to replace magnesium partially and under special
arcumstances (238)

5 1rov

Tungt and actinamycetes require approximately 0 1-0 3 ppm of ron
more w concentrated media (36 37 100 169 241)  Aspergillus niger
utidizes exther ferrous or fernic sron (168)  Iron 1s Jost from solution
at newtnal or alkakine pH inclusion i the medm of a chelating
agent eg atrate reduces the loss (62 88)

The most obvious metabolic Tole of 1ron 15 1n the formation of 1ron
containing metabolites  Tho e known 11 the fungt melude cacalise
and the cytochromes (Chapter 7) coprogen and the fermchromes



308 INORGANIC NUTRITION AND METABOLISM

(Chapter 10) the heme pigment of Neurospora crassa and Pemeillum
notatum (103) and the pigment pulchernmm of Torulopsis pulcher
nima (40 107) Preparations of aspergillin the spore pigment of the
black Aspergillus spp contan 0 26 per cent 1ron {191y

Aspergillus mger teleases mto the medium relatively large amounts
of a substance or substances not aitrate which bind fernic 1on (67)
the possible ecological value 1s obvious (158)

A few of the metabolic effects of 1ron may be asctibed to durect use
of the element 1ncreases 1n catalase (257) and i pulchernmm (201)
are of this type Other metabolic effects of ron concentration eg
on organic acid formation (45 57 184 185) on pemallin production
(108) on the balance of gentisyl alcohol and patulin (Chapter 6) and
on sporulation and spore color (118 211) are known but the operz
tive mechanisms are obscure  Only one persistent pattern may be
discerned the maxrmum formation of certain metabolites—strepto-
myan (87) pemallin (100) and atrimin (9)—requires more iron than
1s needed for maximum growth The data on organic acid accumula
tion as affected by 1ron are too much 1 confhict to allow any general
1zatton (36 57 183) as discussed elsewhere (Chapter 6) 1t 1s most
probable that deficiencies or excesses of iron and other morganic con
stituents act positively on acid formation when they do by vartue of
interference with normal metabolism

6 zINc

The essentiality of zine for growth n fung: has been confirmed
many times (35) Reported opuma determuned of course under
different conditions range from 0001 to 05 ppm probably 05-10
ppm 1s adequate 1n routine work (5 36 37 76 211) Hugher con
centrations of zinc may be toxic especially at high pH (117 174) the
toxtaty 1s reversed by certam other divalent 1ons (130) Inhibiion of
sporulation by zinc 1s reversed by 1ron (174 200) High levels of unc
mduce genetically stable variation 1n Fusarsum sp (46) and Helmin
thosporium satwum (145) Parual replacement of zinc by cadmum

(101) probably results from 1on of the cad with zine
227) -
The metabolic effects of zinc defi almost defy

several reviews consider them in detail (35 57 58 188) The myor
types of metabolic effects are

I Accumulation of orgamc aaids at levels of 2inc too low for normal
growth Associated with this 15 2 positne effect of the metal on the
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economic coefficient and on carbon dioxide evolution  The effect of
zinc on atric acd formation 15 1 almost all reported 1nstances to
decrease the per cent conversion of carbohydrate to aitrate (89} This
2inc effect 15 pot speaific atnc arid accumulation 15 favored by other
muneral defiaenaies (36)

2 Lowenng of speafic enzyme concentrauions in cells grown n
low znc media  Enzymes affected include pyrusic carboxylase (39
212) and ethanol dehydrog: and the tryptopt hesizing en
zyme (156) Diphosphopyndine nucleotidase on the other hand 13
ncreased by moderate nne deficieney (156 157) It should not be
assumed however that these effects are speaific to zine.

3 Decrease by zinc of the ac {ation of certain (141
245) In Aspergillus ochraceus the speafic 68 hydroxylation of sterords
3s much retarded by zinc deferency (51)

4 Increase in cytoth ynthesis 1 Ustilago sph gena at hugh
anc (76) with an accompanying decrease 1 ferrichrome accumula
tion {158}

5 Changes 1n cell composinon (127 189 214)

6 Sumulation by ning of the n tiévo formation of vesicles by Puc
cima coronate (218)

7 A shit in the proportions of related ning compounds produced
by Pentcilltum urticae (52)

8 Effects of zinc supply on sporulation reviewed bv Foster (57)

Zinc 1s known to acinate a few enzymes specifically (126) and
others non speafically {(207) ethanol dehydrogenase and glutamic de-
hydrogenase are zinc protemns (219 2,0) The duverse effects of zinc
on metabohism suggest i addition that 1t 1s concetned with the s
thesis of enzyme protemns thus hypothesis 1pplies especially to the
second thurd fourth and seventh effects just listed

7 corrrr

Copper 13 required by fungi for normal growth and sporulation at
about 001-0 1 ppm (86 37 100 24I) Higher concentrations are of
course tovic although twa fung: make viable growth even 1n a sam
rated solution of copper sulfate (226) The uptake of copper 15 some
what gretter at moderate pH than at low pH (21)

Perhaps the most strking physiological effect of copper deficiency 15
the reduction 1n prgmentation of the colored spores of Aspergillus spp
(26 102 132 150) and Tyichoderma vinde (27)  Although other metal
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deficiencies also affect spore pigmentation (58) copper 1s probably the
most important at least for the dark spore pigments

It has been mentioned earlier (Chapter 6) that copper may play a
role 1n chlonne metabohism of fungt  The possibthty that as m an
mals (184) copper 1 essentral for normal wron metabolism has not been
explored

8 MANGANESE

The essentiality of minganese i small amounts about 000,-001
ppm has been demonstrated for a number of fung: (23 36 53 57 86
137 190 199 227 241) we may assume that fungt 1n general require 1t
although the effects of deficiency are not apparent for all The e
quirement 1s more easily shown at low pH than at fugh (121)

Manganese deficzency has several physiological effects (57 183) mn
cluding a pronounced decrease 1n sporulation The frequent role of
the metal 1n actvation of enzymes especially those of the atnc aad
cycle (136) suggests a role for 1t tn metabolism at thus pomnt manga
nese concentration also affects the concentration of other enzymes i
the cell (86)

The biologicil oxidation of manganese 1n sol can be demonstrated
perhaps best 1n soil percolation expeniments (129) It 1s probable that
fung: as well as other orgamisms carry out this reaction the himted
evidence 15 Teviewed by Mulder and Gerretsen (153) and by Starkey
(225)

9 MOLYBDENUM

The essentiahity of molybdenum for Aspergilius mger was discosered
by Stemnberg (229) The requirement 1s small—esumates range from
01 parts per billan (152 168) to 10 ppb (241)—and 4 niger responds
to as lattle as 0 02 ppb (152) Vanadium does not replace molybdeaum

168
¢ Ic)has been observed rep ily that the molybd req t
of both Aspergillus niger and Neurospora crassa is ugher 1f mitrate 15
used as the source of mtrogen than 1f ammonium mtrogen 1s provided

(152 170 230) The expl faor this pt 15 the first un
equivocal demonstration of a speafic enzymatic basis for a deficiency
in fungt  Molyhd particpates as electron carrier 1n the

ymp
reduction of mitrate by enzymes of Neurospora crassa Eschericla ¢colt

and soybean the evidence for thus conclusion 1s reviewed by Nason



CALCIUM 31

(155) The valence states of molybdenum which funcuon mn electron
transport are the 45 and the 46 (171)

Molybdenum must however have other functions masmuch as a
molybdenum deficiency can be demonstrated 1n media not contuning
mtrate (152 168 170)

10 carciuv

‘The effect of caletum on the growth of fung: has only recently been
recogmzed although the first report of such an effect was 1n 1922 (208)
Species 1n 19 genera ncluding representatives of all the major groups
of fung: and of the genus Streptomyces have been found to respond to
added calaum by an increase 1 dry weight (62 63 73 99 113a 117
128 166 175 178 198 239 246 253) Reported optima range from
05 to 20 ppm  Some fung: 1t should be noted cannot be shown to
require calomm (198 239)  Figure $ allustrates the vesponse to cal
aum

Strontum partially replaces calaum for Allomyces arbuscula (99)
and several other fungy (117 198 239) Strontium s firmly bound by
mycelium of Riuzopus sp (116)

One may sull ask howeser whether the so-calied calaum require
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ment of fung: 15 spearfic  Calcium 1n many organisms including fung:
(117) protects agamst the wjurious effects of certain common mono-
valent cations especially hydrogen sodium and potasstum  In bac
tena calaum and related 1ons also protect agamnst zinc toaty (124)
These non nutritional effects the wide range of optima reported the
extent of replacement by strontium and the face that some fungt do
not respond at all to calcium alf argue for some caution 1n nterpreta
tion of the data as reflecting an absolute and specific req| I
1s noticeable that 1n a casamino acids medium with high sodim con
centration calcrum affects the growth of dspergilius ory.ae (222) but
the related 4 niger 1n the usual low sodium media does not respond
to ¢c1lerum (289)  The crucial experiment would be of course to de
termine whether an 1pparent calaum requirement can be ehmated
by adjusting the concentration of other ions

It has been found that calaium affects the time required for perithe
cal formation m Chaetoruum spp (14 15) and the tensity of comdt
aton 1 Trichoderma vinde (27)

Calaum like magnesium may be made less avarlable 1f chelatng
1gents eg curate are present m the medium and s less available
because of preciprtation at hugh pH than at low

11 cosavLt

In spite of early clamms of the essentiality of cobalt for fungt re
viewed by Marston (138) there 1s at present no conclustve evidence of
a cobalt requirement some more recent data are suggestive howerer
(11) Cobalt 1s required by antmals but not apparently by lugher
plants (138) As mentioned elsewhere (Chapter 10) vitamm B, 15
made by Streptomyces spp—and for the synthests cobalt must be re
quired—but whether the vitamun s produced by true fungt 1s uncer
tain  Furthermore nesther the fung: nor the actinomycetes are known
to require the vitamun  Although cobalt activates some enzymes €8
the dipeptidase of dspergillus oryzae (42) 1s only known essential
function 1n orgamisms generally 1s as a constituent of vitamm B In
view of the very great technical difficulty in establishung a cobalt e
quirement if the metal 1s only needed for By, synthesis (91) 1t may be
more profitable to explore the By metabolism of fungt than to attack
the cobalt problem directly prelinunary results (168) suggest that nel
ther B3, nor cobalt 1s essenunl to dspergillus nuger

Cobalt 1s accumulated by Neurospora crassa (12) the degree of ac
cumulation—up to 23 trmes the external concentration—being a func
tion of the amount of cobalt in the medum  Up to 40 per cent of the
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cobalt so accumulated 1s bound to 2 protemn  Cobalt accumulation m
N crassa 1s affected idarectly by the tron concentration (11)

Cobalt at appreciable concentrations 1s toxic to fung: and other or
gamsms  Toviaty 1s Teduced by huistdine (181 182 212) which pre
surmably forms a complex with the cobalt 1on  The uptake of cobalt
by dspergillus miger 15 sharply reduced by the addition of relatively
small amounts of magnesium (3) A third complication 1n cabalt tox
1ty 1s the observation that although iron and cobalt do not simply
compete the enzymatic symptoms of cobalt toiaty in Neurospora
crassa resemble closely the symptoms of tron deficiency (80)

12 OTHER INORGANIC NUTRIENTS

Aspergillus niger Tesponds shghtly to vanadim (17 18 19) and
fleshy fung: take up vanadwum from the soul (20) but satisfactory proof
of an essential role 15 not at hand Vanadum 15 essential however
for the alga Scenedesmus obhquus (6)

Stemnberg has reported growth mncreases from addition of gallum
{231y and—only with glycerol as carbon source—of scandium (233)
Results on gallium have not however proved reproducible (237)

Claims of an essential or growth promoting role of boron (256) and
orgamc compounds of siicon (87) have not as yet been confirmed
Winfield (255) reports negative results with boron  Chlorine appears
to have no necessary role 1n the nutrition of fungt (60) although chlorin
ated metabolites are not uncommon (Chapter 6) and chlorne 1s es
senual to hugher plants (28) Other metals eg aluminum and chro-
mum often exert phystological effects and may even under pecuhar
carcumstances improve growth but it has not been suggested that they
are essential

13 BIOASSAY OF MINERALS

‘The response of fungt to nutrients 1s sensttive enough so that a num
ber of bioassays for 1morganic elements 1 so1l have been developed to
the point of pracucal utiity  Almost all the work has been with
Aspergillus nuger although a radial growth assay for phosphorus with
Cunminghamella spp was devised 1 1934 (139 140)

Byoassays for mnerals are more laborious than chemical determina
tions and are wntrinstcally less accurate precision 15 especially low 1n
those assays based on visual estimates of growth or spore color (151)
The principal advantage of the bioassay method and the reason for 1ts
populanty s that 1t may more nearly approximate a determimation of
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the munerals actually available to a crop plant  The assumption made
therefore 15 that the fraction of a given mneral which the plant cannot
absorb 1s equally unavailable to the fungus Consequently the major
criterion for the practicability of a bioassay must be the degree to
which the assay results predict the behavior of crop plants m a given
soil correlation with chemical determinations 1s of secondary 1mpor
tance Correlative studies have usually shown at least fair agreement
between growth of Aspergillus mger and growth of higher plants i
souls defi 1n phosphorus p zinc copper and molybdenum
(47 73 147 150 168) The fungus 1s less suitable for manganese deter
mination because metabolic actds make more manganese available to 1t
than 1s available for hugher plants (153}

Typucal assay curves are shown 1n simphfied form 1 Figure 4 1tis
to be noted that the response 1s not reculinear Detailed methods are
described by Donald et al (47) Gerretsen (78) Mulder (151) and
Nicholas (168)

14 PROBLEMS IN MINERAL NUTRITION

Two general approaches may be used 1n determining the essentrality
of a given element  One may design a medmum free of the element 1n
question and containing all other materials necessary for growth Es
sentiality 1s shown by a quantitatively determined growth response to
graded amounts of some soluble compound containing the element
Obviously the medium must be punfied ngorously for the study of
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mucronutrients and equally important the compound added must not
contam any growth promoting substances

The second approach little used so far 15 to determine that some
metabolite which contains the element s essential to growth  For ex
ample 1f the vitamuns By, prove to be essenual then cobalt must be
essential

Details of the methods for punification of media for studies of micro-
nutuent elements hie outside the scope of this work  There s no one
best method for all matenals and the chowce depends on the particular
element under study The most useful over all methods 1nvolve adsorp-
tion on calaum carbonate (240) or aluminum compounds (48 221)
Special methods have been desenibed for copper (151 167 16%) man
ganese (168) and mofybdenum (81 168) Itappears that the chelaung
agents (8 hydroxyquinoline diphenylthiocarbazone etc) are not only
{ess effiaent for most micronutrient elements but are likely to be toxic

to the Detailed of daff methods have been
publshed by Stenberg (240) Donald etal (48} and Nacholas (168)
Methods of ob g salts of purnty are dis

cussed by Hutner et al (95)

The sources of contamination 1n micronutrient work are well known
by now the moculum glassware disulled water from a metal sull su
gars and polyatomuc alecohals hydroxy aads inorganic salts and com
plex extracts of biological ongin (92 168 229 230 232) Arnuno acds
are often 5o heavily contaminated that they cannot be employed at all
(235)

Chelaung agents may be used to exaggerate a requirement and make
1t more readily detectable Thus Hutner (93) added atrate to hold
caiaum and other efements 1n solution the (nluum reqmremem n
the absence of the )l g anion 1s A b

Work with the major morgamc nutnents 15 of course som:what
sumpler nasmuch as deficiencies are not made up by minor amounts
of Method bl do howeser anse escn
here Thus the usual practice in “orkmg at low or zero potassium 15
to supply phosphate as the sedinm salt ths of course ignores the pos
sibility that sodium parually replaces potassium I this parucular
nstance the solution 15 to use an amne n place of the alkali metal to
control pH (126}

In reporting results the concentrauon permitting hali maximal
growth 13 a more useful datum than that at which maximum growth
oceurs

Although an optimum amount of a given element may be defined
for ngudly speafied conditions (236 237) 1t must be realized that there
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15 no absolute optimum concentratson of an element for even one spe
cies  Some of the complicating factors may be mentioned  Frrst the
need for anorgamc nutrents 1s proportional to the carbohydrate sup-
ply (241) Second the need for an element may be increased or de
creased by the presence of a second element the mportant nutrstional
factor becoming then the rano of the two (60 129) n practice thi
means that equally good growth 1s observed over a range of total salt
concentration (43 77 128) Thud the nutnents and metabobtes
which form chelate complexes with minerals are present sn conuny
ally changing amounts, although a chelating agent may on the ont
hand solubilize a mineral and so make 1t more available on the other
hand the cell must compete with the chelate complex for the element
Fourth the pH of the medium~—agan a factor not nsually constant
for the entire hife cycle—affects the solubility of most inorganic salts
(62 78 88 230) the state of oxtdation of manganese (225} and the
stabulity of chelated complexes (25) Finally changes in the conditions
of culture may change the apparent requirement for a mmeral as in the
case of the magnestum requirement of dspergillus terreus (119 120)

The use of metabolically mert chelating agents particularly ethylene
damunetetraaceuc aad (EDTA versene) solses some of the practical
problems of supplying a fungus with minerals the compound has been
used successfully at 2-5 ppm for several fungy (194 2092 252) and for
Streptomyces mutrificans (218) However this and sumular agents may
prove to be toxic (65 128 243) Added curate or malate unless vt
lized by the orgamsm can be used to keep minerals soluble (92)

‘The fungi accumulate minerals against a concentranion gradient the
data are particularly clear for cobalt (11 12) silver and cesium (144)
and potassium (54) These examples and the accumulation of rubid
wum by fleshy bisidsomycetes (21) make 1t clear 1n addition that

1on of non 1 el 15 common The energy for
accumulation must come of course from respiration The very strik
ng effect of magnesium on the uptake of cobalt by 1spergilus niger
(3) and of copper by Sclerotinua fructicola (132) suggests that reactsons
at a semn permeable membrane are of importance 1n mineral nutritiof
In yeast there 1s good evidence for carrier systems in the transport of
catsons across the membrane (61)

The functions of the mnerals required by fung: deserve further
study Phosphorus and sulfur occur i known essential compounds
and therr major role appears to be constitnine  The other essential
muneral elements are today more or less conventionally assigned &

catalytic [unction as activators or active centers of enzymes  Reasons
exast of course for this general beliel the function of molybdenum
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mitrate reductase and zinc 1n ethanol dehydrogenase the occurrence of
copper and 1ron 1 punfied enzymes and the }nown activauing effect
of magnestum manganese and calcium on isolated enzymes  Further
study of possible enzymanc roles will undoubtedly be rewarding but
too narrow a dedication to this tash may mean neglect of other as yet
unknown physiological reactions of the metals
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10. Vitammn Requirements
of
Fung:

F\lngl like alf other organisms so far known require
minute amounts of speaific organic compounds for growth  The cell
may synthesize 1ts own supply of one of these growth factors or 1t may
bedependent 1n whale or 1n part onan exogenoussupply Commonly
we refer to the dependence on exogenous supply as a requuement
realizing that the orgamism which synthesizes 1ts own growth factors 1s
equally dependent on them {or normal metabolism

The defimtion of growth factors may be broad or narrow  We may
for example include as growth substances all compounds required 1n
small amounts and not used for energy (260) This broader definition
includes ammo acds purines and choline as growth factors A nar
rower concept the one used ficre excludes compounds that function
as structural matenals even though they are needed 11 small amounts

Most of the known vitamns hase a catalytic function 1 the ceff as

or parts of ¢ “Thas funcuion s stressed
m the definttion of vitamins employed n this chapter orgame mole
cules requred 1m small amounts and not so far as we know used as
sources of exther energy or structural matenals of protoplasm  This
definttion 1s arbitrary and provisional ~ Arbitrary because 1t separates
< of (eg mibofl from of en
zymes (eg amino acids) and cannot separate for example the role
of adenine 1n adenosine triphosphate from its role m the structure of
nucleic acds  Provisional because the cofactor role of some of the
vitamuns especaally inositol 15 uncertain

LN
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This chapter then mcludes substances primarily the water soluble
vitamins which are thought to be catalytic i function the ammo
actds and nitrogen bases are considered mn Chapter 8 as 1s the plant
growth factor indoleacetic actd

The hustory of our knowledge of the vitamm requirements of fungt
1s reviewed by Janke (117) Robbns and V havanagh (213) Schopfer
(239) and hnight (122) Although the work on yeasts and yeastlike
fungt really began 1n the nineteenth century the vitamin needs of the
filamentous fung: have been studied intenstvely only since 1934 1€
since the papers of Schopfer (236 237) on thiamme and the growth of
Phycomyces blakesleeanus Most work has been devoted to the require
ments of naturally occurring fungi and more recently to the require
ments of induced mutants both types of materal have provided sigmf
1cant information on the biosynthesis and the functon of vitamns 1
Itving things generally

1 PROBLEMS OF METHOD

The central methodological problem n vitammn studses 1s that of the
degree to which the mvestigator knows the composition of the medium
Almost any natural product e g sucrose or asparagine 1s contarmnated
with fi of some procedures for punfication
will be found 1n the literature on particular growth factors

For very hmited purposes eg 1 formulating a medm for routine
use 1t may be sufficient to use the approximate methods so common 11
the literature on vitamin nutrition  However a serious study of vita
min nutrition requires at the least that three methodological critena be
met

1 The measurement of growth should be objective and quantitative
Although growth on agar has been used fairly successfully 1n particular
problems 1t cannot be relied upon and dry weight or turbidity 1s to be
preferred (Chapter 1) Pyndine extracted agar (214) may however
be used for some problems

2 Over some range of concentration of the vitamun 1t should be
shown that growth 1s a function of dose (concentration or total amount
of the vitamin)

$ If growth occurs on the basal medium lacking added vitamin an
independent assay of the medium for the vitamin should be made
One very simple test consists of growing on the basal medium an or
ganism known to require the factor absolutely ~Other problems of
method are summarized by Robbins and V kavanagh (213)
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Especially with negative results 1¢  the finding that an orgamism
does not need 1 vitaruin suil further precautions may be mentoned
First the basal medium must be free of the vitamin even cotton plugs
may contribute growth fuctors (248 251) Second 1t 15 essenuial that
the orgamsm be sersally subcultured 1 the vitamin free medium for
at least three transfers  In some fie (131) the Jum has
no effect but this cannot be assumed  The critenon of senal subeul
ture 15 the one most frequently disregarded and 1n consequence most
reports of a Jack of need for a vitamin—espectally those eg biotn for
which the requirement 1s always small—are not whotly reliable

The use of crude extracts of natural products 1n the preliminary
search for vitymin requirements 1s of course helpful and within hm
us valuible However the simple observation that such an extract
wncreases growth has no necessary beanng on vitamin nugition smce
so many other matertals known and unknown are present 1n these ex
tracts  Thus the effect of agar on growth of several fungt (152) and the
effect of yeast extract on ¢ylochtome synthests by Ustilago sphaerogena
{89) are both attributable ta the zmc content of the natural product not
at all to organic matenals

The vitamin content of many common constituents of culture media
1s known (34 44 95 206 217 224 264) occurrence in other natural
products 1s reviewed 1n general works on the vitarmns (225 249)

2 THE NATURF OF VITAMIN REQUIREMENTS

1t 15 generally assurned that a fungus or other organism which 35 1
dependent of an externally supphed vitamin xs 50 by virtue of ats abilaty
0 synth the comp pendent fungus synthe
sizes thiamune etc  The ‘ahdny of this assumption 15 borne out by
expenimental evidence 1n ali cases so far investigated and 1s logreally
deduced from the premuse that the known vitamins have essential
functions 1n all cells  This premuse 1t should be noted extends only
to the water soluble or B vitamins

Turther evidence if such 15 needed for the essentiality of vitamuns
1 those fungt which do not require an external supply 15 found in the
fact that deficient mutants can usually be obtained by appropriate tech
nuques examples 1n addition to the classical Neurospora crassa 1n
clude speaies of Pemarilium (17) and dspergillus (115 195 199) gen
era m which naturally occurnng vitamm defiaencies are uncommon

The simplest situation n vitamn studies 13 that of complete 1nabil
1y of a gaven fungus to synthesize one or more vitarins  In this ar
cumstance the cell depends absolutely on an external supply and at




324 VITAMIN REQUIREMENTS

This chapter then sncludes substances primarily the water soluble
vitamins which are thought to be catalytic m function the amno
acids and mitrogen bases are considered n Chapter 8 as 15 the plnt
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(239) and knight (122) Although the work on yeasts and yeasthke
fung really begin 1n the nineteenth century the vstamm needs of the
filamentous fung: have been studied intensively only since 1931 1¢
since the papers of Schopler (236 237) on thiamine and the growth of
Phycomyces blakesleeanus  Most work has been devoted to the require
ments of naturally occurring fung: and more recently to the require
ments of ;nduced mutants both types of material have provided siguif
cant information on the biosynthests and the funciion aof vitamins i
Iiving things generally

1 PROBLEMS OF METHOD

The central methodological problem in vatamn studies 1s that of the
degree to which the investigator knows the composttion of the medium
Almost any natural product eg sucrose or asparagine 1s contamunated
with signsficant 1mounts of some vitamuns procedures for punfication
will be found 1n the hiterature on particular growth factors

For very limuted purposes eg 1n formulaung a medium for routine
use 1t may be sufficient to use the approximate methods so comnion 11
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met

1 The measurement of growth should be objective and quantitative
Although growth on agar has been used fairly successfully in particular
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which the vitamin 15 essential will obviously reduce the demand for
the exogenous vitamin  The replacement of meotinic aaid by large
amounts of tryptophan ref p by a p (20)
The replacement of p t aad by meth (269) may be
interpreted as evidence that at least one funcuion of the vitammn 15 1n
the biosynthesis of methionine and a similar mechamsm 15 invoked to
explam the partiil replacement of biotin by asparuc aad (190)

The third type of conditioned requirement 1s the most nteresting
and the least studied the possibility that fungi change i therr syn
thetic capacity and in thewr vitamiun needs during development It
must be realized that the typical vaitamin expertment performed with
fung: actually measures 1n the first mstance the capacity of the spores
o germinate i the absence of the vitamin 1n question if the spore
germination process requires the growth factor the orgamsm as such 1s
recorded as having the requirement It ts entirely possible that spore
germination may require factors which mature myceltum can synthe
size for stself  Thus the growth of Memnoniella echinata from a spore
moculum requires bioun which 15 not replaceable by desttuobiotn
However 1f desthiobiotin 1s added to a growing culture supplied with
Limiung amounts of biotin the desthiobiotin elats a
growth response (191) Ewidently the mycelium 1s able to convert
desthobiotn to biotin but the spore cannot  Successful use of the dif
ferential germintuon method for the detection of vitaimn<deficient
mutants (69 308) shows that spore germination 1s aftected by growth
factor deficiencies

Several fungi—Alternaria solam (138) Fusarium solans (285) and
Pensillium digitatum (61)—are reported to be accelerated 1n early
growth by vitzmuns the requirements for which are not evident 1f total
growth over a long petsod 15 measured In Afyrothecium verrucana a
requirement for biotin 1 detectable only at 1 stage shortly aiter spore
germmation (157)

Among the dunorpluc [ungi (Chapter 1) a single study (229) sug
gests that the yeast and the mycelial phases of some forms differ 1n their
biotin requirement

The onset of reproduction as a phase of growth may although the
data are far from deasne wmvolve changes 1n vitamm needs and re
sponses There 1s however no evidence of a singular association of
one vitamin with sporulztion per se mdependent of growth This
problem 1s considered 1n Chapter 11

Multple requirements are especially common i the yeasts five or
six vitamns may be needed (27 29 39) Among the filamentous fung
there are several mstances of a requirement for three different vitamins
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least over a certun range growth will be proportional to the supply of
the required factor or factors Many natural and induced deficiencies
wre or appear to be of this type which 1s the most easily detectable

A somewht more complicated situatton anses 1f a fungus 1s able to
synthesize a vitamun, but so slowly that under the usual conditions of
culture the rate of all other processes 1s potentially faster than witamm
synthests  Here we find the organism growing slowly 1n the absence of
exogenous vitamn but responding to an external supply by a faster rate
of growth  Such partial deficzencies are also common perhaps more

than complete defi Lxamples mclude the require
ments of particular fungs for thiamine (16 65 183 186) biotn (141
216) pyridoxine (66, 67 216 217) micounic acd (291) and 1nosutol
(238)

It also follows that any growth regulating process—including s1ta
min synthesis—may be miting under some conditions and not under
others A vitamn requirement that 1s mamfest only under certain
c 1s termed a cond d requirement The known £}pé>
of conditioned deficiency i fungi may be classified s follows

1 The deficzency 1s apparent or more severe at particular tempera
tures pH levels or salt concentrations

2 The requirement for a vitamun s reduced or more rarely elmt
nated by provision in the medium of a precursor or of a metabohite for
the synthesis of which the vitamn 1s essential

3 The defictency 15 humted to or more acute at a particalar stage of
development

Environmental factors condittoning s1tamin deficiencies include tem
perature acidity and salt concentration A mutant of Neurospors
crassa for example requires riboflavin only at relanvely high tempera
tures (172) Sclerotinia camelliae requires more imositol at 26° G than
at 18° but 1s nhibited by mositol at 27° (8) a temperature-dependent
1nositolless mutant of N crassa 1s also known (113) Sordarta fimicola
requures thiamine only 1f the initial pH of the culture is less than 40
possibly because thramine synthess 15 mntubrted by hydrogen ion (139)
A similar phenomenon 1 mutants of Neurospora spp which require
pynidoxine appears however to reflect a requirement for free ammonia
rather than a direet effect of aad (268) The influence of pH on the
b benzoic acd req! seems finally to be exerted through
permeabihity effects (325)  Pythium butlers requires exogenous thia
mine only 1 a Iugh salt medum (211)

The second type of conditioned requirement s more easily ev
plamed a precursor of the vitamin or 2 metabolite 1n the synthesis of
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thiamine boun pyridoxine p ammnobenzoic acid  pantothemc acrd
and mositol (259 209 281) Usually dry weight 15 the criterion al
though pyruvic acl formation (93) pigment production (289) and
rate of growth on agar (10 277 282) have all been proposed

Assays based on the dry weight of vitamun requining fungy have in
general the ad ges and disadvantages of any hiologieal assay (171
259) However the rclatinely more tedious procedures necessary with
the fung: hase persuaded most myestigators to use Whenever possible
broassays based on yeast ot bactersal growth ot metabolism 1 special
cases fungt may prove more valuable thus different fungiable to use
enther the pynmidine ot the thuacole moiety of thiamine were used by
Rrampitz 1nd Woolley (121) in a study of the thiaminase of carp

Bioassays using fung are criucally reviewed by Snell (259) others
have been described for bionn (221) pantothenate (290) and thia
mine (93 289) The Phycomyces assay for thamine s reviewed by
Ddegard (185) A sunvey of the response of many fung: to graded doses
of water soluble yutamns (13G) brings out some of the difficulties
herent in biological assay procedures

5 THIAMINL

Thiamine (aneunm vitamin By) 15 the first vitamun to have been
studied as a known enuty in the nuintion of fungt and 1s the
\itaman most frequently required by fungs  Thiamine defiiencies oc
cur inalt major taxonomic groups-—nl\hough the ascomycetes have been
Jess th gated than oth d 1n fung: from many dif
ferent nmuml environments

Reported rcquncmems vary widely (65 226 300) tume of harvest

d the comp of the medium cin be expected 1o
affect :hmmme demand It secems at least possible that thase fungt
with very small requirements e able 1o symhesize thiamane once
growth has been mittated A rypreal response curve 1s shown i Fig
ure 1

The metaboheally active form of thamine 15 the pyrophosphate
tong known as cocarboxylase because of 1ts coenzyme function in the
decarboxylation of pyruvic acid  Thiamine pyrophosphate 1s also the
cornzyme for transhetolase and for a vanety of enzymatic reacuons of
aketo aads (118) In the fung 1ts Tole m the metabolism of pyruvic
wad 15 clear from 1ts ncceleriion of ethanol formation (42 217y and
the accumufauion of pyrinate 1n thiamine-deficient cultures (64 93
301)  Acceleration of glucose utihization (161) and decrease 1n oxalate
accumulation (175) m 1y operate through the same mechanism
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¢g 1 dscordea rubescens (67) Blastocladia pringshermu (32) Cera
tztgztomclla mucrospora (216) and Trichophyton discordes strams (15
)

Inhibutory effects of vitamns haye been reported occasionally Th
ammune depresses the growth of Fusarium spp (55 285 304) and Rhro
pus spp (142 210 238) biotin may reduce growth or enzyme form
ton (11 228 253 316) Large amounts of pyndovine do not how
ever appear to depress growth (67)  The mechamsm of inhibition s
not always known thiamine mhibitron has been attributed to ammoniz
accumulation 1n Trichoderma viride (16) and to ethanol accumulation
n Rhtopus sutnus (247)

3 THE METABOLISM OF VITAMINS

Apart from therr catalytic role 1n metabolism vitamins are them
selves metabolites and arc both synthestzed and destroyed mn the cell
More or less comprehensive surveys of vitumn synthesis have been
reported for Penscrllium spp (37 100 178 274) and a good deal of
mlormation 1s avmlable on sitammn synthesis by Aspergillus spp (37
60 85 127 181 233 262) and Streptomyces spp (47 100 103 105 106
151) The vitamin content of mictoorgantsms 1s reviewed comprehen
stvely by Van Lanen and Tanner (288) As mentioned earlier we may
assume that a fungus which docs not require one of the water soluble
vitamins known to be required by other fung 1s able to synthesize It

Vitamuns synthesized by a fungus usually appear i the medum and
are detected there by bioassay however in Pentaillium chrysogenum
the greater part of the thramine, nboflavin and mcotime aad pro
duced remarns 1n the cell (100) and the same 1s true of thiamine m
some other fungt (133) and of riboflavin 1n Aspergillus mger (60)

The destruction of vitamuns by fungt has been Jess thoroughly stud
1ed  Phycomyces blakesleeanus and Sclerotium rolfsu destroy the thia
zo0le morety of thinmme (21 120) A mutant of Neurospora crasse
destroys pyndoximne and this destruction 1s inhibited compettively by
thiamine (96)

4 FUNGL IN THF BICASSAY OF VITAMINS

Analysis for mndnvidual vitamuns by 2 biological assay 1 often for
one reason or another superior to chemical analysts  This 1s espectally
true 1if a biologically active vitamuin exists 1n more than one chemical
form Bioassays employng filumentous fung: have been desised for
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Table I  Resj onse of Fungy to Thiamune and Tts Moigties*

Mimmum

Requirement Examples

Intact thiamne  Ceratostomella fimbriata Chalaropsis thielatiordes (220) Cortinarius
glaucopus (167) Phytophthora spp (188 204) Tullena tratres
(46} Trachophyton discordes (222)

Both moeties Boletus vane,atus (167) Ceratostomella spp (220)  Marasmus
perforans (145) Phycomyees spp {130 205 210) Pinculana
oy ae (284) Polyporus verstcolor (220) Tilletia farnda (245)
Ustrlago spp \15)

Thiazcle Coliyhia seluttpest (156) Endompces maynusts (165) Mucor raman
manus (173 174) Stereun frustulosum (182)
Pynmdine Atlomsees kmepn (196) Blakestea vispora (130) Blastocladiella

emersont (7). Ceratostomella spp (220} Cercasporelia herpotrr
chordes {45) Callybia tuberosa Coprinus lagopus (130) Fomes
spp (332) Hypholoma fascreulars (245) Mararmuus fulcobul
Gilfous (145} Nocardia spp (157) Polyporus spp (332)
Selevotsum spp \205) Sphaeruting trifolis (210) Stereum murran
(208) Trichobhvton tonsurans (273)
* A more anclusive st 18 given by Robbins and V. havanagh (213)
1 Not d fimtely established
to live with enther mosety afone does mn fact make the other and syn
thesize thiarmne (14 21 133 220 239) nesther pynmidine nor thiazole
by wself has a vitamin function
A great deat of attention has been devoted to the speaficity of the
structures of thiazole and pyrimadine for fungt  In general the require
ments are quite spearfic (213 225 239) most unhizable modifications
eg the substitution of an aceyl for a hydroxyl group or of an ethy)
for a methyl group are either minor or are sery hikely transformed
biologically to the natural product  Allitluamane fully replaces thy
amine in the nutrion of Endocomdiophora fimbnate Mucor raman
nianus and other fung and can be converted into thiamine 1 the cell
4y
1t might be assumed a priors that biosynthesss of thiamine procecds
via a couphing of the two moretes However there are some difficut
uies with this simple concept as applied 10 Newrospora crassa and
Harmis (97 98) on the basis of indirect evidence from nutritional stod
1es has prop that th b U proceeds 1w this fashion

Pyrimidine + umdentified thiazole precursor —

te —» th

U]
Birect coupling of pynmidine and thiazole may occur as a mmor path
way
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Figure 1 The response of I hycomyees blakesieeanus to thiamwe  Thiamine 3t
2er0 (curve 1) 02 (curve 2) and 10 (curve 3) mpM per 20 mi From data of Df
Fredenick havanagh

Cocarboxylase itself has been reported to replice thiamne (142 246)
possibly entering the cell without dephosphorylauon (231)

Other metabolic functions of t! 1n fung: are suggested by the
sparing effect of oxaloacetate (13 82) and the effect of thiamine m
promoting cytochrome synthesis by Ustilago sphaerogena (89)

Free thiamine chloride hydrochloride has the structure

NH; HCl +
H,C s CH.CH,OH
N SN cl-
LA
CH./ CH:
Th can be synth d ckh Iy by coupling the two moi¢

ties 2 methy! 5 bromomethyl 6 amunopyridine and 4 methyl5 8 hy
droxyethylthiazole commonly referred to as pyrimidine and thiazole
respectively Some microorganisms can use one or the other moiety by
atself to fill ther th req The diffe types of fungt
and some examples are shown in Table ' the most common require
ment 15 for the pynmidine motety te most thiamine deficient fungt
can syntheswze thazole and couple the two moseties to make the com
plete molecule Several studies have established that an orgamism able
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6 BIOTIN

Biotin (vitamm H coenzyme R) 1s required by many yeasts and
fungi all the major taxonomic groups of the fung: are represented by
bioun requining types {5 35 67 128 161 214 219 240 241) The
absolute requirement 15 usually less than 5 pg per liter (Figure 2)

The role of biotn 15 not certain 1n bactera 1t or a dervauve of 1t
15 probably mvolved 1n several enzymatic systems (126) Evidence from
studies of several fung: (111 152 190) implicates bioun 1n the synthe
sts of aspartic aad 1nasmuch 1s aspartate partially replaces biotin
nutnituon It seems Jikely that the reaction affected by boun 15 exther
the carboxylation of pyruvic acad to yield oxalacetic aad or the comver
s1on of oxalacetate to aspartate (92)

Pyruvic 2ad + CO — oxalacetic acid —> aspattic aad @

A second probable function of brotn in fungi 1s 1n the sunthests of
essental fatty acds olexc aad partially replaces biotin for a Neuro
spora crassa mutant (111) and for Opluostoma prne (163) It must be
sud that evidence for the essentiality of fatty acids for fungi 1s incom
plete the possibility 1s raised by (a) the stimulating effect of oleic aad
on growth (12 81 332) and (b} the occurrence i Neurospora crassa
of mutants requining fatty acids (120}

Less welldefined and probably mndirect effects of biotin on fung
mclude inlubition of growth of a pantothentcless mutant (228) nlub:
tion of enzyme synthesis 1n one stran of Neurospora crassa (11) and
change in the growth pattern of the dimorphic Sporotrichum schencht
{160V Mitrula paiudosa requires biotm only »f ammonmum nitrogen 1s
used in the medim (67)

In relation to biosynthests the structures of three compounds are of
mterest

i 1
an /O
HIT IIIH HN }}IH
HC———-CH H'C'——CH

CH;  CH,—(CH\)—COOH HC\ /CHr—(CH;).—-(,OOH

Desthi huots 13
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We may assume that synthests of the pynimudine mosety follows that
of other pyrimidines (Chapter 8) The orgin of thuazole m Aews
spora crassa 15 apparently related to amino actd metabolism (50)

Two fungi Phycomyces blakesleeanus and Sclerotsum rolfsu which
can use the two moreties in place of thiamne also destroy or comert
to an 1nacitve form part of the thiazole whether added as thiamine or
as free thiazole  Phytophthora cinnamoms which requires tact th
amme does not destroy free or combned thiazole  Thus the destuc
tion of thiazole seems to be unrelated to the use of thiamme in the
growth processes of the fungi (120) The effect of temperaure on the
enzyme which destroys thuazole may explain the obseration that the
effictency of thiamine for growth increases with decreastng temperature
(212)

The compound pyrith 1§ mhibitory to those fungt eg
Phytaphthora cinnamont which require sotact thiamne and does
vot inhibst those eg Neurospora crasss which synthesize thiamine
organisms requiring only one molety of thiamne are intermeduate 10
suscepibiliey (312 314) Howe‘er the problem needs further stady
1n view of the fact that th of Ne spora crosss 69
not respond according to expectations (279) Further 1t 15 bebieved
that pyrith sa of d pounds neopymihs
amune has been synthesized (303) and has the strucrure of a pyndime
analogue of th origmally assigned to  pynitt Neo
pyrithiamune compentively mhbsts thiamine metabolisnt animals
(162)  Pynthiamme can be nsed by pynmdine-deficzent fungi 352
source of the pynimudine ring (207)

T T T
g
E Figure 2 The responsc of Stack
RS botrys sp (SN 1) to bion From
2 data of Marsh and Dollenbicher
& (151

°
0004 004 02 30

Biotn myg per mb
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boun dl Oxybiotin (O heterobionn) has shight actinaty for fungt
(390) a3 1t does for other orgamsms (92) Speaific anu biotin activaty
agamnst fungt 15 teported for audin ($17) broun sulfone (821) and
v (3 4 ureylenecyclohexylibutyric aad (191)

7 DYRIDOXINF

Pvndoxine (vitamin By adermin) appears to be required by fewer
fung: than 15 biotn or thiamine  Several species of Ceratostomella
(Ophtostome) require 1t (67 215) as do Ascoidea Tubescens and Tn
chophyton discordes (67 215 222) The requirement 1s highly species
specific within the genus Ceratostomella

Pynidoxineless mutants of Neurospora crassa and N sitophila grow
better at lumung pyndoxine concentration if thiamine 1s present (263
279) Thus relation between two vitamins has been explamed by the

late that th ely mhibats the endog: destruc
lmn of pyndoxine (96) Conversely pynidoxine mhibits the biosyn
thesis of th by p g the incory of the

pynmidine motety (98)

As mentioned above certun mutants of Neurospora crassa require
pyndoxine only at low pH  The mechanism of this conditioned de
ficiency 1s 2 requirement for free ammonia in the absence of pyndoxine
at low pH nsufficent free ammonsa 15 present and the vitarmin 1s
therefore needed for growth (268)

The coenzyme form of pyridovine 1s pyndoxal 5 phosphate known
to be Lh: coenzyme for enzymes of amino aad metabolism speaifically
decs y and (286) Insofar as thesc
enzymes are present 1n fung: (Chapter 8) we may assume the invole
ment of the coenzyme also  In addiion pyndoxal phosphite has
been specifically shown to be active 1n several solated enzyme systems
of Neurospora crassa (201 268 287 327) Pyndoxine deficency in N
crassa mutants 1s accompanied by accumulation of nitrite from mtrate
wdicating a role of pyridoxal phosphate in nurite reduction (209)

Although pynidoxine pyridoxatnine and pyridoxal are equally usa
ble by fung1 {261) other modifications of the basic molecule are usu
ally tnactve or toxic (218) the few that are active can esily be guessed
10 be converted 1n the cell to pyridoxine (198 218)

The growth of a pyndoxneless mutant of Neurospora sitophala s

hibited by 4 deoxypyndine the ik 15 competitinely resersed
by pynidowane and ats dernatives (197 198)
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i
HN/C\NH

| |
HC——CH

I
Hzr\ CH—~(CH,)—COOH

P ¥xd
Tatum (276) studied the nutriton of brotinless mutans of Pen al
ltum chrysogenwn  One mutant can use desthiabtatn as well as b
oun a second mutant accumulates desthiobiotin but cannot use it
Production of desthiobrotin m this stramn 1s mncreased by provision of
prmelic et [HOOC—(CH ),—~COOH] Equation 3 therefore sumaa
rires the known steps n brosynthesss

Punelic actd — destluobrotin — biotin )]

Biotmn deficient fungs 1solated from nature fall rato two groups  The
first exemplified by C: lla 3ps N pora crasss, Blastomy
ces deymatindis and yeast (49 9o 143) can grow at least to a degree
with desthiobiotin 1in place of brotin these fung: are presum:b17
blocked 1n a step prior to desthiobiotin synthesis  The second group
which mncludes C la pine and Sordaria fimicola cannot we
desthiobiotin (135 148) and 15 therefore blocked 1n the comverston of
desthiobtoun to bioun  Those fungt known only to be unable to us¢
pimelic acid 1n place of brotin (219) cannot yer be placed m exther
group  We have noted earlier the different responses of spores and
pregrown cultures of Al la ech to desthiob

Biotm sulfoxide 15 formed by dspergilus niger in synthenc medum
since pimelic acid and desthuobroun 1ncrease the yield and since added
bioun 1s quantitatively converted to the sulfoxde 1t 18 concluded that
A miger synthesizes biotin as m Equation 3 and then transforms it 10
brotsm sulfoxide (54 317 220 821 322) Broun suloxsde 1s a5 achive
as buotin for Neurospora crasse but not for yeast or the bactersa so fat
tested (321)  Asperyillus niger utihzes azelac aad also mn biotin syn
thests (318)

Biocytin oIv biotinyl 1 lysine 2 naturally occurning form of brotin
1s as acuse as biotin for Neurospora crasse and for a brotm requinng
mutant of Perucillium chrysogenum (319) The oxygen analogue of




NICOTINIC ACID 337

gossypu and Eremothectum ashbyn are less sensitne to won (7o 301)
Maderate levels of glucose a slightly acid pH and aeration all improve
the yield of nboflavin (202 243 301) Ruboflavin formation by Asper
gelfus niger 18 favored by any of a sariety of nutnitional factors all of
which somewhat retard growth (230)

‘The structure of nboflavin 15

CH OH
(CHOH),
CH,
HC } o
a4 B lc
SN ANH
HC &

Provision of certain punnes ¢y ademne or guanine to Evemothe
cum ashbyt increases the yield of nboflavin (26 153 156) The entry
of 1sotopic formate carbon dioude and acetate (194) and of labeled
ademine (163) into the molecule also suggests that the synthesis of ring
€ 15 simalar to the synthests of the pyrmidine ning of a punne or that
the pyrimudine ring of a purine 15 sncorporated ntact (156)

Inhibition studies with 1 2 dichloro4 5-diaminobenzene led Woolley
(310 311) to suggest that the natural precursor of ting A-—and of
cyanocobalammn {p 343)~—1s 1 2-dimethyl4 5-diamunobenzene

The cellnlar function of riboflavin 15 to provide the prosthetic group
of a number of oxadizing enrymes the flavin enzymes (114)  Flavin
ensvmes known in fungi mclude glucase aerodehydrogenase and other
respiratory enzymes (Chapter 7) and several enzymes of nitrogen me
tabolism~mitrate reductase nitnte reductase hydroxvlamime reduc
tase and the amino acid oxidases (Chapter 8) Evidence from organ
15ms other than the fung: indicates that riboflavin plays a role 1 the
synthesis of mcotnic acid (41)

Zalokar (335) has suggested that 4 nboflavin protemn complex may
be the photoreceptor 1n the light activated synthesis of carotene by
Neurospora crassa (Chapter 6)

9 NICOTINIC ACID

Defiaencies for nicoumc acid—or 1ts armde  which appears from
hmited evidence to be physiologically equivalent to the iree aad in
fungi—oceur 1n refatively few fungl Aficrosporum audoumn: (5) Blas
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8 RIBOFLAVIN

Riboflavin (vitamin B, lactoflavin) 1s only rarely required by mico-
organisms 1solated from nature Several of the lactic acid bacterta are
nboflavin deficient (192) the yeasts appear not to require 1t (29) A
single report without data indicates that Porza vaillantu requires ribo
flavin (119) ths 1s the first such claim for a filamentous fungus Dic
tyostelium spp have an absolute requirement (271)

However nboflavinless mutants can usually be ssolated by appropn
ate techmques (23 77 115 121 195) Of these the most interesting s
the mutant of Neurospora crassa 1solated by Mitchell and Houlzhan
(172) This stran does not require exogenous riboflavin at moderate
temperatures but only 1f grown at 28° C or Higher (Figure 3) Esen
at the elevated temperature the mutant synthesizes rboflavin af 1t 5
provided imtially with some of the vitamin

Rirboflavin has been shown directly to be formed by many yeasts and
fung: (60 91 100 187 172 180 288 302 335) In two yeastitke fungl
Lremothecrum ashbyn and dshbya gossyprr yields are lgh enough s
that commercial use 15 practicable (75) 1t 1s believed that up to 6 18
per mulliliter of free riboflavin 1s produced by 4 gossypu ina complex
medium  Although esters of riboflavin especially flavin adensme dimt
cleotrde occur mn the cell only free riboflavin 1s found n the medium
(252 3826)

The physiological conditions of riboflavin synthesss m the yeastlike
fung: have been of both practical and theoreucal interest Although
even relatively small amounts of wron whibit riboflavin synthests by
Clostndium acetobutylicum (109) and Candida spp (275} Ashbya

025
<
g Figure 3 The response of 3
% ots Neurospora erassa mutant ©
£ exogenous miboftavin  Cure
& | at 50C cume 2 at %5
z Redrawn from Nichotas (150}
H by permussion of the Journal
; 005 of General Microbiology
o
. ! ;
7

20
Riboflavin g per 100 ml
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gosspu and Eremothectum ashbyu are less sensiuve to wron (75 301)
Moderate levels of glucase a shightly acid pH and aeration all improve
the yield of nboflavin (202 243 301) Ruboflavin formation by Asper
grlus miger 15 favored by any of a varety of nutriuonal factors all of
which somewhat retard growth (230)

The structure of nboflavin 15

((IH OH
(CHOH);
CH,

o
QOO
N7 NH
o

Provision of certain punmnes eg adenne or guanine to Fremothe
cium ashbyu increases the yield of riboffavin (26 153 155) The entry
of 1satopic formate carbon dioxide and acetate (194) and of labeled
ademine (163) 1nto the molecule also suggests that the synthesis of ring
C 15 stmlar to the synthesis of the pyromdine ning of a purine or that
the pynimidine ring of a purine 1s ncorporated intact (156)

Inhibition studies with 1 2-dichloro4 5-diaminobenzene led Woolley
(310 311) to suggest that the natural precursor of nng d—and of
cyanocobalamin (p $43)—s 1 2 dimethyl-4 5 diaminobenzene

The cellular function of niboflavin 1s to provide, the prosthetic group
of 2 number of oxidizing enzymes the flavin enzymes (114) Flavin
enzvies known 1n fung mclude glucose aerodehydrogenase and other
respuamry enzymes (Chaplcr 7) and several enrymes of murogen me

nitrite red hydror e reduc

tase and the amino aad oxidases (Chapter 8)  Evidence from organ
1sms other than the fung indicates that nboflavin plays a role m the
synthesis of meotinic acsd (41)

Zalokar (335) has suggested that a nboflavin protein complex may
be the photoreceptor 1n the light activated synthesis of carotene by
Neurospora crassa (Chapter 6)

H:C

9 NICOTINIC ACID

Deficrencies for nicounic aad—or ws amide which appears from
hmncd evidence to be physiologically equivalent to the free aad 1n

g cur i relatiely few fungi porum aud (5) Blas
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tocladia pringshermu (35) 1 enturia inaequahs (63) Phlyctorhia van
abilis (227) and individual 1solates of Trichophyton equinum (19
amll Glomerella cingulata (270) Deficiencies may be complete or par
t1al

The known function of nicotinic acid 15 as 2 constituent of the 5
spiratory coenzymes diphosphopyridine nucleotide and triphospho-
pyridine nucleotide (257) Diphosphopyndme nucleonde has been
wsolated from Fusarium tricothecioides (87)

The biosynthests of nicotinic actd by mutants of Neurospma crase
has been mtensively mnvestigated with important results These stud
1es are reviewed by Bonner and Yanofsky (20) and a suggested scheme
15 shown 1n Figure 4  Evidence for this pathway comes primanly from
the ability of compounds to replace nicotinic acid 1n the nutrition of

€O—CHy—CH—C00H
CHa—~CH—COOH i
| ] — NH, >
NH,
N NH—CH==0

H
Tryptophan Formylkynurenme
CO—CHr(I)H—COOH co—cH,—cIH—cool-!
—_—
NH, NHz
'NH, NH;
OH
Rym e 3-Hydroxykynuremne
COOH COOH
.
NH, COOH
on
3-Hydroxyanthranshe Quinohme sad
TN
/ COOH
XX,
Nicotume ead

Figure 4 The probable pathway of conversion of tryptophan to micotinic sad 1
Newrospora crassn Modified from Greenberg (88) by permussion of Acadennc

Press Inc
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definent mutanis and from the accumulation of intermeduates by de
fiaent struns  Thus one nicotmicless mutant cannot use quinolinic
aad and ac detectable of this d nd g
that 1t 15 blocked 1n the comersion of quinolinate to the vitamin (19
102)  Other mutants ac 3 hydroxyanthrambic aad (18} or 2
dervative of kynurenine (378) or consert one intermediate 1nto others
(330)

Asindicated 1n Figure 4 the steps from 3 hydroxyanthramlic acid to
meotimie aad are still uncertain and may follow one of the tho pos
sthilities shown v1a unstable ntermediates (83)

Preliminary studies of mcotmicless mutants of Aspergtius nidulans
(193) suggest that a second and shorter pathway occurs 1 addstion to
the reactions of Figure 4 thus shorter sequence cannot be detected
Newrospora crassa (187)

The Neurospora pathway 15 probably followed also tn the rat for
which some direct enzymatic evidence 15 available (257) In the bac
terra so far studied the pathway does not appear to be applicable (328)
Evidence on other fung: 1s limited to the finding mentianed earlier
that tryptophan and certain other d of the N jd
pathway replace mcoume acid for Trichophyton equinum (51 79)

10 mosiTor

Requirements for inositol {meso mositol 2 1nositol m)o mosttol) are
rather rare 1n fungr complete or parual deficiencies have been reported
in for example yeasts (30) Trichophyton faviforme (82) Lophoder
mium pmastrs (123) Sclerotsnia camellige (8) Rhuzopus suinus (238)
Eremothecium ashbys (213 331) Diplocarpon rosae (253) and Dia
porthe phaseolorum var bataticola (283) Inositolless mutants have
been found 1n Neurospora crassa (9) and other fungt (37 70 121)

It 15 doubtin} whether inositol should be considered a vitamin as the
word 15 used here  No coenzyme function 1s known mn any organism
rather the finding that most of the wositol of Neurospora crassa myce
hum 13 assocrated with phospholipid suggests that 1t 1s a struceural
component of the cell (74)

‘The magnitude of the 1nasitol Tequirement 1s much greater than that
of the ather vitamins (136 259 981) again suggesting a structural
rather than a caalytic role  The weight of dry cells per gram thiamne
needed 13 about 05-25 x 109 and the comparable value for 1mostal 15
only 600-900 (G5) ~ Figure 5 1ilustrates the growth response to 1mositol

The wnosital requitement 15 Iughly speafic (120 242) Phyun the
salt of inositol hexaphasphoric acsd replaces inositol far Eremothecium
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Figure 5 The resporse of an
nositolless mutant of Meuro
spora crassa to mosiol  From
Leonian and Lally {136) cour
tesy of the West Vurgina Un
versity Agncultural Expenment
Station

Dry weight mg per 25 m!
a
3

32
Inositel pg per 25 mi

ashbyn (170) but neither phytn nor hipositol 1s utihzable by an nost
tolless mutant of Neurospora crassa (9)

As mentioned earlier no general function of mositol 15 known 1
fung: Inositol overcomes the mhibition caused by high levels of some
other vitamins (238 253) and has been stated to cause a conidsal type
of growth 1n Oph b I {72) 'The resp of Scle
rotima camelliae to 1nositol 15 conditioned by temperature (8)

The secticide y hexachlorocyclohexane (gimmexane) has been in
vestigated as a possible inhibitory analogue of mositol 1t 1s not how
ever structurally an analogue of meso nositol but of muce wnosttol
(125) Gammexane inhibition of Neurospora crassa appears to be
based on two mechamsms an interference wath the metabolism of exog
enous 1nosttol 1n an 1nosttol requiring mutant and a second mechanism
which 1s independent of 1nositol bolism (93)

11 PARA AMINOBENZOIC ACID

Only one fungus Blastocladia ramosa deficient for p amnobenzoic
aad (PABA) 1s known to occur naturally (39a) a yeast Rhodotorula
aurantiaca 1s Teported to show an absolute requirement (221) and
several bacterta require the compound (328) Mutants of several fila
mentous fungi require PABA (17 68 83 115 195) soat1s presumably
anormal bolite The d mutant of 7 pora crassa GrOwS
maximally with PABA at about 5 pg per liter (281) the requirement 15
lower at acid pH than at neutral pH presumably by reason of 2 faster
p ion of the und d acid 1nto the cell (325) The requue
ment of the N crassa mutant 15 highly specific of closely related com
pounds only 2 fluoro p aminobenzoic acid has apprectable activity

(323)
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Although the folic acid molecule contains the structure of p amno
benzoic acid 1t seems doubtful that the major function of PABA 15 1nt
the formation of fohc a2ad for example folic aad does not replace
PABA for Neurospora crassa (1 333) Several metabolic roles of PABA
have been suggested espeaally a function in the introduction of l<ar
bon d nto other )s ds (204) The fact that methio-
nine replaces PABA for a mutant of Neurospora crasse supports this
possibility the vitammn here probably functions in the methylation of
homocystemne (269) Other functions no doubt exist (266) but they
have not yet been shown mn the fung

The brosynthesis of PABA by Meurospora crassa s a spectal case of
aromatic synthesis A single gene mutant s deficient for PABA trypto
phan phenylalanine and tyrosine shikimic 2ad replaces all these re
quirements (280) The probable pathway of the synthesis 15 consid
ered elsewhere (Chapter 8)

PABA 1n high concentrattons 1s toxic to fungr (38) but m Neuro
spora crassa 1t 15 converted to a pigment of unknown structure and to
N acetvl 4 aminobenzoic aad {200y The acetylation of PABA occurs
also 1 amumal tissues (323)

The metabolic tmportance of PABA was first recognized by Woods
(307) who found that the bacterostatic effect of sulfantlatmde 1s com
petiively antagomzed by PABA  The same antagonism has been ob
served 1 fung: (24 48 99) and we may assume that the same mech
amism prevatls

Emerson and Cushing (58) wsolated a sulforamde resistant mutant
of Neurospora crassa and a second mutant requinng sulfonamides for
growth The requirement 1s absolute at 35 C parual at lower incuba
tron temperatures (56) Later studies by Zalokar (333) suggest that the
sulfa requining stran 1s abnormally sensitive to the PABA which 1s
formed 1 1ts own cells the beneficial effect of sulfonamudes 1s 1 this
view based on 1ts antagonism of the toxic effect of PABA  Some of
the difficulties of this hypothests are discussed by Mitchell (171) a rela
tionship to amino acid metabolism 15 apparently mvolved (57 334)
The present uncertamn status of the sulfonamide requirement reflects
the limitations of growth methods used by themselves for the solution
of essentially biochemical problems

12 1ANTOTHENIC ACID

R for p h aad although farly common in
yeasts (27 29 134) are rare or unknown m the filamentous fung:
I 5 lated 1n the early stages of growth by




342 VITAMIN REQUIREMENTS

pantothenate (61 315) and 1t has been reported that Polyporus texa
nus requures pantothenate (382) Pantothenicless mutants have been
obtained frequently in the fungt (83 121 195 278)

Pantothenic acid functions m metabolism as a constituent of the
larger molecule coenzyme A an essential cofactor 1 a number of 2]
transfer and related reactions (147 184) The effect of pantothenate
on ca Ji4 m Mucor } bs p bly results from an m
crease 1n the rate of acetyl transfer (90)

Presumably all fung: except those needing exogenous pantothenate
synthesize the vitarmin this 15 borne out by analysis of for example
Boletus edulis (40) Neurospora crassa (297) and a few other fungt
(181) The ulumate step 1n pantothenate synthesis 1s known to be the
coupling of pantoic «aad and galamne  Tlhis coupling 1s curried out
by growing cells resting cells and a cell free preparation (acetone
powder) of Neurospora crassa (296) Surprisingly the enzyme is found
also 1n a pantothenicless mutant the cells of which do not under the
usual conditrons of still culture form pantothente from the two pre
cursors (295) However 1t has been found that the coupling reaction
above does procerd mm  pantothemcless cells grown under aeration
(297)  Eather we have here 1n st1ll culture 1 gene controlled suppres
ston of an enzyme or the mutant strain 1s unable under limited aera
tion to provide the energy necessary for the formation of the peptde
bond of pantothemc acid

The orgin of the pantoic wcrd motety in fungt 1s not known 1 bac
tera p amnobenzorc acid 1s mvelsed and there 15 some evidence that
« ketoisovaleric acid 15 a precursor of pantoic acid (266)

13 1 TEROYLGLUTAMIC ACID

Pteroylglutamuc actd (vitamun Be Lactobacillus caser factor folic
acid folacin) and 1ts Telatives are requured by microorgamsms and
higher anmmals probably the several active compounds are all con
verted to the same form (265) J enturia maequals 1s reported to be
stimulated 1 1its growth by pteroylglutamic acid (63) no fungt of
actinomycetes are known to requure the factor

A substance active for Lactobarillus caser 1s produced by several
fungt including speaies of Absidie dspergillus Chaetomium Crrct
nella Fusarium Monascus Mucor Newrospora Pencillium and Rhs
zopus (30 164 178) The idenuty of this product 15 uncertain Curo
vorum factor another member of this group of compounds 1s formed

by Streptomyces griseus (59)
Khizoptenin N formylpterorc aaid s formed by RA: opus migicans
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(306) and replaces pteroylglutamic acid for strains of Streptococcus lac
tis (265) Presumably 1t and the factor actsve for L case: are both
utihized by the fung: producing them in the same brological reactions
for which the yrae form of p gl aud 1 required n
bactera and anmals

14 THE VITAMINS B,

The witamins By comprise a fanuly of compounds the chemical
and biological relationships of which are not fully understood  Vita
mun By 1tself or cyanocobalamin was the first discovered and s
structure 15 now known (22 110) other cobalarmns eg hydroxoco
balamin can be converted to 1t by cyamde treatment A second group
of compounds differs from the cobalamuns 1n the nucleotide moety
these are actnve for some microorganisms only (25 62) Vitamin By,
13 belteved to function i the cell 1n the synthesis of 1-carbon fragments
espeaially the labtle methyl group (25)

Vitamin By, and related compounds are requrred by several bacteria
and algal flagellates (62) not so far as 1s now known by actinomycetes
or fungs Higher ammals require the vitammn green plants do not

The synthesis of cobalamins occurs in certamn of the true bactenia
and especially 1n species of Streptomyces and Nocardia of the Actino
mycetales (32 43 53 94 116 203 209 232 267 305) Commerual sup-
plies of the vitamun can 1 fact be ob d of
production by Streptomyces spp  (324) Cobalt “added to the culture

medium increases the yield of from Streptomyces
gniseus (104)
In addition to cy bal species of yces form hy

droxocobalamin (vitamin By B, ;) mn which the cyamde of cyanoco
balamun 15 replaced by hydroxyl and witamin By ( contamming a
nitnte radical in place of cyanide all three forms have been 1solated
from one species § griseus (48)

Synthests of vitamuin B, 1n the filamentous fungi has not been demon
strated ly  Sub; active for L bacillus lesch:
are formed by Ashbya gossypu (258) and Aspergillus mger (179) How
ever the L leichmann assay 15 not specific enough to support a final
wdentification (62)

1t has been mentioned earlier that mhibition studies point to 12
dimeth t as a of nbolayin  These 1n
vestigations (310 311) implicate this i dalsoasap of
the cobalamuns the structure 15 known to be part of t.he larger co-
balamin molecule  Other evidence bears out the suggestion that the
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biosyntheses of nboflavin and of cobalamns are related {67 266
Streptomyces olwaccus incorporates Jabeled 5 G-dsrnethylbeazimidazols
wathout dilution mto the cobalamn molecule (299) more reent and
sull preliunary evidence 18 1 favor of 2 aminolesulmic aad as 2
precursor (250}

16 VITAMINS &

Vitamans by and ky are required by higher animals Both are de
rvanves of 2 methy! 14 napthoquinone ad 1t appeats that any €01
pound contumng this nucleus is active m ammals (3)

Many bacteraa produce vitamm k. (2) and the phthiocol of Myco
bacterium  tuberculoss—chermcally 2 methyl 3 hydroxy 14 naphtho-
quinone—has b acuvity (3) Thesix fung: that have been tested (7}
do not have detectable yitamn b actvity  Other | 4 naphthoquimones
are known 1o be produced by fungt (Ghapter 6) but none of these 19
a 2 methyl dernvative

No requirement for the h vitamms 1s known 1n the fung Almgust
(3) reviews the conflicting evdence for a h requirement 1t Mycobat
terium paratuberculosts (313)

Some compounds siructurally selated to vitamin 5 speaficatly 2
chloro 1 4 naphthoquinone  (246) and 2 3 duchloro 1 4 benzogquinone
are fungitosic (Chapter 14)  Menadione (2 methy! 1 4 naphthoq®t
none} competitinely inhubits the action of both of these compounds 0
certain brological systems (246 309) However the funguowoty and
the retersal by menadione ate not adequite & \dence for a role of the
T} yitamuns 1 fungal metabolism one may equally well consider the

as foreign ts comp for the same site of scliod

(509)

16 OTHER GROWTH FACTORS

The only well charactenized growth factor for fung: that has not $0
far been mentioned 15 coprogen requured by species of Pilobolus and
first 1solated from manure (107) Bioassays 1ndicate that thas factor
15 ranufactured by some other fungt and several actinomycetes (108}
and erystallne coprogen has been wolated from Fentcallium sp (193)

Coprogen 13 related chemically and brologrcally to two other ma
ternals fernchrome and the Arthrobacter terregens factor Fernt
chrome and fernchrome A are 5 1ron- pigment
of Ustilago sphaevogena (76 176) the effect of znc on synthes:s SUE
gests that fernchrome 15 a precursor of cytochrome € 177y The
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growth factor for Arthrobacter terregens although not identical with
etther coprogen or ferrichrome 1s evidently related to them thus both
ferrichrome and coprogen are active for A terregens (33 148 149) and
Pilobolus spp (177a)

Sterols are produced by many fung: (Chapter 6) so far only Laby
ninthula vitell; f uncertamn position but po sibly a
myxomycete—has been shown to have a steroid requirement (293
294) It has been claimed (4) that anaerobic growth of Saccharomyces
cerevisiae 1M a h medism 15 dependent on or other
sterols

Many sull unknown factors have been postulated for particular
fungr  Mycorrhuzal fung: are sumulated by matenals from plant roots
and forest litter and the effect cannot be traced to known vitamins or
amino acids (166 167 168) The myxomycetes apparently require for
their growth one or more bacterial protewns (112 272) not vitimins as
we haye here used the term  As mentioned earher growth stimulating
effects of crude natural materials do not necessarily implicate a vita
min

Other vitamins—ascorbic acid and vitamins A D and E—required
by ammals do not appear to play any essential role 1n the fungt (28
86) ascorbic acid may however affect growth through its effect on
the oxidation reduction potential

17 THI OCCURRENCE OF VITAMIN
DEFICIENCIES IN THE FUNGI

It will be clear from the p d of mdwidual vitanmns
that some defictenaies occur frequcmly others more rarely The vita
min most often required by fung: from nature 15 thiamme usually the
deficiency s for the pyrimudine molety and we have noted only a few
nstances of a deficiency for thiazole {Table 1) Bioun 1s very often
required and deficiencies m pyndowne or ats derivatives are fre
quently encountered  Pantothemc acd and micotime aad require
ments are rare 1n nature and we have at present only single reports of
requirements for niboflavin and p aminchenzoic acid among filamen
tous fung

Thus lop sided distribution of vitamin requirements demands an
atlempt 2t an exp A that

: n
nature are hike those induced by mutagens forms defictent for Tibo

flavin of p aminobenzoic aad must anse from ume to time Their
falure to survive—if 1t 15 real and not an aruifact of screening methods
—may result from exther or both of two conditions viz.
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I The required vitanun 1s not available i the environment

2 The der of bol d with the deficency
30 great that even with the mustng factor available i the ensironment
the mutant 15 at a selective disadvantage and cannot propagate wselt

The second o these hypotheses 15 the more asgractsve anasmuch 25
even the plant pathogens Iiving m close contact with igher plant
cells do ot seem to develop strains deficient for certamn vitamms

I8 VITAMINS TAXONOMY AND ECOLOGY

Comparatsve physiology often affords clues to faxonomic and phvio
geactie relationshups  Vitamun deficencies do not, sa far as can be
determuned offer such clues  From the frequency of induced muts
tions one would expect that vitamun deficiencies occur at random
within species genera and hugher categorres this appears to be true
Marked differences between the witamtin demands of strams of a single
species are often encousitered eg  Trichophyton spp and ather ammal
pathogens (5 80 81 152) Len.tes irabea (140) Boletus gronulatus
(168) and Glomerella cingulata (270) In culture both Fuserium
avenaceum (214) and Ustlugo major (15) give mse to clones which
differ 10 requirements from the parent stran

Within a genus agam species differ widely m vitarun demands
examples mclude the genus Opkeostama and sts asexual form Cers
tostomella (66 67 215 217 224) Trnchophyton (31 80 222 223)
Ushlage (245) Gandida (241) Boletus (169) Marasmuus {145) and
4bsidea (213)

In the hght of this mntra and nterspecific varatson 1t 18 dafficult to
magine that vitamn needs per se can separate taxons or can vield
valid evidence of phylogeny

The theory of Lwoff (350) and hnight (122) that metabolic deft
aences have ansen n the evolution of microorganyms by loss of
functions orsgmally present has been generally accepted  If we grant
in view of the argument just made that ths loss of function has not
folk } phyl or divisions we may ash if there 1§
any rclation of vitamm needs to ecology

Farst 1t appears that some genera as 1olated {rom nature rarely have
vitamun deficiencies  Only a centative histing can be made at present
1n view of the methodological difficulty 1n establishang the absence ot a
requirement  Aspergiltus Ch Fi Mucar Percil
Lium, Rhuzopus, Streplomyces and Zygorkynchus (218)  Excepuions
occur 10 most of these genera 1e, some 1solates are deficient or pir




BIBLIOGRAPHY 347

tially deficient for a given vitarmn (61 195 214) and deficient mu
tants may be oh d 1n both Aspergillus and P i (17 115
19s) These genera are all vigorous saprophytes widespread 1n na
ture and frequently 1solated from soal They seem to form therefore
an ecological type mdependent of taxonomic houndaries at present
however 1t 1s frurtless to speculate on the biochemical genetic or
environmental determinants involved

Soil inhabiting fung: are not however as a group independent of
vitamuns many soil fungt requning them for mawmal growth (6)
Sail espeaially soil of high organic matter contains several vitamuns
(234 235) probably formed by higher plants (298) or algae (78) 1t1s
not surprising therefore to find deficient so1l fung

Certain major ecological groups show no general pattern of vitarmin
dependence these include amimal pathogens (5 52 223) plant patho-
gens (45 46 55 215 217 244 336) and the aquatic phycomycetes as
a group (36) Among the mnsect pathogens however limuted data
suggest a tendency for species of wide host range eg Isana faninosa
to be independent of growth factors and more spectalized pathogens
eg Hursutelle spp to require vitamuns and organic nitrogen (154)

The nearest approach to a correlation of a taxonomic group with
a vitamin requirement 1s 1 the Agaricales almost all the fung in
this group that have been investigated require thiamine replacesble
for most by the pynimdine morety (71 119 145 146 166 183 213
832) Ecologically these mclude wood-destroying litter decomposing
and mycorrhuzal groups 1€ groups Irving 1n environments i which
1t 1s likely that thianune 1s present. A similar situation may prevail
m some of the orders of the lower phycomycetes (36) but too few
species have been mvestigated far fewer than among the Agarcales
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11 . Reproduction

me attention of those interested tn physiologieal as
pects of the reproductive process in fungt has been focused almost
exclusively on the problem of the imtiation of sporulation and these
studies occupy the bulk of this chapter The further development of
the reproductwve structures has 1 the mam been treated as a problem
i morphology nd with some exceptions 1ts physiological and bio
chermical determmants are unknown

Naturally enough any phystological study tends to emphasize the
one or two fictors in reproducuon which are manipulated by the ex
perimenter It should of course be obvious that reproduction requires
that all gencuc and environmental factors be favorable This com
plexaty 1s particularly apparent in ecological studies of the higher
fung: (115}

Although some tentatine conclusions on fungt in general have been
proposed 1t should be emphasized that any organism must be studied
idnidually there 15 no one formula for sporulation

It 15 fair to say that most of our knowledge of reproduction mn the
[ung: comes from essenually gualitative data  Sporulation occuts
under some conditions but not under others and data may be re
ported 1n simple yes or no categorics  No objection can be made
to this procedure n general however it 1s becoming cler that some
problems require quanutatve data on the ntensity of sporulation
Thus 15 particularly true of nutritional studies 1n which the response
15 likely to be quantitatise rather than all or none

It has not been possible with present mnformation to consider the
physiology of resting structures eg  chlamydospores and scleroua
separately or 1n detal Chlamydospore formation 15 probably a re
sponse to unfaiorable environmental conditions (214 215 231 266)

256
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Sclerotium development 1s of course often a prelude to sexual repro
duction and may be expected to be mftuenced by the same factors
allowing for a higher nutritional level entailed by the lirger mass (1
249 252 290) The sclerotia of myxomycetes are purely resting
structures and appear 1o develop pnmamly as a response 1o desicea
tion (110 154 166)

The geotropism of large sporophores 1s an established fact of ob
servation (27 49 50 278) but s physiclogical correlates have not vet
been uncovered

Finally 1n the list of ormissions purely genetic problems are niot here
considered  These are of course most important to a thorough under
standing of reproduction but they lie outside the field of phystology

1 wient

The reacnions of fungs 10 visible and uliravioles light are of three
prncipal types inductive effects nhubiion and trophic responses
Inductive effects include both absolute light requirements for imutiation
or maturauon of reproductive structures and quantitative responses
1€ anjnerease in the number of reproductive structures upon illum:
nation

Iight 15 absolutely required for the formation of various types of
reproductive organs in certamn species  As examples we may ate the
requirement of hight for the formation of sporophores 10 she Agary
cales (226 253) of pernitheas (264) of apothecia (248 283 319) of
basidiocarps m the Gasteromycetes (298) of pycmdia (105 183 185)
of sporanga 1n the Mucorales (221) of comdia m the Mucorales (18)
and Fung: Imperfect (97 159) and of Myxomycete sporangia (117)
Smith {263) reviews sull other examples

As might be expected the effect of Iight 15 not always excrted at the
same pomt in these diverse fungr to take two extremes hght 1s re
quured for the first steps 1n sexuval reproducuion m Pyranema con
fluens (218) and for all stages 1n Polyporus arcularius (1107) but only
for prleus development m some Agaricales (27 106) Whether all
developmental stages of the Coprinus lagopus sporophore require light
1510 dispute (196 294)

Light of the vistble range often has the effect of increasing the num
ber of reproducnve structures formed (82 89 120 124 130 264
Mlare strilang effects of this type are induced by ultraviolet light in
certain ascomycetes and Fungt Imperfect: both sexual and asexual
structures are affecred (11 66 160 198 232 262 271 272 273 274)
Ultravialet effects are exerted an the cell not n the medwm (74 27 1)
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and cannot be ascribed to temperature effects (262) The effectne
wavelength 1s still m doubt (88 232) but 1t 15 probably longer than
the wellknown germicrdal wavelength of Z»4 my  Ultravolet
light of course 1n high doses represses both sporulation and growth

Most of the work on mnduction and stimulation by visible light has
been at best semiquanutatuve The available data on the action
spectrum 1ndrcate fawrly consistently that the effective wavelengths are
i the blue region of the spectrum (37 83 117 198 248 250a 263
277 819) Morphogenetic action on Coprinus lagopus 1s maxumal at
440-460 my (255) close to the peak of the action spectrum of photo-
tropism

The amount of light needed for inductive response 15 simlarly un
certamn 1t 1s much less than normal dayhight exposure (105 168) The
maximal effect of light on fruiing m Coprinus lagopus 1s exerted by
exposure for 5 seconds at 01 foot-candles intensity (196)

So much attention has been focused on the posiuve effects of Iight
that the possibly more important nhibitory action may be overlooked
Induction of conidiation m Choanephora cucubitarum requires  dark
as well as a hight pertod (18) and light of wavelength below 580 my
appears to be mnhibitory (80) Dark periods are required for maxmum
production of ascospores by Diaporthe phaseolorum (286) and of cont
diophores by Alternaria brassicae (312) For the Myxomycete Didym
wum eunigripes Leith (189 190) presents evidence for both mduc
tion and 1nhibition of sporangtal formation by different wavelengths
Finally the type of zonation 1 which spore production 1s greater dur
g dark periods (see below) 1s most easily interpreted as resulung
from a light inhubition of sporulation

The dwrnal cycle of Pseudoperonospora humul: and other downy
mildew fung i nature mvolves both hght inhibition and light stumu
lation although effects on the host metabolism cannot be excluded
(315) Other dwrnal cycles 1 nature (314 316) and the frequently
observed nocturnal production of contdia (161 162) may also result
from Light inhibition although the dominant factor 1 noctural forma
tion of spores by Sclerospora spp has been thought to be water (806

307)
Zonation—the formation of fruiting structures 1 concentric Iings
on an agar surface or on the host pl a P!

and may best be considered at this point since light 1s usually the
primary environmental factor The occurrence of hight mnduced zona
tion 1s reviewed by Hall (214) and by Hafiz (128) A simple explana
tion 1s rendered dafficult by the observation that two extreme types of
response to an alternation of hight and dark pertods are known viz
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Type 1 The fungus sporulates well in darkness much less or not
at all during the light period  Examples are Cephalothecium yoseum
(145) and Sclerottma fructicola (124)

Type2 Theorgamsm eg Fusariumspp (29 124 320) sporulates
poorly n the dark and forms a zone of spores after even a brief ex
posure to light

It seems necessary to explamn Type 1 reactions as the result of light
mhibition of sporulation Type 2 responses are more difficult we
may propose however that light inhibits mycelial growth—reports
of such inhibition are reviewed mn Chapter 13—and that stumulation
to sporulation results from the check upon vegetative growth The
Iight effect 1n these fungy 1s exerted only upon actively growing hyphal
ups (29 45 264)

Temperature alternations also induce the formation of zones of
reproductive structures (94 123 181 2502 320) st appears especally
from the data of Ellis (9%) and Hafiz (123) that the immediate sumu
lus for sporulatton 1s a check 1n growth

Zonation of reproductive structures tn some fungi 1s dependent
netther upon Light nor upon temperature fluctuations (40 75 146
206) presumably nutritional factors are involved here but they are
not understood The pH of the medium has an effect (212 240)

Any umtary hypothess to explain the action of light on sporulation
will have to take account of several facts viz

1 The mdifference of many fung: to hght sumul:

2 The high spenfinty of the response Thus the formation of
conidia of Choanephora cucurbitarum 1s governed by light but the
d of the sp 15 pend of light (18) and the
¢ of 13 inhib by light at low temperature (20)

3 The fact that light may erther stimulate or wmlubit sporulation

4 The partial replacement of the hight effect by high temperature
(29 37 185 212) by pertodic exposure to arr (206) by treatment with
oxidizing agents (82) or by mechanical agitation (87 275)

5 The observation of Houston and Oswald (159) that Helmintho
sportum gramineum forms spores 1n the dark 1f growing on host tissue
but requires light for sporulation on agar media

6 The extreme sensitivaty of the response (29 168) which suggests
that an enzymatic mechanwsm 1s triggered by the simulus

7 The frequent efficacy of ultraviolet radiation known to be 1n
Jurious to all organisms 1 sufficient dose  Sporulation of Alternana
solanz 15 induced by either ultraviolet or mechamcal damage (74)
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A unified theory should take s 1ts principal postulate that light s
wnhubitory to one or more regulatory systems which mn the normal
culture prevent or retard reproduction and favor contnued vegetatne
growth That 1s to say there 1s in truth no such thing as stunulation
by Iight 1n the mduction of reproductrve acuvity nstead growth
checked and the chamn of events so imtiated leads to Teproduction if
other factors are not limiting  Alternative explanations are possible
and several have held specifically that sttmuly for reproduction do not
check growth nevertheless the werght of the evidence favors the hy
pothesis presented  Confirmation must wait upon studtes which deter
mine accurately and quantitatively the effects of hight on both repro
duction and growth simultaneously

Phototropic responses are common 1n fungi examples include the
or of bastd ete sporophores (37 278 298} and of ascs or
ascocarps (8 41 53) Gametic phototaxis has been reported (180)
The most dramatc and the most thoroughly mmvestigated phototroptc
reaction ts that of the sporangiophores of Phycomyces spp and Ptlobo
lus spp observed also 1n others of the Mucorales (96)

Consideration of phototropism 1n Phycomyces spp should begin with
the observation of Blaauw (32) confirmed by Castle (68) that 2
sporangiophore illuminated equally from two sides exhibits a measur
able temporary acceleration in vertical growth the light growth reac
tion A more recent study of this phenomenon (86) brings out sev
eral umportant aspects (1) the response probably mvuolves no net
ncrease i total growth (2) the effect of the hight sumulus depends 10
a predictable fashion on the level of 1llumination prior to the appht
cation of the sumulus (3) there 15 a latent period of about 2 5 seconds
and (4) the magmtude of the mcreased growth 15 proportional to the
strength of the sumulus  Ths Iast observation 1s important wn show
ing that the light growth reaction 1s not an all or none or threshold
reaction

Granted that illumination can increase growth the fact of photo
tropism—unequal growth—requires some mechamism whereby the
sporangiophore wall distal to the light grows more rapidly than the
proximal wall Castle (71 72) argues that the size shape and refrac
trve mndex of the sporangiophore combine 1n the lens effect to con
centrate untlateral sllumination 1n such a way that the distal regton of
the protoplasm receives more hight than the proximal This 15 con
sistent with the observation that sporangiophores immersed 1n par«’if
fin o1l become negatsely phototropic (14 48) with the effect of ultra
violet light (66a) and with the demonstration by Banbury (14) that
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1llumination of only one edge of the spotangiophore causes Jocalized
extcnmion of that side and consequent cumvature

This theory and others of the same general type (32) fail as Del
bruck and Reichardt (86) point out to account for the extreme local
1zation of the receptor which 1s implied by the umidirectionality of the
phototropic curvature 1f the entire growing zone were affected um
lateral 1llumination and the known spiral habat of growth would com
bme to generate a heliral shape of the sporangiophore

‘The action spectrum of phototropim in Phyromyces blakesleeanus
{Figure 1) and Pilobolus klemn has a maamum at about 430-500 my
(54 55 69 99) This has often been taken as evidence for a carotenoid
receptor pigment carotenotds bemng present n these fungs and absorb
mg maximally 1 the same region of the spectrum (297) However as
Galston (107) pownts out riboflavin or a dertsative of 1t could with
equal probability be the receptor Carotenogenests in Phycomyces sp
can be suppressed at least below detectable levels without imparment
of the phototropic response (241)

Nor are there any sohd data on chemical medaturs between the
Light absorbing system and the growth {or wall extension) response
In higher plants 1t has been suggested that amxin (indoleacetic acid)
1s mvolved but 1ts role 1s not yet entirely certain (107) Fungi do
produce awan (Chapter 8) and 1t 15 found m fact 1n the sporangio
phore of Phycomyces nitens (151) but there 1s at present no reason to
accept—and there 15 considerable evidence agamnst—an auxin theory
of phototropism 1 the fung: (14)

Phototropism 1 Pilobus kfemnu has been investigated especially by
Buller (53) who reviews the earlter hiterature In this species 2 pig

Figue I The action spec
tum of phototropism
Phycomy 5 blakesleeanus
Redrawn from Castle (69) by
permussion of The Rocke
feller Inst tute fo Medscal
Research
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Relative efficiency
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mented ocellus at the base of the subsporangium s belteved to be
the photosensitive area but 3t should be nated that photosensinaty
15 apparcnt before the formation of the subsporangtum (222) and that
other phototropic forms do not have an  ocellus

Other hight responses of Pilobolus spp may be briefly noted Light
nduces the formation of the trophocyst or sporangtal pmordm of
some 1solates Page (221) rasses the possibihty of 2 flaip receptor
this reactton  Second alternatrons of hight and dark or of tempent
ture set up a pertodic rhythm m the development of sporangia {7
196) This rhythm once established persists for two or three 24 hour
cycles atter the remoral of the sumulus (254 201) Famally the forcble
discharge of the sporangrum 15 hastened by hight (55}

Light has other effects on the reproductive apparatus notably 2
positnie effect on the size and septation of macrospores of Fusanium
spp (130 264) Pigment production 1 also enhanced by hight {183
264) but attempts to connect this phenomenon with smducton of
sporangia in Didymium eumgripes were unsuceessful (189)

Exposute to hight unless appropuate filters and coolmg devices 3¢
used means an wcrease 1n temperature  Thus the apparent atic
tion of ete pseudopl dia to ight 15 a temperature effect
the plasmodium moves toward a source of heat along a temperatur
gradsent as small as 005 C per centimeter (35) Sumlarly a negatié
phototropic response of Phycomyces sp to intense Iight was shown by
Castle (70) to be a heat offect  Many reports on hight effects have
not mcluded g deter of the amb temperature
possibly some of the apparent complexities may disappear when suck
data become mvailable

2 TEMPERATURE

Only tho g 1 can be formulated with respect to temperd
ture and sporulation  Fust the temperature range permuting Fepro
duction 15 usually narrower than that permuung growth  Second cacht
spore form has 1ts own temperature opumum which may or may not
comade with that of vegetauve growth or of other spore forms of the
same Species

The telative narrowness of the p limuts of rep
15 vertually umversal 1 the fungt Examples mclude both seual and
asexeual spores i the phycomycetes (174) and ascomycetes (148 1%
231y sporophores of bandiomycetes (5 182) and spores of the Fung
Imperfect1 (2 204 287) Usually the differences in range are not

duction
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great Phoma apricola 1s an extreme with mycelal growth on agar at
5-28 G but pycmdium formation only at 13-26  (25)

The optumum temperature for sporulation of a given species may
be exther close to the growth optumum as i Pirtcularia oryzae (149)
and Rhuzopus spp (303) or rather different lower in Fusarium con
glutinans (287) and hugher 1n Sphaeratheca pannosa (194)

Different spore forms of a given species often differ m their tempera
ture requirements  Thus the zygotes of Sporodinia grandss and of
Saprolegma mixte form at lower temperatures than do the correspond
1ng asexual sporangia (172 173) Penthecia of Aspergillus spp (171
256) and of Ceratostomella (Ophiostoma) fimbriate (17) are produced
1 abundance at relatively high temperature and are replaced by co
mdia at lower Pseudopeziza ribis forms comdia at 20-24 C micro
comdia at lower temperatures (33)

It must be borne 1n mind that most of these data are only semt
quantitative and that the same uncertainties are involved 1n the defi
nition of an optimum for reproduction as 1n the definition of a growth
optmum {Chapter 1} One such complication 15 1llustrated by the
findings of Robbins and Schmitt (245) on Phycomyces blakeslecanus
the farlure of progametes to form at 26 C s the result of the accumula
non of acd 1n the medum before the two strains meet  Presumably
progametes would form at 26 1f the pH were controlled

One may speculate that sexual stages adapted to survive a cold win
ter are formed prefentally at low temperature and that fungi which
must live through a hot and dry season will tend to form their dormant
spores at lugher temperature However there 15 as yet no ecological
or physiclogical data bearing on this possibility and the failure of
sexual reproduction in Neurospora crassa at high temperature (300)
speaks against the 1dea The asa1 of Erysiphe graminis mature some
what more rapidly 1f chulled briefly but they do mature without cold
treatment (114) The apothecia of Claviceps purpurea appear from
limarted data to develop only if the sclemua bearing them are exposed
to low temp (170)  Zygosp mn Th dium spp
15 also best at low temperature (150)

Temperature induced zonation has been considered elsewhere
with the conclusion that the positive effect of high or low tem
perature on spore formation 1s probably effected by retardation of
mycehal grow:h

Morp g effects of are easily observed as exam
ples we may cite the finding that the conidia of Cercospora sesams are
larger at an intermediate temperature than at higher or lower tem
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peratures (79) and the effect of temperature on the narphalogy of
the comdial fructification sn Aspergillus janus (289)

3 WATER RELATIONS

Satsfactonly quantuative deter 13 of the requue
ments of sporufation are rare  Indications are however that speafic
fungt have specific Tequirements At one extreme Colletolnchum
findemutheanum and other anthracnose fungt sporulate much more
profusely a¢ hugh than at low humidity (318)  Comdiation m Sclero-
spora spp (306 307) and wm Peronospora desiructor (317) 1 also fz
vored by hagh humadity  The formation of sexual structures 1n 350~
mycetes and basidiomycetes (10 111 283) and sporangum formation
wm Sporodirua grandss (147) are believed to praceed mare rapidy 2t
hugh than at low mosture leyels

5 t lower &y litzes are tol d but are not necessarily 1
quired by some of the rust fung: (318) by Botrytis cmerea (140) and
by Bremua lactucae {228y  Species of dlternara m culture sporulate
rather better 1f the culture 1s allowed to dry ont (90 233) Finally
the powdery mildew fung: appear to be relatnely mdependent of ht
mudity or passtbly favored m both sexual and asexual reproduction by
lower atmosphenic monsture (47 125 318) Asa of Enysiphe grammns
are seported to form only if the persthecium ss alternately wetted 2vd
dried (76) but u seems doubtfuf that this 15 1 general requirement
among the powdery mildew fung:

The weight of evidence favors the generahzation that xapraducmc
processes 1n most fungr at least are favored b) moderate rather than
high atmosphenic humudity  Howeser one may see from even a super
ficil glance at the enginal work that accurate control of the environ
ment and guantitatise determination of the miensigy of sporufauon
have not usually been achieved

Dafferent spore forms of a single speaies occastonally show different
hamdity responses examples mclude the two asexual spore forms of
Choanephora cucurbitarum (19) wnd the zygote and sporangum of
Sporodima grandis (13 172 217)

Miscellaneous reported effects of atmospheric humdity ndude
negatue hyd p of sporangioph {172 300) transttory 3¢
celerauon of the growth of sporangiophares of Phycomyces nitens af
hugh humdity (300) and changes m the size or morpholagy of co
mdia (98 119) and sporophores (39)

Spore discharge m fungs has been studied 1n some detanl the sum
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mary of Ingold (162) has been supplemented raore tecently by invests
gations of spore discharge in rust funga (220) and Migrospora sphaerica
302y With the possible exception of drap excreuon discharge i
basidiomycetes (50 51 52 229) all these discharge mechanisms rely
m some way on exher substrate or atmospheric water  We mnfer that
asmotic forces are at work  In wnmature ascr (162) and sn the ymma
tre active layer of Sphaerobolts spp  (299) glycogen 1s abundant ats
disappearance at maturity suggests that the uptake of sater is meds
ated by enzymatic comversion of the osmotically inactiy € polysacchande
to osmonically active sugars  Such a mechamsm of smrably quantified
mght be extended to cover all discharge mechamsms which depend
on increasing turgor of a celt or cell Iayer

The elevanon of the receptaculum 1 the Phatlales 15 accompamed
by disappeararnice of glycogen but wn this mstence the increase in size
may be true gronth (58 83) Elongatson of the dgaricus campestnis
sparophore has been shown to be a growth process rather than simple
water uptake (36}

T OXYLEN CARBON DIOXIDF AND VOLATILE SUBSTANGES

1t 15 2 common obsenvation that sporutation 1s reduced in closed
contaners (82 126 185) and that submerged mycelmm {ails 10 develop
spores (81 201 321) Although this 1s usually aseribed to an aygen
deficit ut seems more hikely that the accumulation of carban dioxide
1s the ersescal factor Py g f for ple does not frust
m a closedt tube but if alkal 15 present 1o absorb carbon diovide pert
thecta develop (248) Carbon dtoxide accumulwion nhibits the
asexual reproduction of Choanephora cucurbutarum (19) and sparo-
phore development 1n Agaricus campestns (181) and Collybin velutipes
(227)

In Jarge culture the sp of P i ory.ae 55
dependent upon a:rztmn of :hc \essel Heary and Anderson (149)
suggest that b 15 the t y factor

iy
An unidentified volatle substance probably of mcrobial ongin m
hibsty sporophore development in Pselliata campestris (199)

The best as mlable data on the oxygen requirement for sporulaton
are those of Denny (87)  Any reduction of oxygen below atmospheric
Dressure delays the appearance of pertthecia  Futcher sisually esty
mated mycelial growth appeared to be normal at oxygen pressures 1oo
fow Ior reproduction  The same phenomenon—a higher oxygen re
@urement for frusting than for growth—is seported by Ternew (283)
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Plant pathiogentc funge usually and with an obuvious ecological ad
antage form their reproducting structures on the surface of the host
1t 15 rersonable to speculate that cither the fugher oxygen requuemest
or the lower carbon dioade tolerance of sporulation  the mechamsn
that ensures extramatrical sporulation it s sigmficant that acne

respiratary h ns are common i the lower phycom)
cetes and the genus Fusarium forms m which resting spores or consdis
often occur wittun host tissues (93}

Several Pentcalbum spp sporulate 1 shoken cultures but the de
termsnants are not known {102 122)  In our laboratory we hase ob
served that Tusareum solany forms abundant macrospores m shake
culture prtcularty m certain mediz - Condha of Strepromyces grises
ipprar w aerated cultures at the tume of autolysis (67)

In a very brief note Richards (212) reported that ozone appeats 10
stunulate sporulation 1 Alternara spp  Mycosphaerelle citrullma
forms more pycnidaa 1f exposed to ozone but the spores are noniable

‘The strihing eflect of carbon dioxide and bicarbonate on sparangial
deselopment i Blastorladia and Blustocladsella spp 15 connidered fater
s thys chaprer

5 acimy

Although pH has definite effects on reproduction no umtary By
pothesis or generalization 15 possible as mentioned elsewhere {Chapter
1) pH effects are exerted 1n a vartety of ways  Furthermore the com
mon fatlure to determine the final pH casts doubt on much of the
avaslable daga  In general st appears that the pH range for sparuh
tion 1s somewhat narrower than that for growth (5 20 23 192 193
276) Withan the physiological range an acid reaction 15 often e
favorable than a neutral or muldly alkaline reacion (170 245 276}
but exceptions to this rule have heen reported (5 156)

Lockwood (192) showed that i several fungs persthecia form over
a wide range of pH values but asc mature only at neuwral or shghdy
atkaline reacuon  This finding 15 of parcalar importance becads¢
often the only data submutted 1 pH studies concern macroscopically
vsible frt bodies

In Mycosphaerella pinodes pyemdia pseudotheca and chlamyde
spores ate reported to have diffesent pH optima (266) but other data
on the s1me spectes are not easily reconciled wath this clam (23) The
pH range for sporangium formation by Physarum polycephatum 3
narrowed by high temperature cultivauen (116)
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6 CARBON NUTRITION

The classical work on the influence of nutnition 2nd for that matter
of all environmental factors on reproduction 1n fung: 15 that of hlebs
(172 173 174) In relation to putmtion his major points may be
formulated hniefly

1 Sexual and asexual reproduction are most hikely to occur when
a vigorous mycelium exhausts 1ts nutrients or s transferred to a medium
low in nutrients

2 Formation of frutting structures therefore occurs over a narrower
range of nutrient concentrations than does vegetatine growth

8 Fruiting structures of different fung: or different spore forms of
the same fungus have speaific requirements for nutrient concentration
Tn Saprolegnia muxte and Sporodinia grandss the sexual spore stage
requires a hagher nutrient level than the asexual stages

With minor modifications—most importantly that the concentration
of the carbon source 15 usually more dectsive than that of other nu
trients—these generalizations sull stand It would be tedions indeed
to list all the fung: that conform to hlebs predictions some of the
more sigmificant modern resubts with pure cultures deserve howeser
some attention

Suppression relative or absolute of reproductive stages at hugher
concentrations of carbohydrate—concentrations that permut heavy veg
etative growth—has been found in studies of ascomycetes (59 137
141y phycomycetes (267) and mmperfect fungy (44 4o 82) More ex
tensive reviews of the hiterature on this topic are available (140 180)

The same ph can be gt 1 more neatly by transfer
expeniments 1n which a raycelum growing in a concentrated medium
1s transferred to or allowed to grow into a more dilute medjum  Such
expeniments almost always confirm the first prinaple of hlebs (6 81
82 142 185 219 296} In general transfer to water 1s Jess successful
than transfer 1o a dilute medium

Tinally 1t follows from the first prinaple that spore formation
should occur at lhe pom( n the culture ¢ycle at which the carbon
source 1s sub studies on my (62 238)
demonstrate this prmcnpk clearly ‘The same response has been shown
n Melancomum fuligineum m a dafferent manner heavy moculation
of an agar surface accelerates sporulation because of the more rapid
utilization of nutrients (28)
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It has often of course been found 1n studses of particular fungt
that hlebs first principle does not hold or 1s overndden by other
factors (78 184 185) this 1s best documented 1n studies on fleshy
basidiomycetes (185 220) 1 which the relatively greater mass of the
frux body mught be expected a priov to change the usual relation

The mechanism by which high nutrient concentrations nhibit spor
ulation 1s not definitely established  One cause which must be opera
trve o some cultures 1s simply the accumulation of toxic metabolites
effects of culture age and of concentration have been attubuted to
this phenomenon (104 251) It seems however unlikely that such
accumulation can be a general explanation of the concentration ¢
fect For the present we may posit no doubt oversimphfying the
picture that a limitation of growth per se 1s the shmulus to repmduc
tion and that the effect of high nutrient levels 1s merely to postpone
the onset of starvation

The second principle of hlebs 15 a corollary of the first
that some mummum amount of growth must precede fruitng and
that t0o high concentrations delay or mhibst fruiting then the range
of concentrauion suitable for reproduction must necessarily be nar
rower than that suitable for vegetative growth

‘The third principle of specificty of requirements 1s obvious nsofar
as different species are concerned Even within a spectes howeser
different spore forms have different requirements examples mclude
the sexual and asexual stages of Sporodimia grandis (13 96) and the
alternative asexual stages of Blakeslea trispora (112}

The concentration of the carbon source affects the type of asexual
spote formed wn Cytosporing ludibundz and related fungr (218) and
the septation of macrospores of Fusarium sp (157}

The type of carbon source used strongly influences the formation of
reproductive structures both sexual and asexual In general 1t 1s
found that ohigosaccharides and polysacchandes support more fruiting
than do the simple hexoses cellulose a very slowly available com
pound for most fung: 15 the best carbon source for sporulation of some
forms (85 319)

The mechamism of speific carbon source effects has been thoroughly
investigated by Hawker and her collaborators (133 187 141) and by
Bretzloff (42) There seems little doubt that the prymary mechanism
15 actually a concentration effect 1e 1t exemplifies Klebs first prin
aple  Essenually provision of a slowly utihzable carbon compound
15 the same as use of a low concentration of 4 more available sugar
That 1s the fungus hydrolyzes (or phosphorylates) the complex car
bohydrate slowly the result being a steady maintenance of a low con

Granted



NITROGEN NUTRITION 369

Mycelal growth —s=

= =
=
w

Fruit bodies —-

F

Carbohydrate concentrat on —s-

Fr1e2 The tesponse of growth and f¢ tng to carbohydrate concentration
M and F mycelinl growth and fruiting  espectinely with a readily mvailable
ca bohyd ate M and F the same v th a more slowly available catbohydrate M
and F the same 1th a very slov Jy ut luzable carbohydrate From Hawker (140)
by permssion of the University of London Press Ltd

centration of hexese This pont 15 shown admurably 1n Figure 2
from Hawker (140)

This prinaple explans many of the effects of particular carbon
sources on reproductive activity Thus the optimum sucrose concen
tration for frusting in Melanospora destruens 1s ten times that in M
zamiae indicatng—and this 1s borne ont by sucrase assays—that the
Tatter species utihizes sucrose much more rapidly than the former (141)

Hawker (187 138) has suggested that the favorable effect of sucrose
1s 10 part to be attributed to the formation of phosphorylated hexoses
from 1¢ by the fungus This 1t must be admitted seems unlikely and
Is certainly not established by data available at present phosphory
lated compounds have however been tentatively implicated tn studies
on st by ing (p 372)

7 NITROGEN NUTRITION

The concentration of the nitrogen source mn the medium 15 impor
tant for fruitng 1€ an optimum concentration can be determined
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under specified conditions account must be taken however of the
carbon source and its concentration (257 305) In general high con
centrations of nitrogen suppress sporulation (109 153 250)

Speatfic effects of particular compounds are often reported but can
not be combined 1 a general theory pH effects and contamnation
of orgamic mitrogen sources with growth factors unduly complicate
terpretation of experumental data  Asparagine so often a fasorable
source of mtrogen for growth generally represses sporulanion (§ 28
208 226 257) The asparagine effect may anse from ammona accuru
lation or may be another example of the competition between veget2
tive growth and reproductive activity It should also be noted tht
asparagmne of the sources of nitrogen tested 1s the best for perithecum
formation 1n Diaporthe phaseolorum (286)

The effect of hypoxanthine (or guanine) on zygospore formation 1n
Phycomaces blakesleeanus 15 probably not specifically a reproductise
phenomenon and 15 considered elsewhere (Chapter 12)  The very
striking positive effect of low concentrations of histamine on zygospore
formation i P blakesleeanus (250) ments remvestigation

8 MINERAL NUTRITION

Numerous observations some of which have been mentioned i
Chapter 9 attest to the mfluence of mineral nutntion on sporulation
these are reviewed 1 more detail by Foster (101)  As expected either
deficiencies or excesses of particular elements reduce or mhibst sportt
lation these reactions require no further comment The ymportant
question 15 whether the mmeral requirements for sporulation duffer
qualitatnnely or quantitatively from those for growth

There 15 no evidence for a qualitatine difference 1€ sporufauon
never requires an element which 1s non-essential to growth Quantt
tatively however there are dafferences most of which are subsumed
1n the generahization that sporulation 1s reduced by partial deficiencies
1n certan elements much more than growth 1s reduced by the same
deficency  Experiments with copper almost invarmably show chat
sporulation of Aspergillus niger 15 reduced drastically by a deficienc)
which has 2 small or even no effect on dry weight (205 211 246 269
270 818) This copper effect 1s found also m work wath Percillium
spp and Phoma betae (205) The effect of copper deficiency on spore
prgment has been noted earher (Chapter 9)

The same phenomenon—sharp reduction in sporulation with only
a small decrease i growth—occurs with partial deficiencies of ron
(246) or manganese (26 155 193 269 270) Itis a general rule even
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with 2 major element hke potassium (209) or magnestum (230) that
sporulation 1s prevented by deficiencies which do not completely 1
hibat growth That 1s sporulation requires more of a mmeral than
the necessary for ble growth

Much has been made of the repressive effect of added zinc on sporu
lauon (38 118 152 165 246) Towuaty of course 1s possible but
1t seerns more likely that 1 the concentrated media used provision of
zinc simply postpones sporulation by allowing more luxuriant vege
tatwve growth

The resy of Ch glob to calaum (21 22) 15 an
apparent contradiction to the prinaple that sporulation and growth
have quahtatrvely the same mineral requirements caleium does not
affect dry weight but does increase penthecium formation  The fact
that many fungi ncluding other Chaetomium spp do respond m
growth to calaum and the possibility that calcium 1s an antagomst
rather than a nutnient (Chapter 9) are arguments against immediate
revision of the prinaiple It may be noted that sporulation m Asper
gellus miger 15 intubited by high levels of NaCl without any apparent
effect on growth (201)

One rather serious reservation attaches to most of the results men
uoned 1n this sectton—sporulation 1s estimated visually rather than
measured quantitatively A second himmitation s that most of the work
has been with Aspergillus mger study of other organisms might cause
us to modify some of the conclusions now accepted

O VITAMINS AND UNIDENTIFIED FACTORS

Under this head we consider only substances which exert a non
specific effect h and h like are taken up 1n
the next section

The data available show that most fungi winch require biotin or
thiamine need more of the vitamin for adequate sporulation than they
do for measurable vegetative growth (17 134) Thus Sordare fim:
cola in a medium without biotin makes about one third maximal
growth but does not form peritheca unless the vitamin 1s supphed
m this species biotin deficiency results 1n abortion or fatlure to mature
of ascospores (16)

Howeser one cannot specify an opumum  level of a vitamin with
out reference to other constituents of the medium  Ceratostomella
fimbnata for example requires thramine m proportion to the total
concentration of the medium (17) Conersely 1t 15 well established
for numerous fungi that provision of thiamine ratses the level of
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carbohydrate optimal for frmting (59 132 133 134 135 140) The
sumplest explanation of this phenomenon 1s based on the fact that
thiamune accelerates glucose utthzation (156), this 15 m accord with
our previous conclusion that exhaustion of the carbon source 1 re-
quired for the mitiation of reproduction

There 15 no conclustve evidence that any fungus requires 2 known
vitamin specifically for the reproductive process and dependently of
growth effects The available data can more or less satisfactonly be
explamned on the basts of the two generalizations just stated that
fruiing may require more of a vitamm than measurable growth and
that vitamins may accelerate sugar utilization and so hasten the onset
of reproduction  However at least the possibility of a more direct
relation 1s raised by the work of Barnett and Lally (17) on Ceratosto
mella fimbriata a thiamine starved mycehum begns to fruat af trans
ferred to a thramine solution contaimng no other mutrients

Umidenttfied materials i crude plant and microbial extracts often
increase fruiting  Examples include both sexual reproduction (164
186 226 259 322) and asexual reproduction (121 144 169)

It 15 often found usually as a result of accidental contamunation of
cultures that other fungr and bactersa encourage fungal reproduction
Many such cases are reviewed by Asthana and Hawker (6) and by
Raper (236) other mstances may also be cited here (24 143 245
258) However there 15 no assurance that these are vitamm effects—
PH for example or nutrient concentration could be the dectsive factor
Stimuiation of conjugation of Zygosaccharomyces spp by Aspergiilus
niger has been described the effect of the fungus 1s replaced by 2
mixture of nboflavin and an organic acid (216 217) The assoctation
1 nature of Gonatorrhodiella highle: with Nectria coccines may be
explained by some chemical influence of the latter on the reproduction
of G highle: (7)

Another sertes of mvestigations reviewed by Buston and khan (60)
suggests that the effect of contammating orgarusms on perithecum
formation 1n Melanospora destruens and Chaetomium globosum 15 to
be attnbuted to orgamic phosphorus compounds particularly 3 phos
phoglyceric aad Iiberated by the induciag fungus  Whether thisis a
direct effect 13 however not yet clear In C globosum penthecsal
production 1s assoctated with a hugh level of organic phosphate esters

61
¢ S)everal apparently unrelated synthetic organic compounds are 1€
ported to 1ncrease sporulation without a corresponding ncrease In
growth possibly the effect 15 an antagonism of mhubitors present 1n
the growth medum (158 295)
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10 sPECIFIC REPRODUCTIVE HORMONES

Hormones—endogenous chemical substances which mfluence or de
termuine Yeproductine proc i been q ally demon
strated 1n certam of the Oomycetes notably Acklyaspp by] R Raper
who reviewed the entire field 1n 1922 (236)

Certain strams of Achlya bisexualis and 4 ambisexuals are  heter
othalbe, 1€ the male and female sex organs—antheridia and oogoma
respecttvely—are borne on different thallt - Thus type of heterothallism
15 perhaps more clearly described as haplodiceasi When thalh of
oppostte sex are in the same medium the deselopment of the sex or
gaus 15 under hormonal contel  The hormones whose existence and
action must be inferred from convinang phistological and morpho-
geneuc evidence are summarnzed 1n Table 1 1t 15 apparent that the

‘Table 1 The Sexual Hormones of Achha Spp

Hormone Produced by Acuon
A A'  Female vegetauve plant  Induces anthendial hyphae on male
fant
At Male vegetatve plant Augments A and A*
At Male vegeratve plant D presses action of A and A?
B Anthensdial byphae Trnduces vogomal wmtials on female plant
c Oogomal mnals (2) Induces anthendual hyphat to grow

along a concentration gradient toward
the cogonium  {b) induces the forma
uon and dehmutaton of the anthend
um 1n the male plant

D Anthendia Induces (a) delimtation of the oogonium
and (b) difierentiation of cospheres

From Raper (236)

entire sequence of events leading up to fertilization 1s under speafic
and sequential hormonal control  The hormones are produced n ex
tremely small amounts so small that only a start hay been made toward
chemical fractionation ("37) Bmlug\c:\l activities ndicate that the
battery of h d by 4 f1s 15 not fully 1d 1
with that of 4 nmb\sexuuhx 3%

Others of the Saprolegmacae—Thraustotheca clavata and the homo-
thallic  Achlya amencana—are governed 1 reproduction by similar
but not 1dentical hormone systems (235 236) Preluminary evidence
t(z(oa hormonal system 1n Sapromyces retnschn has also been pbtamed
30)
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Burgeff (56) studied Mucor muceds, a heterothallic Zygomycete
which copulates by the fusion of identical gametangia when tho
strains of opposite mating type are brought together The two mor
phologically 1dentical types are called for convemence plus (+) and
minus (—) listorrcally at least the term heterothallism 1s appropn
ately applied to this situation  Burgeff showed that at least two of the
steps 1n reproduction are mitiated by a chemical diffusible stimulus
Zygophore development 1n each strain 1s begun only when the oppostte
strain 1s close enough for the sttmulus to reach receptive hyphie The
somewhat clumsy term  telemorphosis has been used for this reaction
A second reaction also 1mtiated by a diffusible metabolite has been
called zygotropsm  zygophores of each stramn bend toward those
of the opposite stramn preparatory to contact and fusion

These reactions i Mucor mucedo have been confirmed (167 176
225) and found also to prevail in Pilobolus crystallinus (177 178)
Limited evidence suggests that the zygotropic reaction 1s effected by 2
volatile product (15 167) Such a material would have to be of very
high activity to induce a differential growth response n an organ 2
small as the zygophore

Banbury (14) reports evidence that zygophores of the same stram 11
Mucor mucedo exert a mutual repulsion also by a volatile substance
Thus recalls the numerous examples of aversion or barrage 2
zone of mhibition develops between certain colontes of the same of
of dufferent species and not between others This phenomenon 1s 1€
viewed by Cayley (73) and by Takemaru (282) little physiologtcal
work has been done although 1t has been suggested that a volatile ma
teral 1s responsible (293)

A final type of interstramn chemucal influence 1s shown by a shght1n
crease 1n oxygen uptake when (+) and () mycelia occupy the same
resprrometric vessel (57)

None of the hormonal activities of the Zygomycetes has been sep2
rated physiologically or biochemically from the others 1t 1s not jet
possible therefore to describe any such elegant sequential mechanism
as that of Achlye spp

At this point we may briefly mention the numerous attempts {0 find
phystological or biochemical differences between (+) and (—) strains
of species of the Mucorales Various workers have claimed that the
strams differ 11 growth rate on certain sugars sucrase or catalase forma
ton lipid or carotenaid content sugar content reductive capacity
susceptibility to poisons and so on  Most of these are reviewed by
Ronsdorf (250) and by Raper (236) Study of the original papers and
of the divergent results obtained leaves one skeptical of all this work
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The most recent claimed difference a color reaction with strong tlkalt
(292) was found mvahd almost immedately (46) Enzyme differences
between opposite mating types 1n Neurospora crassa (103) and growth
dufferences between (+) and (—) strains of Ustilago spp (234) are
exposed until confirmed to a sinular skepticism

‘The long debate over the existence of pertthecium inducing hor
mones 1n Neurospora sitophtla 1s reviewed by Raper (236) the work
of Aronescu (3 4) 1n particular seems conclusively negative  Thus con
cluston must stand unless challenged by new evidence However in
Glomerella cingulata hke Neurospora a member of the Sphaeriales
there 15 prehmunary evidence for 1 diffusible metabolite which mduces
the formation of perithecia (92 200) Since the various steps of sexual
reproduction in G cngulata are genecontrolled (308) 1t 1s perhaps
not too fanaiful to envision a one gene-one hormone relation

In Ascebolus stercora: the ind of 8! and other early
steps 1n sexual reproduction are controlled by diffusible materrals
s t (31) The branching of the trichogyne in Neu
rospora sitophila (9) and the suppression of comdiation 1 Glomerelle
angulate by filtrates from penithecial cultures (309) are also very
probably hormone effects  There 1s no evidence as yet for hormonal
mechanisms 1 bastdiomycetes

‘The literature on the chemical sumulus for the aggregation of myx
amoebae mn the Acrastae has been thoroughly reviewed by h B Raper
(238) and by Sussman (279) The substance responsible has been
termed acrasin (34) and has now been separated from the cells 1t was
found to consist of two components and to be destroyed by some sys
tem probably an enzyme of the cell (260 280) Itis especially mterest
g that acrasin not only attracts scattered myxamoebae but also
sumulates them 1n turn to produce acrasin the effect 15 that of a chain
reaction which extends the range of the chemotactc system much be
yond any possible range based only on diffusion from 1 single pornt

11 METABOLISM AND REPRODUCTION

‘Throughout thiy chapter we have stressed the concept that the major
stmulus to reproduction 1s exhaustion of the medium However
many different metabolic changes occur at the same time 1 2 culture
and the possibility must be kept 1n mind that one or more of these
changes 1s the primary sumulus to spore formaton In particular
the mycelium begins to autolyze (Chapter 1) In yeast colonies on
agar ascospores appear in that part of the colony which 1s undergoing
autalysis (191) Now 1t1s possible that some factor 1n normal cells 1s
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released by therr death and reaches a threshold concentration Rugh
enough to mduce sporulanion  Thus possibiliy zlso relates to the
stmulation of reproduction by ultraviolet radiation st has been sug
gested (286) that cells killed by the radiation yelease tnto the medin
substances which favor perithecsal development  This hine of muest
gation deserves more attentson than 1¢ has so far recerned

Other metabolic changes are often comnadent with the onset of
reproduction e changes in Tespiratory rate (118) appearance of
tyrosinase {153} or other enzymes (100) and formation of carotenods
(57a 1502 288 289) The correlanon betneen tyrosmase formation
and protoperithecium development wn Neurospora crassa ss the most
strilang mn that a wide vanety of emvironmental factors suppress both
enzyme actrsty and reproductive eapacsty but it cannot yet be sud
that the relationship 1s causal (304)

One obuious physiological necessity an sporulation 15 the transport of
matertals—presuniably 1 2 soluble form—~from the mycchum to the
developing spores  In dAspergdius flavus the appearance of comdia
cotncident with a marked fall 1n mycehal mitrogen easdy anterpreted
as resulung from transport (224) Phosphate transfer 15 even more
dramatic 1n 4 mger dunng spore formation mycelal phosphorus de
chines as much as 80 per cent and at lest some of thus phosphorus
appears m the spores (32}

The wansport of muenals into frunmyg siructures may be more
complete than 1t 1s usually thought to be  Thus mucroscopic obsena
tion of Ascockyta s in an anfected leaf shows the mycelum ap

ly devord of protoplasm at the ume of formauen of premdia

P
43)

Blastocledia pringshermn m yts natural habatat forms two types of
sporangez thun walled zoosporangia and thick walled resting sporangs
In pure culture resting sporangia form only at very fugh carbon de
oxide pressure specifically 1 995 per cent CO, at pH 55 (63) Thus
discovery mutiated an umportant series of wnesugations by Cantino
and collaborators of members of the refated genvs Blastocladiella
These mvestigations have been reviewed by Canuno (64) and 2 bref
sumimary 1s i order at chiss pomt

Blastocladiella emersonu zoospores develop into a two-celled thaflus
consistng of a basal rhizawdal cell and an apical sporangum The
sporangsum s etther a thin walled papillate z00sporangnim or a thick
walled esistant sporangram  In pure culture the type of sporangum
formed 15 controlled by catbonate wirtually all thall develop resist
ant sporangia if 8 01 Af bicarhonate 15 supphied to the medm The
problem thus 15 not that of mitsation of reproduction but of the type
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of reproduction which occurs  The explanation proposed by Canuno
for the effect of bicarbonate 1s that the 10n 1n some way interferes wii
the oudative decarboxylanon of utanc aad G i\
several ather enzyme activiues of the plant disappear and 2 new poly
phenol oxidase becomes evident The upshat of these changes 15 2
of b lting 1n the § of the resistant

sporangum  thts involves necessanily the synthesis of the ctin me
Jamn and y-carotene characteristic of the reststant sporangium

These conclusions have been buttressed by study of a mutant stran
of B emersony which does not even with bicarbonate form resistant
sporangia  Crude cell free extracts from the mutant strain are devoid
of acomtase and of the enxyme system oxidiang a-ketoglutarate via the
cytochromes (65) Preasely these enzymes are postulated to be re
quired 1n the normal strain for the expression of the bicarbonate effcet

‘The rather elaborate metabolic hypotheses which have been erected
in the course of this study of reproduction in Blastocladiella are some
what provisional and speculative further investigation 1s clearlv neces
sary But however the hypothesis may have to be modified later 1t
should be recogmized as a bold and attempt to
biochemical events and patterns of morphogenesis

12 THE SPORULATION OF PLANT PATHOGENS

Reproductive processes 1n fungi pathogenic to or dernving their food
from higher plants are dufficult to study but pose at least two interestung
questsons  the influence of the host on sporulation 1n general and spe
afic relations between the host and particular stages m the life cycle of
the pathogen

Itisa that plant path often lose their capaaty to
sporulate dunng continuous arufical culture  Of course this may
only be an example of the very common phenomenon not at all re
sthcted to plant pathogens of the selecuion m culture of non sporulat
ng vanants (77 127 128 138 207 213 223 2144 310 311) However
there 15 sull the question of how contact with the host—often only in
a single passage—acts to select for restoration of reproductive capaaity

It seems probable that speafic features of the food plant promote
sporulation over and above any selectine process We hase already
noted the important obsenvation that the host tisue replaces a
light req for the sporul of Hel: b gramn
eum  Expeniments with autoclaved plant extracts are of httle real
help 1w working out the problem since labile materals are probably
mvohed. Cold stenlization of natural substrates by for example
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propylene oxide appears much more pronusing as a techmque {129
265) Analogously the insect pathogen Cordyceps mulitaris forms pen
thecia on dead pupae but not on autoclaved pupae (261)

The relation of the host to sporulation has one other dimenston the
influence of the host on the mtensity and on the type of sporulation
Ths has been most thoroughly studied 1n relation to the appearance
of the telial stage of rust fung:  From the work of Morgenthaler (210)
and Waters (301) we may list factors that encourage or hasten the de
velopment of the telial stage

1 Exposure of the host to low temperature or to slow drying
2 Starvation of the host by dark mncubation

3 Growth of the fungus on a partially resistant host

4 Wounding of the moculated leaf

5 Transfer of detached leaves from sucrose to water

Obwiously effects of this type must be indirect for the obligate para
sites but the pattern seems clear that telia form under conditions of
prnvation the 1nalogy to hlebs conclusions 1s close The factor that
1s domminant wt nature 1s not known 1t 1s most probable that drymg out
1 autumn 1s dominant (91 108) but simple starvation cannot be dis
mssed

Perithecral formation 1n Erysiphe graminis—also an obligate parasite
—is more rapid 1f the relatively resistant older leaves of the host are
nfected (114) Here again we may speculate that resistance of the
host accelerates the reproduction of the pathogen by depriung 1t of
some essential factor

Host wfluences on spore size merst brief mention  Uredospores of
rust fung: are smaller on a resistant host than on a susceptible one and
they are smaller 1f the host 1s held under conditions unfavorable to 1ts
growth (187 188 268) Simular findings on other fungt have been
summarized by Fischer and Gaumann (98)

13 CONCLUSIONS

The major barnier to generalizing about reproduction in the fungt
15 the repeated failure of experimental work to discriminate adequately
between growth and sporulation too often only one 1s measured quan
titatively  Consequently many of our hypotheses on reproduction
must leave open the possitbility that the factor concerned may act o1
growth rather than speafically on the formation of spores

The most mclusive generalizauon 15 that reproduction 1s imuated
by factors which check the growth of an established mycelium without
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too drastically porsoning 1ts metabolism  Studies on the effect of Light
especaally ultraviolet light are the most important esidence m view of
the wellestablished lethal action of radiation  Gross mutilation by
scraping or cutting mnduces sporulation i a few fung (19 206 233)
1n scraped cultures of Alternana solam hunkel (179) observed that
contdiophores anse from broken hyphae  Inuation of sporuiation as
the result of changes ext of and various
treatments of the host plant of 2 pathogen are all consistent with the
injury hypothesis

Granted that a check 1 grow th mitates sporulation we can only

on the Perhaps the most promusing

suggesuon 15 that mjured or monbund cells release substances which
act on survivng cells and divert them 1nto a new developmental path

Tt must be noted that a contrary hypothesis that sporulation requires
speafic positive stmuli rather than the negative stumulation of 1njury
could easily be buslt up  In particular the ready sporulation of many
fung1 on the living host plant or on cold sterilized plant matenals ar
gues for nutnitional factors which must be present n some threshold
amount to permit sporulation or which must be synthesized by the
fungus before reproductive actwity can begmn

Less inclusne but important and mare firmly based generalizations
may be listed briefly 1n conclusion

1 Reproduction occurs 1n generai over a narrower range of envi
ronmental conditions than does growth this 1s espeaially clear 1n find
1ngs on temperature acdity mmeral and oxygen requtements  The
optimum for reproduction may be the same as or dufferent from that of
mycchal growth

2 Rlebs prninaple that reproduction 1s {avored by depriving an
established mycelium of one or more nutrients 1s valid in general
espeaally for carbon and nitrogen sources It must be qualified only
to take account of the fact that for some nutrients—certain vitamins
and minerals—the absolute amount required for sporulation 15 lugher
than that which supports growth This qualification essenually only
changes the definttion of the established myceliom  to indicate that it
must have certain matenals in high concentration

8 There 1s no conclusive evidence for a speaific nutritional factor
required for sporulation and not required at all for growth  Speafic
endogenous harmones are however established «s vital to reproductive
ncuvity or at least to the orderly development of reproductive struc
tures once these are imnated

+ The requirements for sexual and asexual reproduction 1n a given
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propylene oxide appears much more promsing as a techmque (129
265) Analogously the insect pathogen Cordyceps mulitans forms pen
thecia on dead pupae but not on autoclaved pupae (261}

The relation of the host to sporulation has one other dimension the
1nfluence of the host on the ntensity and on the type of sporulation
This has been most thoroughly studied 1n relation to the appearance
of the telial stage of rust fungi  From the work of Morgenthaler (°10)
and Waters (301) we may lsst factors that encourage or hasten the de
velopment of the tehal stage

Exposure of the host to low temperature or to slow drymg
Starvation of the host by dark incubation

Growth of the fungus on a partially resistant host
Wounding of the inoculated leaf

Transfer of detached leaves from sucrose to water

W 00 1O

o

Obviously effects of this type must be mdirect for the obligate para
sites but the pattern seems clear that telia form under conditions of
privation  the analogy to hlebs conclusions s close  The factor that
1s domnant 1n nature 15 not known 1t 15 most probable that drying out
1 autumn 1s dommant (91 108) but simple starvation cannot be dis
mssed

Penithectal formation 1n Erysiphe graminis—also an obligate parasite
—is more rapid if the relatnvely resistant older leaves of the host are
infected (114) Here agan we may speculate that resistance of the
host accelerates the reproduction of the pathogen by depriung 1t of
some essentral factor

Host influences on spore size merit brief mention  Uredospores of
rust fung are smaller on a resistant host than on a susceptible one and
they are smaller 1f the host 1s held under conditions unfavorable to 15
growth (187 188 268) Smmlar findings on other fung: have been
summarized by Fischer and Gaumann (98)

13 CONCLUSIONS

The major bartier to generalizing about reproduction 1 the fungt
15 the repeated failure of experimental work to discriminate adequately
between growth and sporulation too often only one 1s measured quan
utatively Consequently many of our hypotheses on reproduction
must leave open the possibility that the factor concerned may act on
growth rather than specifically on the formation of spores

“The most inclustve generalization s that reproduction 1s trated
by factors whach check the growth of an established mycelium without
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species are usually not ahke so that in a sense the two types compei
Apart from the relauvely trivial generalizauon that the larger secudl
strictures must require more energy for their formauon than the {usu
ally) smaller asexual organs there 15 as yet no good eudence for a
unsversal difference between sexual and asexual reproduction this
posssbility however should surely be explored A few mstances hut
been noted m which two different asexual structures have differcat
requurenents
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12 Spore Germination

Spores-—speuallled self contained microscopic struc
tures capable of mmitiating new growth—are the prinapal agent of
dispersal of fungi Consequently any consideration of ecology or of
the spread of economucally rmportant fungi must take spore germmna
ton mto account The control of plant diseases by protectant fungt
ades 15 1n essence the problem of nhibiting the germination of spores
And the transformation of a relatively nactive structure into an ac
tvely growing thallus poses some fundamental problerns of nterest to
biology as a whole

In this chapter the several cytological and morphologtcal types of
spore have been distinguished 11 the discussion only if some important
Physiological aspect 1s specific to the type In the long run we may
suppose such a practice—treating the rust fungus teliospore and the
myxomycete swarmspore alike—will prove mdefensible  For the pres
ent however the available information does not permit separate treat
ment of the different spore forms except 1 such special cases as the
dormant resting spores

It will be seen that as usual n the fung: the corpus of knowledge
1s serously out of balance We find hterally hundreds of studies of
temperature and water relations of the economically 1mportant fung:
but such groups as the aquatic fung: the fleshy basidiomycetes and the
sctinomycetes are virtually unknown 1 this dimension  More serous
sull concentration on well known and easily determined environmen
tal factors has meant relative neglect of the fundamenta] metabolig

39



388 SPORE GERMIVATION

processes which contrql germination nd of the physiologeal and bio-
chemical changes CORSEGUENt upon germination Tt 1 reasonable o
expect that mvestigations nie these and related topics would i
throw light on some of the more obseure environmental and ecological
problems m spore physiology

1 MEASUREMENT

The most commonly used criterion of spore germumnation 1y the frac
nion of spores that in 2 gren time forms a germ tube the ume pened
15 usually chosen so as ta atlow all viable spores fo germmate Spores
are sown Of nwater on agar or on nuinent media mcubated under
contralled conditions and counted aucrascopically or the sporss may
e germinated m an aerated or shaken hquid medwm 65 Sdin
hibition and other associatrve effects (p 413) make 1t tmperatne that
the concentration of spores be held constant and be knowit e s usi
ally convenient to bring the spore suspension to a hnown qurbidiey
measured optically and previously standardszed agawst a direct micro
scopic count (246) Spore concentration €an also be estumated by
capillary volume (192 289) Clumping of spores mtroduces erxor and
must therefore be mummuzed, (130}

The rate of germination may be determined by pertodic counts 487
ing the expermment and often provdes valuable supplementary wfor
maton

A second major criterion 1s the latent period of germunanon the
ume required for germination 1o begin or to reach some specfied low
value (25 118 287) Lamted evidence suggests that thus 15 fundamen
lly different from tota} gernunanon in that temperature affects 1t
dufferently (p 410) and toxscants m1y exert greater or fess effect oR the
Iatent persod than on tota] germunation {287)

The rate of sncrease 1n the length of the germ tube 15 agun 2 duffer
ent critenson of spore activity In general 1t 15 MOTE sensitive to e
perature than 1s total germmation responding mOre Iike mycchat
growth sinalarly the pH range for optimum germ tube growth ©
Alternana solant 18 rather narrowes than that for best total gernund
uon (159) Therate of elongation cant be expressed as a veloauty con
stant {126}

No one of these criteria can be sad to be best  The smethod used
aust take account of the problem which 18 under mesugation  Fust
damental studies on the germinton Process for example mmght make
wuse of the rite of gerpunation +nd the total germmation On the othe?
tand, an ecological o eprdenielogienl problem mmight be served bette?
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by measurements of germ tube growth Infection of a plant by a path
ogen 15 dependent usually on at Jeast some extension of the germ tube
1f this process 15 more sensitrve to unlasorable conditions than 1s total
germination a false picture of the potenuialities of the organism will
be deduced from observatrons on total gernunation alone  Unlortu
nately germ tube measurements are rather more Jahorious and are
perhaps avoided for that reason a raprd semtautomatic method of
determining germ tube lengths should not be beyond the capaaty of
modern instrumentation and would be a real contribution to the study
of fungt

2 THE GFRMINATION PROCESS

Just as we have had to lump together the various morphologrcal
types of fungus spore 1t 15 also necessary with some exceptions to
conider the several germunation types as if they were all abke Of
these the most common and the most frequently studied 18 formation
of one or more germ tubes which grow indeterminately and develop
1nto a myceltum 1 culture or 1n a parastzed plant or ammnl - Among
the phycomjcetes several types of spore germmate by the formation of
smaller endogenous spores 1e the parent structure 1s functionally a

spx In Phytoph the same structute—perhaps
best called a comdiosporangium —germinates either by a tube or by
formauon of swarmspores depending upon the partice

larly temperature and perhaps on the age and previous history of the
structure (19 63 279 291) The chlamydospores of the smut fungg
germinate somewhat differently under different external conditions of
temperature (140) concentraton (132) and nutnients (264) Basidio
spores of Rhu octonia solant form secondary spores on water agar germ
tubes on a nuinent agar (131) The macroconidm of Thielaviopsis
faradoxa stmilarly gernunates very differently on water and on nutry
ent agar (149)

Mulucellular spores often germinate by the simultaneous formatton
of two or mare germ tubes (179) 1n Pestalotie spp however the basal
cell normally gnes nise to the germ tube (300) and germnation 1n
Helmmthosporium satrvum may be exther polar or bipolar (137)

Conudia of the lugher fungi may have one two or several nucler at
the time of their formation 2 few e‘(amPIES may be cited

1 Ered 1y 1 Hus spp (8 12) Colletotr:
chum de.mudwum {49) !’nthodemm vinde (12) }ertsclllium albo
atrum (128)
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2 Predominantly mulunucleate Aspergitlus echinulatus (8) Bolry
s cinerea (128) Helminthosportum satwwn (o4 187)  Sporangie-
spores of Rhuzopus nigricans are ummnucleate (12) those of Mucor dis
persus multinuclexte (68)

Nuclear conditron 1s of particular tmportance 1 genetic studies since
a heterokaryotic mycehum which produces unmucleate conrdra-—more
wcurately conidia from uninucl
erates the parent types in the absence of gene exchange 112y By
extension of this prinaiple 1t 15 possible to mfer from genette evidence
m Stieptomyces spp that the comdin are umnucleate or anse from
unnucleate cells (28)

The number of nucler 1 macrocomdia of Neurospora ¢rassa 1s 1€
duced by cultivation m a mimmal medium (138) or 1n a sorbose me
dwm (5) The nucler of the higher fung: are of course normally
haploid Roper (236) has however succeeded 1n inducing the forma
uion of diploid comdia in Aspergillus mdulans and camphor treatment
of Neurospora crassa induces the formation of possibly diploid cells
(248)
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Figwe 1 The ume course of spore germmation (probit s
fructicola (curves 1) and Hliernana solant (curves 2) Anthmic
plotted 1n 4 reciprocal function m I Redravn from Wellmai
(299) by permission of the Poyce Thompson Institute for Plant Research Inc
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A given population of spores germtnates over a period of time 1f the
population 1s standardized as to age there 15 good evidence that ran
dom vartability 15 the cause of the spread 1n time of germination  As
shown 1n Figure 1 a plot of per cent germination on a probit scale
against the reciprocal of time 1y linear (provided a correctton 15 made
for non viable spores) 1e time of germination 1s normally distrsbuted
Sumilar data have been reported 1 studies of Neurospora crassa (210)
The over all rapadity of gernunation 1s a species charactenistic Melamp
sorg lin: begins germnation 1n less than one hour (129) but Phoma
apucola spores require 2448 hours (18)  Other drta on ripidity of
germination are reviewed by Gottlieb (113) and by Doran (73)

The three disunguishing morphologcal events of typical spore ger
mination are nuclear division (8 12) swelling of the spore and emer
gence of the germ tube Swelling with one sigmficant exception
appears to be 1 1n fung: and ac having been de
scribed 1n sporangiospores (41) ascospores (121) basidiospores (32
135) and comdra (253 114 125 192 255 260a 306) The exception—
apart from the fact that observations on Sclerotinia fructicola conflict
(192 306)—1s found among the powdery mildew fung! conidia of these
do not swell prior to germation (306) The significance of swelling
1w relation to water requirements will be considered later

‘There 15 scattered evidence that physiclogical chinges also occur
during the germination process although the data cannot be general
1zed to all fung:  Amson toxiaty 13 more marked in the early stage of
germunaton of the resistant sporangium of Blastocladrella sp (45) than
inalater stage oxygen uptake by ascospores of Neurospora tetrasperma
becomes more sensitive to 1odoacetarmde after appearance of the germ
tube (109) and in the same material cation permeabulity appears to
change at the begmning of germination (274) Other evidence of
separable physiological states during the germimation process appears
in studies of oxygen uptake and of temperature responses

Germa tube growth presumably follows the same rules as any other
mycehal growth  Extension occurs at the tip only (259 263) For at
least some time growth 1s exponential 1e  the logarithm of germ tube
length increases linearly with ume (220 259) germ tube growth 1
Ustulina vulgants however 1s reported to follow a different course
(801)

Germ tube tropisms toward water and toward nutrients have been
reported but the evidence 1s conflicting and inconclusive (9 55 100

117 203) Its not 1n particular necessary to postulate 2 chemotropic
reaction i the penetration of plant pithogens 1nto host tissue (39 40
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62) Here an unspeafied contact stimulus  thigmotropism 15 sup
posed to operate The possibility of chemotropism has been reopened
more recently in studies on Saprolegnia ferax (87)

One type of germ tube tropism 1s well documented—the negatne
tropism of germ tubes toward each other (55 100 117) As described
by Stadler (268) germ tubes of Rhizopus migricans form on the side of
the spore dstant from other spores and 1n addtton actually bend anay
from other germ tubes during their growth The stimulus 15 almost
certainly chemical and 1t 15 tempting to consider an awanlike growth
factor 1n explanation of the bending phenomenon This possibility 15
also suggested by the finding that germ tubes of rust fung: are longer
when germmating spores are crowded than when they are more dis
perse (83 314) However Stadler (263) presents some evidence agamst
an explanation based on growth factors instead he postulates an un
stable mnhibitor which has the effect of thikenng or strengthening the
wall of the spore or germ tube The last word on this problem has
clearly not been spolen

Germ tubes of sporidia and of uredospores of Puccina spp react
negatively to strong light studies with filters indicate that the actise
wavelength 15 1n the blue region of the visible spectrum (90 98 235
266) It will be recalled from Chapter 11 that 1t 1s these shorter wave
lengths which are most active 1n phototropic and nductrve effects on
reproductive structures Negative phototropism 1s also shown by o
nidia of powdery muldew fungt (204 305)

3 SPORE METABOLISM

‘Water munerals carbohydrates and other constituents of fungus
spores have been mennoned incidentally n Chapter 2 In relation to
spore germnation the 1mportant materals are water—constdered else
where m this chapter—and probably hipids Itshould also be recalled
that spores of Aspergillus mger are relatively high in total phospharus
a part of which 1s 1n organic combinanon (7 154)

Although the fat content of most spores 1s not unusually high (248
271) three buts of evidence suggest that fats provide energy for the ger
mination of spores which do not require an exogenous source of car
bon First microscopic observatton shows that stanable hprds disap
pear durmg gernunation (82 150) Second the respiratory quotient
of Neurospora sttophila macroconidia 1s about 07 (208) = value char
acterstic of but of course not sufficient evidence for fat ouidation
Finally the data of Table 1 show that at least in high fa spores the
principal organic material disappearing during germinaton s the
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Table 1 Chemucal Changes during Germunation of Uredospores
of Pucama gramints tritice®

Amount Per Cent of Dry Weaght

Fracuon Before Germinauon After Germumanon
Carbohydrate 219 224
Chitn 14 34
Protein 259 223
Tapid 197 78

* From Shu Tanner and Ledingham (254) by permussion of the Canadian
Journal of Botany

hpid fracuon  The comdia of Erysiphe graminis hke the rust spores
of Table 1 appear to be relatively hugh in fat (310)

Durning the germination of spores of Aspergillus mudulans the most

pmnounced changes which oceur 1 the first (ew hours are dechine 1n
fiate and 1n {ly bound phosph

of ynt of the free ammo acids of the spore and a progresswe fall in

total pnd (253)

Several hvdrolytic enzvmes—acting on starch oligosacchanides glu

cosides pectie substances proteins and urea—occur 1 crude spore
the early I 1 by Mandels and Norton
(l!)5) Spores of Myrothecium verrucang have been found to possess
4 enzymatic system acting on ascorbic aad (185 186) another system
g sullhydryl compounds to disulfides {191) and one or possibly
two enzymes acting on sucrose {184 187 188) The invertase of Af
verrucaria 15 synthesized rapidly dunng gernunation and appears n
the medium almost immediately (190) These enzymes are mactivated
by an acid treatment which does not kill the spore or damage 1ts res
puration from this fact 1t has been proposed that they are located at or
near the spore surface (181 185) The diphosphopynidine nucieotidase
of Neurospora crassa 1s produced primarnly or enurely by the comdia
and 13 50 easily washed out of the cell that 1t too may have a surface
locauion {309)

Although there 15 as yet no reason to tink that spore respiration dif
fers fundamentally from that of mycelium studies of the general prob
lem should contrbute to our understanding of both spore germmation
and fung action  Data ble at present are too fragmentary
(0 support any firm theoretical structure or even generalized descnp-
tion the work summarnzed here should not therefore he taken as nec
essanly zpplymg to all fungs

The

of of N
1 shown in Flgure 2 The curve has an upward brcak mmudcm with



392 SPORE GERMINATION

62) Here an unspecified contact sumulus  thigmotropism 15 sup
posed to operate  The possibtlity of chemotropism has been reopened
more recently in studies on Saprolegnia ferax (87)

One type of germ tube tropism 1s well documented—the negatne
tropism of germ tubes toward each other (55 100 117) As described
by Stadler (263) germ tubes of Rhizopus nigricans form on the side of
the spore distant from other spores and 1n addition actually bend away
from other germ tubes during their growth The strmulus 15 almost
certamly chemical and 1t 1s tempting to consider an awunhke growth
factor 1n explanation of the bending phenomenon This possibility s
also suggested by the finding that germ tubes of rust fung: are longer
when germinating spores are crowded than when they are more dis
perse (83 314) However Stadler (263) presents some evidence againist
an explanation based on growth factors instead he postulates an un
stable inhibitor which has the effect of thickening or strengthening the
wall of the spore or germ tube The last word on this problem has
clearly not been spoken

Germ tubes of sporidia and of uredospores of Puccinia spp react
negatively to strong light studies with filters indicate that the actne
wavelength 1s 1n the blue region of the vistble spectrum (90 98 23
266) It will be recalled from Chapter 11 that 1t 1s these shorter wave
lengths which are most active i phototropic and inductrve effects 0n
reproductive structures Negative phototropism 1s also shown by 0
nidia of powdery mildew fungi (204 305)

3 SPORE METABOLISM

Water mmnerals carbohydrates and other constituents of fungus
spores have been mentioned sncidentally mn Chapter 2 In relation 0
spore germination the important materials are water—considered else
where 1n this chapter—and probably hpids It should also be recalled
that spores of Aspergiilus miger are relatively high 1n total phosphorus
a part of which 1s 1n organic combination (7 154)

Although the fat content of most spores 1s not unusually high (248
271y three buts of evidence suggest that fats provide energy for the ger
mination of spores which do not require an exogenous source of ¢t
bon First mucroscopic observation shows that stamnable ltpids disap
pear during germination (82 150) Second the resprratory quotent
of Neurospora sitophila macrocomdia 1s about 07 (208) 1 value char
acteristic of but of course not sufficient evidence for fat oxidation
Fmally the data of Table 1 show that at least 1n Iugh fat spores the
principal organic matertal disappeaning durnng germinauon s the
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Table 2 Endogenous and Exogenous Oxygen Uptake
by Comdia of Fungi*

Ovxygen Uptaket

No Substrate Sucrose Exogenous}

Species (endogenous) 1 per cent. Endogenous
Neurospora stophila 86 686 70
Monthma fructicola 51 512 96
Cephalosporvum aeremansam 27 4238 148
Myrothecium verrucana 88 221 15
Stemphyluum sarcinaforme 20 217 98
Alternania oleracea 71 174 15
Aspergillus moer 128 177 04
Pht opus mi,nicans 85 92 01

* Drawn from more extensive data of McCallan Miller and Veed (173) by
pernussion of the Boyce Thompson Insutute for Plant Research Inc

tIn 41/5 hr/mg fresh spores

1 Exogenous = uptake with sucrose less endogenous uptake

ficult (bt 110 254) Ingeneral but with some exceptions germination
1s more sensitive than spore respiration to both inorganic and organic
fungicades (Chapter 14)

4 MATURATION AND DORMANCY

It 15 a common observation that morphologically normal and appar
ently fully deyeloped spores often do not germinate until after a period
of time  If this period 1s relatively short we speak of maturation 1f 1t
1s on the contrary a matter of weeks or months the spore 1s said to have
4 dormant stage or resting pertod  There 15 as yet no evidence which
enables us to say whether these two phenamena are different or the
same

The failure of newly formed spores to germinate normally 1s best
documented m studies on the uredospores of the rust fungy (78 200
245 322) the behavior of which 15 exemplified by the data of Figure 3
Asshown immature spores have both a slower rate of germination and
lower total germination than have mature spores  In addinon smma
ture spores are more sensitn € to unfavorable temperatures (57 73) It
appears from most work that immature uredospores can ripen after
removal from the sorus (11 57 178) The very long period of poor
germunabulity of aeciospores of Gymnosporangium spp hay been noted
Tepeatedly but has not as yet been analyzed (20 99 178 222 282)

both asexual and sexual spores of ascomycetes germinate poorly
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Tigure 2 O'qgcn consumption of actsated (curve 1) and dormant (cune ?)

of The atrow marks the ume of appearance of
gcrm tubes  Redrawn from (‘oddard and Smuth (110) by permussion of Flant
Phystology

the appearance of the germ tube this particular type of curve 1s not
unnversal in the fung: ind would not necessaniy occur uader different
conditions of nutrient or oxygen supply Endogenous respiration m
Memnoniella echinata and Aspergillus luchuensis 1s affected by ammo-
mum son and by the previous cultural history of the spore population
(G4) Oxygen pressure also affects the endogenous rate (110 194)
Spores generally but not always respond to added substrates by an
Increase 1 resprratory rate increases may also be induced by provision
of nitrogen or of complex nutrients n addition to a carbon source (173
193 254 255) The data of Table 2 are fairly typical in that the range
of response 1s [rom zero to high since however the substrate was su
crose the results reflect hydrolytic as well as respiratory capacities
Just as mature mycelium spores of a given species may or may not
ferment glucose anaerobically Uredospores of Puccinia gramunis I
tics do not form carbon dioxide anaerobically (254) at the other ex
treme both activated ascospores and comidia of Neurospora spp fer
ment vigorously and have d rable glycolytic (69 110
209)
Not much can be sad at this ume of detailed respiratory pathways
m spores  Acds of the tricarboxylic cycle are oxidized by comdia of
Neurospora sitophnla are found comidial homogenates and appear
1 the medum durmg germination (174 208 293) Possons which
affect glycolysis and the cytochrome system usually mnhibrt spore 1€
piration but several anomalies m the results make interpretation dif




MATURATION AND DORMANGY 395

Table 2 Endogenous and Exogenous Oxygen Uptake
by Comda of Fungt*

Ovygen Uptaket

No Substrate Sucrose Exogenous}

Species (endogenous) 1 per cent Endogenous
Namospora sitophila 86 686 70
Monthma fructicola 51 542 96
Cephalasportum acremontum 27 428 1428
Myrothecium zerrucana 88 221 15
Stemphylrum sarcnaforme 20 217 98
Alternaria oleracea 71 174 15
Aspergallus mger 128 177 04
Rhszopus mgnicans 85 92 01

* Drawn from more extensive data of McCallan Miller and Weed (173) by
permussion of the Boyce Thompson Insutute for Plant Research Inc

1 In pl/5 hr/mg fresh spores

1 Exogenous = uptake with sucrose less endogenous uptake

ficult (64 110 254) Ingeneral but withsome exceptions germnation
18 more sensitive than spore respiration to both morganic and organic
fungicides (Chapter 14)

4 MATURATION AND DORMANCY

It 15 a common observation that morphologically normal and appar
ently fully developed spores often do not germinate until after a period
of ime If this pertod 1s relatively short we speak of mrturation if 1t
1s on the contrary a matter of weeks or months the spore 1s said to have
a dormant stage or resting period  There 15 as yet no evidence which
enables us to say whether these two phenomena are different or the
same

The failure of newly formed spores to germinate normally 1s best
documented 1n studies on the uredospores of the rust fungi (78 200
245 322) the behavior of which 1s exemplified by the data of Figure 3
As shown mmmature spores have both a slower rate of germination and
lower total germination than have mature spores In addition imma
ture spores are more sensitive to unfavorable temperatures (57 73} It
appears from most work that immature uredospores can ripen after
removal from the sorus (11 57 178) The very long peniod of poor
germ of P of G; spp has been noted
repeatediy but has not as yet been :malyzed {20 99 178 222 282)

Roth asexual and sexual spores of ascomycetes germnate poorly




396 SPORE GERMINATION

Germination per cent
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Tigure 3 The rate of germinanion of mature (curve 1) and immature {curie 2
losp of Pj di Redrawn from Cochrane (57) by per
mussion of the Cornell University Agricultural Experiment Statian

when newly formed (42 145 240) Comdia of powdery mildew fungt
do not germmate until detached from the chan in which they are
formed possibly because they are impermeable to gases unnl exposed
(33) or because the parent mycellum forms a diffusible germnation
wmbubitor (70) this 1s not therefore comparable to immaturity

Many phycomjcetes form thick walled resting spores these are prob
ably always the site of melosis and at least part of thear apparent resting
period represents the time requred for cytological processes (81)
Whether there 1s 1n addition a further period of purely physxologlcal
dormancy 15 still uncertain  There can be no doubt that the ensviron
ment especially temperature influences the length of the resting pe
riod 1n some members of the Saprolegniales (216) and Peronosporales
(3 17 18) However 1t 1s not yet possible to define the locus of this
effect Many oospores 1t should be noted germinate mmediately
after their formation (157 321) as do also the resistant sporangia of
Blastocladiella sp  (45)

The rest period of resistant sporangta of dllomyces spp 15 shortened
dramatically by certamn cultural conditions and by indoleacetic acud
(176 177) In this and related genera the strength of the sportngum
wall may be one of the deasive factors m germunation (176 270)—
sporangia grown under conditions 1n which the wall 1s thin germunate

without a rest pertod
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The ascospores of many ascomycetes parucularly but not exclusively
coprophilic forms exhibit a pronounced dormancy which 15 broken by
brief exposure to high temperature (69 120 121 122 123 139 251)
Rather intensive study of ascospore dormancy in Neurospora spp has
revealed several features of the phenomenon

1A -breaking of dor reversible 1e acuvated
ascospores become dormant again 1f prevented from germmating (107)

2 Actwvated ascospores decarboxylate pyruvic acd and respire vig
orously dormunt spores respire slowly (Figure 2) and do not decarbox
ylate pyruvate (108 110)

8 Furfural and related d pounds activate
fresh ascospores (79 272 278) Aged dormant spores are activated by
furfural only 1f they are first heated (275)

Emerson (80) proposes that furfural duplicates the action of a nat
ural catalyst which 1s normally induced to form or to become active by
the heat treatment It 15 of course cqually possible that a natural 1n
hubitor 15 present 1n fresh spores and 15 mactivated by heat or by those
chemicals which induce germination

Neither permeability to water nor to gases can be invoked as a factor
mn dormancy 1n N b (107 170) How
ever lhe actvating effect of alkaly on ascospores of Ascobolus spp (318)
may implicate permeability to water and dormant ascospores of N

P are relatnely imp ble to cations (169a)

Sporangiospores of Phycomyces blakesleeanus are activated by a heat
treatment eg 15 minutes at 50 C (232) The effect 15 duphcated by
hypoxanthine

‘Teliospores of the rust fungt normally do not germinate until several
months after therr formation  Although chemical and mossture treat
ments have been reported to hasten germinauon (142 181 196 221
280} the same treatments farl 1n other studics (129 156) Unul sys
tematic analysis has been accomphished we must assume a long obligate
Test period as characteristic i these spores

In the life cycle of the smut fung: the chlamydospore 15 analogous to
the tehospore of the rust fungt Peniods of 200 days or more are re
quired for germuination to begin 1n certain races of Ustilago striaeformis
(66 152) The germimation of these spores 1s often much accelerated
by chemical treatments (47 66 165 200 206) by low temperature soak
ng (136) by high temperature cultivation of the infected host (152) or
by varations 1n mossture (281) Mechanical abrasion also shortens the
dormant period 1n Ustilago striaeformus (158)

It 15 not yet possible to envision a single explanition for 1 types of
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long obligatory rest periods  If we define dormancy as a rest pertod
after the spore hs completed both 1ts morphologtcal and 1ts cytological
development and 1l we assume that at least part of the rest period im the
phycomycete and basidiomycete spores just considered 1s such true dor
mancy then the most promising hypothesis 15 that some factor assoct
ated with the heavy spore wall—possibly impermeabihity possibly sim
ple mechanmical strength—is determiative It 15 not Iikely that the
sume explnation will fit ascospore dormancy 1n Neurospora 1n which
1n nternal biochemical mechanism scems more probable However
ascospore dormincy n Onygena equina develops only after the heavy
spore wall 1s laid down—the mmmature spore germmates without a
dormant period (30)

5 SPORE LONGEVITY

Several fungi form asexual spores whose survival under the most
favorable conditions 1s measured 1n days only examples mclude the
comdia of the powdery mildew fungi (317) the sporangium of Perono
spora tabactna (302) and the sporidia (basidiospores) of some rust
fung: (178 222 262) The short life of the powdery mldew condia
15 probably related to the high water content of the spores (817)

Aectospores and uredospores of the rust fung: are intermediate 10
longevity  Although 1n a few species these spores may under excep
tionally favorable conditions survive for as long as a year (57 77 89
214) therr lives under most conditions of storage are weeks or months
only (6 20 72 78 74 221) and are even less under uncontrolled nat
ural conditions (57 237) Early work on spore survrial in the rust
fung: 1s reviewed by Maneval (193) and by Zimmerman (322

Types of spore charictertzed by a long or very long life mclude the
chlamydospores of the Ustilaginales (88 171 278) basidiospores of
Hymenomycetes (95 127) and at least some ascospores (46 127)
Spores with long periods of inability to germinate—restng spores of
phycomycetes teltospores of the rust fung: and certain ascospores—are
tpso facto long hived

Although the rule mn the fungt 15 that asexual spotes are relatmnely
short Iived the conidia of certain mmperfect fungt and of actinomycetes
may survive very long periods (15 175 212 234 297) Ecologically 1t
appears that the survival function typical of sexual spores 15 taken over
1n these forms which lack a sexual stage by the conidia  Dried swrm
spores of the Myxomycetes similarly are reported to survive many years

(78 258)
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Techmiques of preservation of spores are briefly reviewed 1n Chap
ter 1

Temperature 1s one of the major factors 1n the longetity of spores
Almost without exception survival 1s greatest at low temperature 1e
near 0 G This 1s parucularly well documented for uredospores of
rust fungy (57 77 214 215 237) and comidia of po\\dery mildew fungy
@) P bly spore bolism 15 accel d at high tempera
wre resenes are exhausted and death (inability to germinate) ensues
The effect of subzero temperatures on survival 15 considered later
{Chapter 13)

Relattve humidity 1s the second major factar i spore longevity and
i nature 15 probably more often himiting than 1s temperature  Here
however the relation 1s not so simple and we must for the present at
least distinguish three types of response to atmospheric moisture  Co-
nidra of Splmcmlhtca pannom (167) spondia of rust fung (222 262)
and 3, of Phytophthore spp (63 141) suriive longest at
saturation and are less viable at any relative humiduty less than 100 per
cent. Typical data appear 1n Figure 4 It should be noted that pre
csely these spores have Just been described as short ined 1n general
their susceptibility to desiccation 1s almost certainly the reason for their
farfure to survive

Uredospores of the rust fungi exiubit a different and characterstic
tesponse to humidity  Vartually all studies agree that survival 1s great
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Fgued Chesura al of sporengt of PhytopFtho 1t festans at dufferent Telauve
bumd tics Redrawn from Croser (63) by permussion of the Comell Um ersit
Avmicultural Fxpenment Station
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long obligatory rest periods  If we define dormancy s 1 rest penod
after the spore has completed both 1ts morphological and 1ts ¢jtological
development and if we assume that at least part of the rest period mn the
phycomycete and basidhomycete spores Just constdered 1s such true dor
mancy then the most promising hypothess 1s that some factor assoa
ated with the heavy spore wall—possibly impermeability possibly sim
ple mechancal strength—is determinative It 1s not likely that the
same explanaton will fit ascospore dormancy 1n Neurospora 1 which
wn mternal biochemical mechanism seems more probable Howeser
wcospore dormngy 1 Onygena equina develops only after the heavy
spore wall 15 Jaid down—the immature spore germunates without a
dormant period (30)

5 SIORE LONGEVITY

Several fung: form asexual spores whose survival under the most
frvorable conditions 1s measured n days only examples nclude the
conidia of the powdery mildew fung: (317) the sporangium of Perono
spora tabacina (302) and the sporidia (basidiospores) of somte rust
fungy (178 222 262) The short Life of the powdery mildew comdiz
15 probably related to the high water content of the spores (317)

Aectospores and uredospores of the rust fungs are intermediate 1
longevity  Although 1 a few spectes these spores may under excep-
tronally favorable conditions survnve for as long as a year (57 77 89
214) therr Iives under most conditions of storage are weeks or months
only (6 20 72 78 74 221) and are even less under uncontrolled nat
ural conditions (57 237) Early work on spore surinal n the rust
fung 15 reviewed by Maneuval (198) and by Zimmerman (322)

Types of spore characterized by a long or very long life nclude the
chlamydospores of the Ustlaginales (88 171 278) basidiospores of
Hymenomycetes (9 127) and at least some ascospores (46 127)
spores with long perrods of mability to germinate—resting spotes of
phycomscetes teliospores of the rust fung: and certain ascospores—are
1pso facto long lived

Although the rule 1u the fung 1s that asexual spores are relatively
short Ined the comdi of certamn imperfect fung: and of actinomycetes
ray survive very long pertods (15 175 212 234 297)  Ecologically 1t
appears that the survinal function typical of sexual spores 15 taken orer
1 these forms which lack a sexual stage by the comdia  Drnied swarm
spores of the Myxomjcetes siularly are reported to surve many yeus

(78 258)
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Techniques of preservation of spores are briefly reviewed mn Chap
ter 1

Temperature 1s one of the major factots mn the longevity of spores
Almost without exception survival 15 greatest at low temperature 1e
near 0 G Thus 1s partrcularly well documented for uredospores of
rust fungr (57 77 214 215 “57) and contdia ol powdery mildew fungy
(317) P spore 15 d at high tempera
ture reserves are exhausted and death (1nability to germinate) ensues
The effect of subzero temperatures on survival 1s considered later
(Chapter 13)

Relative humidaty 15 the stcond major factor m spore longevity and
i nature 1s probably more often limiting than 1s temperature  Here
however the relation 1s not so simple and we must for the present at

least distingnsh three types of resg to 1e Co
nudia of Sphaerulheca pannom (167) sportdia of Tust fung (222 262)
and 7 g1a of Phytophthora spp (63 141) survive longest at

situration and are less viable at any relative humidity less than 100 per
cent  Typical data appear in Figure 4 It should be noted that pre
aisely these spores have just been described as short lived 1n general
therr susceptibility to desiccatron 15 almost certainly the reason for their
failure to survive

Uredospores of the rust fungt exhibit a different and characteristic
Tesponse to hurmdity  Virtually all studics agree that survtval 1s great
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Tig re 4 The survival of spor ngiz of 1/ ytopf the  nfestans at diffcrent relatve
bumidities  Redrawn from Cros er (69) by permussion of the Co nell Unvers tv
Agnicultural Txperment Station
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est at antermediate relative humidity and s less at either extreme (§
57 129 214 215 221 237) Chlamydospores of Uracystis tritit respond
1n the same way (206) Damage at low mousture levels 1s probably si
ple water loss consideration of the possible effects of high humidity
leads us to the third and final category of humdity response

Thus last type of response 1s exemphfied by both ascospores and en
doconida of Endocomdiophora fagacearum (201) and by comda of
Helminthosporium oryzae (211) these remain viable longest at low
humidity especially if the temperature 1s unfavorably hugh for survval
Tt has been suggested that at high humidity the metabolism of thus type
of spore 15 accelerated with a consequent reduction i longevity {201
the mechanism of such an effect 1s obscure but this 1s at present the
most attractive hypothests and may be extended to the problem of
uredospore survival at high humidity

Spores m nature are often protected from rapid Joss of water by a
gelatinous matrix by the structure 1 which they are formed or by
host plant ussues several such phenomena are reviewed by Gottheb
(113)

Spores of Myrothecium terrucaria are strongly affected by the hustory
of the culture 1n particular by the composition of the medwm (6%)
Spores from 1 mycelium grown on filter paper survive more than twice
as long as those from any of three agar media this greater +abality
15 not however correlated with the rate of loss of dry weight The
growth medium also exerts a significant effect on the dry werght mutro
gen content and respiratory behavior of spores of M verrucanta Co
midra of nutritionally deficient mutants of Oph I latum
die less rapidly 1n a starvation medium than do comdia of the parent
non deficient stock 1t has been suggested that the deficient spores
metabolize less and hence survive longer (96)

Physiologically senescent spores are characterized by poor germmna
bility by a slower rate of germination (36 57 194) and by lower r¢
spiratory activity (64)

In Streptomyces sp ageing of the spore population at low temper?
ture mcreases the recovery of mutant types the mechamism 15 obscure
(294)

6 NUTRITION AND GERMINATION

Germmation may be constdered as a growth process i which surr:e
or all the necessary nutrients are present in the spore ab wntie We
may therefore expect two extreme types of relation to external nutrl
ents—complete mndependence 1 some fungt nd complete dependence
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on one or more nutrents 1n others—and vanous degrees of partial
dependence on the environment.

Exper Ily nutritional independence of the spore 1s difficult to
prove 1t 1s essential that washed spores free of matenals carned over
from the growth medium be used or that spores be collected 1n such
3 way as to prevent contamunation with nutrient materials (163)
Washing of course must be as brief as possible n order to mimimize
any loss of materials from the intenor of the spore  Washed ascospores
of Neurospora tetrasperma germinate in distilled water (274) and are
therefore to be classed as nutntionally independent The uniformly
good germination of rust uredospores and aeciospotes which have been
collected by shaking from the host plant suggests that these too are
mndependent of the environment 1t has been noted earlier (Table 1)
that uredospotes are unusually hugh 1n reserve ipids  Although 1t 1s
perhaps justifiable to assume that the larger resting spores of fungt are
nunuonally independent critical evidence ss lacking,  Conidra of the
powdery mildew fung: collected like the rust spores by shaking germi
nate well on water although sugars and several natural matersals 1m
prove germinauon (167 307 309 317)

Nutritonal dep 15 more easily d d and 1s probabl
more common than independence  Manv fungus spores germinate very
poorly or not at all without added nutrients examples include basidio
spores of Psalliota bispora and other Hymenomycetes (9 9o 102)
ascospores of Sordana fimicola (29 43) and comdia of several imper
fect fungy (75 194) Other fungl too numerous to mention indwvid
ually germimate farrly well in water but do so more completely or more
Tapidly 1n nutrient media (5. 53 75 85 12¢ 202) or i contact with
complex biological products (35 36 38 60 101 113 147 151 158)
Since unwashed spores have been used in many of these studies nutr
tional deficiencies are probably more acute than they appear to be

The stmplest view 15 that the three reacuons just described—com
plete 1ndep parual depend and P def e—
reflect the adequcy or avatlability of the reserve sul of the spore
Critical studies on washed spores show that requirements may be simple
or complex Washed spores of Sclerotinta fructicola Tequire a carhon
source (163) those of 'usarsum roseum need both carbon and nitrogen
(255) and spores of Glomerella cingulata must be supplied carbon
nurogen phosphorus and sulfur (16f) Responses to mnerals eg
magnesium (I163) are not necessarily nutritional  Spores are so senst
tve to tons that minerals such as magnesstum may act pumanly as
antdoting agents

Mutants of N

aspora crassa wluch deficient for amino acids
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produce macroconidia which require the amino acid for prompt germt
nation although the spores will germunate in time without the com
pound (289 240) The response of one such mutant to lysine 1s shown
in Figure 5 The assay 1s corphicated by the fact that amno aads are
somewhat inhubitory to S$pore germmation 1n both mutant and normal
Neurospora crassa Parattuotrophic mutants of Aspergiilus mdulans
respond n the same way to sulfur compounds (252)

Hypovantiune partially replaced by guanine accelerates both spore
germunation and early growth of Phycomyces blakesleeanus (226 227
228 229 230 231 233 238) The effect of organic acids and of vanous
physical and chemucal treatments 1n Increasing spore germunation m
this spectes has tentatively been ascribed to their influence on the avail
ability of hypoxanthine (232

Although as mentoned aboye complex biological matersals improve
germination 1n many species relatively few vitamin requirements for
spore germuination have been worked out Memnomella eclanata te
quires brotir (216) AMyrothectum verrucana also needs biotin but only
i the phase followng germ tube emergence (189) and Golletotrichum
gloeosporiordes 1s reported without data to respond to riboflavin and
other vitanuns (61)  As discussed briefly :n Chapter 10 successful use
of the differenual germination method for the detection of vitamin
deficient mutants imples that these mutants requure the factor for spore
germunation as well as for growth  Promotion of bastdrospore germt
nation by co culture with Torulopsis sanguineq 1s at least suggestive of
a sitamun effect (94 95) as 15 also the observation that the parent my
celium 1tself stimulates spore germination 1 Psalliota campestris (76)

Germianon of uredospores of Melampsora line 15 increased by
methyl p hydraxyb and by ycin (288) there 1s however
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no evidence of a nutritional mecl P phe
nomenon

Comdra of Erysiphe gramims respond shghtly to nutrients but the
response 15 strongly conditioned by temperature and by the time of
collection of the spores 1e by their prevtous hustory (316 317)

A salts often a ble nutrient are toxic to some spe
cies of Mycena but not to all mycelial growth 1s much less sensitive or
possibly nsensitive to concentrations of ammonium tartrate which
completely mhibit basidiospore g on (97) C dosp
germination 1n Tilletza spp has repeatedly been found to be inhibited
by complex biological products which are nutrative for other organisms
(7

Ecologically a nutritional requirement for spore germnation may
be an advantage helping to nsure that germination will not occur 1n
environments devoid of the matertals needed for continued growth

m this as yet

7 PH AND GERMINATION

It has been mentioned earher m Chapter 1 that spore germination
usually has a narrower pH range than growth presumably because
there 1s less time for metabolic products to modify an unfavorable
mediem  In the same chapter some of the ambiguittes of acidity data
were d the same guities attach to germmation experi
ments 1n particular to the finding that several fungt show a double pH
optimum under some conditions (90 283 295)

Analysis of spore germnauon data reveals several complicating fac
tors (1) strains of a given species duffer 1n response (43) (2) the type
of bufler—and a buffer 15 essential 1n pH studres—afFects the shape and
limuts of the curve (274) (3) nutnent materrals often modify the pH
response profoundly (48 295) and (4) the previous history of the spore
population mfluences its behavior (2) These considerations suggest
a certan caution 1t the interpretation of the rather extensive literature
on pH response curves to which we now turn

Spores of most fung: germinate best at pH 45-65 wath himts at
about pH 3 and pH 8 These rough figures apply to for example
uredospores of several rust fung: (2 90 266) ascospores (14 43 301)
c;;;mydosporcs of Urocystts tritics (206) and spores of myxomycetes
(257)

Vaniations from this general pattern are several a few fungi have
more acid optima (283 205) some have optimum zones extending to
about pH 8 (60 146 160 161 295) and many germnate over a some
what wider range than the typieal (53 198 257 295 301)
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It 15 probable 1hat only in rather unusual environments eg very
1ad sods 15 pH a naturat Immeing factor for spore germnaton  Inso-
far as aceduty and «dkaltusty are ecological influences ther effects o
mycehal growth and spote formation are Iikely to be more decie

8 WATER AND GERMINATION

Asailable water 1s one of the pramary determuinants of spore germina
uon  Consequently a conssderable body of evidence has accumulated
on the P of ily mmportant fung severl
reviews of these data have been published (56 71 113 256) The efieat
of humtdsty on spore survival has already been considered

Certan problems of method have recerved less artention than they
deserve  Most imvestigators have reported data sn terms of relatne
humdity although ths practice 1s yustifiable a clearer picture of water
relasions emerges when the vapor pressure defiert 15 taken as the €
terion (67 262) The absolute humdity 1s not a useful sajue (229)
The mmportance of accurue temperature contro] espectally 1n altempls
to discrimunate between free water and a saturated atmosphere with ne
free water has not always been realized  Both statie and movngar
systems for the simul control of semperature and humidity hae
been described (56 57 67) the stauc principle—incubation m 4 closed
system over a humidity regulaung solution—is both sumpler and more
accurate

When germmnation 1s measured on solid substrates which take up
water—agar grae textiles etc——the mummum hunudity permiting
germunation 15 often lower than that in the absence of substrate (4 22
118) Thus we mnay reasonably infer means that the water absorbing
capacity of these substrates 15 greater than that of the spore but thss
explanation begs the question of how the sporc 15 able to driw Wi
from the substrate

The response to morsture is usually conditioned by temperature
Thus comdia of Uncinula necator are adversely affected by low humsd
1ty at 28°C or above not ag 25° or 20 (67) The optimurm humidity
for germmation of Aspergillus niger comdia 1s substantially Thugher at
40° than at 30 C (25) In Alternana aitrr both germspation ume and
germ tube length are less affected by relative humndity at the tempesa
ture optumum for germination than at non-optimal temperatures {266)

Excluding the powdery mildew and the rust fung: to be taken up
{ater the fungt can be classfied according to the munmum refaine

dity at which d ble g occurs  Several inclading
specses of Aspergilius Perscillium and a few other genera form spores
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which germinate at relatwve humidities near 80 per cent (1 20 118 182
162 244 250 320) A somewhat larger group of spectes germmate at
humdities of 90-95 per cent and do not require iquid water exam
ples include Alternaria brassicae Colletotrichum spp (51) Ustilago
spp (56) Cladosportum spp (51 119 224) Botrytis cinerea (424)
Fomes annosus (225) Septoria apu Fusarium spp and Vertiwithum
albo-atrum (247) Stull higher humudity 1s required by such fung: as
Fenturia qualis (56) and Mag; brach ka (277) Most of
or all the fungt d m this paragraph g better at hugh
humidity than at low regardless of the mimmum value

Finally the spores of many fung are found to germmnate only m
liqud water 1n this group we may mention conidia and ascospores of
Endoconidiophora fagacearum (60) asexual spores of the Peronospora
les (73 141 302 308) and comdia of Sclerotima spp (56 78)

Almost all studies of uredospore germination m rust fungr agree that
liquid water 15 required and that germination 1s nil even at 100 per
cent humudrty n the absence of free water (1 10 57 111 129 133 134
267 308 322) It s not always realized that temperature control must
be extremely accurate if a hurmdity of 100 per cent 15 to be maintamed
without condensation of hquid water For this reason we must reject
those reports in which accurate temperature control 15 not specified and
germination n the absence of free water 1s clatmed  Thus strcture does
not however apply to the work of Clayton (56) who found that uredo
spores of Puccimia coronata and P graminis germmate at 100 per cent
relative hummdity albeat less well than i the presence of free water

Acciospores teliospores and spondia of Gymnosporangium globo
sum all require hquid water for germmation (174)

Alone among the fungi the powdery mildew fungi form comdia
which i the expenence of most workers germunate at very low relative
humidity even over desiccants (33 34 48 56 67 306) Exposure to
liquud water 1n fact inhibits germination and may cause death of the
spore by plasmoptysis (67 167) As a result of these water relations
the powdery nuldew diseases are favored in nature by relatvely dry
conditions (26 48 311)

Yarwood has 1n a series of papers (306 310 312) provided evidence
that the abihity of these spores to germnate at low humidity 1s a func
tion of thewr high water content  Two different methods of determin
ng water content agree I assigring a value of about 70 per cent water
to the conidia of Erysiphe polygont This 1s much higher than the
water content of other fungus spores Correspondingly although dif
ficulties of measurement exist the density of the spores of powdery
mildew comdia 13 less than that of most other spores Frnally 1t has
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been shown that spore volume decreases during germination 1 dry air
Although somewhat conflicting data and a theory based on the hypo
thetical converston of bound to free water have been reported (33 34)
1t seems that the hugh water content of comdia of the powdery midew
fung: explains their ability to germinate at low humidity  The occur
rence of plasmoptysis 1n pure water argues for a rapid entrance mnto the
spore this 1s still to be reconciled with the observation that the loss of
water from ungerminated spores 15 very slow—approximately 008 per
cent of the oss from an equnvalent free water surface (312)

These studtes on the powdery muldews have been generalized by
Yarwood (810) 1n the proposttion that fungus spores of the usual type
1e those with a low water content must tbsorb water to about the
level of that sn the powdery mildew comdra (70 per cent) before they
can gernunate  This hypothests explamns the swelling of these spores
so frequently reported (p 891) and in fact demands that all spores of
low water content swell on germination This appears to be the most
promusing general explanation of humiduty relattons

As 15 to be expected fung: tolerant of Jow humtdity are also n gen
eral tolerant of high osmotic pressure in the germmation mediun
This relation 1s brought out 1n Figure 6

Comdia of Enysiphe graminis germintate tn concentrations of deu
terium oxide up to 100 per cent but the heavy water 15 markedly 1t
hibitory to germ tube elongation (220) Aacrosporiun sarcinacforme
1s unable to germmate m 60 per cent deuternm oxide (213)

T T T T T T

Fagure 6 The relation of the
- mntmum relatve humidity (©
the maximum tolerated concen
tration of sodum chlonde for
spore germinaton 1 several
4 fungt (dspergillus spp Penscil
hum spp Fusarum monil
form)  Each plotted pomnt
- Tefeis to one species  Drawn
1 from data of Armolik and Dich

:i son (4)
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9 TEMPERATURE AND GERMINATION

The so<alled cardinal temperatures for spore germination—the
mimmum optunum and have been d 1 for very
many fungs most data on plant pathogens reported prior to 1936 are
summanized by Togash: (285) other results by Wolf and Walf (303)
The student 1s 1mmediately struck by the frequent and pronounced
disagreements 1n tlus literature some of these are probably mherent
1n the nature of the matenial whereas others are traceable to madequate
methods of study

Some examples of reported cardinal temperatures are shown 1 Lable
8 The total range of temperatures permttng at least some germina

Table 3 Cardinal Temp of dpore G
M; Optimum M
Speaes c c c

Albu o candida {199) 0 ~10 25
Peranospora effusa (102) ~4 9 ~27
Mastigosporium album (24) ~ 10 20-25
Cronartium ribicela uredospores (71) 8 14 25
Pucima malyactarum tehaspores (71) 3 14 30
Phra madnim mucronatum aecrospores (57) 36 15-21 27-30
Phytophthora wnfestans direct (63) 6 24 27-30
P wnfestans mdurect (63) 15 12 21-24
Phoma apucola {13) 10 16-18 23
Tran schelia punctata uredospares (111) 8 13-26 38
Herpobastdwum deformans {115) 1 18-26 33
Endocomdrophora fagacearum (85) 3 21 32 33-36
Colletotrichum tndicum (166) 16 20-~32 -
Erysiphe polygont (317) 5 25 35
Allomsees arbusula mewosporangia (261)  14-16 2026 32-34
Glomerella cingulata (297) 15 27 35+
Magnunia nitida (276) 15 ~32 43
Ustilago zeae (144) 8 26 34 36-3%
Rht opus mr ricans (298) 15 26~28 33

R chinenss (298) 10 4345 51

ton vartes i these data from 13 centigrade degrees 1 Phoma apucola
to 40 i Rhuzopus chinensis and Magnusia mitida - Optima range from
a low of 9 C 1n Peronospora effuse 10 a high of 43-45° in Rhuzopus
chiinensis  In general 1t appears from these and other data and s to be
expected on theoretical grounds that fung: with a high optimum have
1 broder total range thin those with 2 low optimum that 15 fung:
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with a ngh optimum have 1n 2 sense solved the problem of developing
at high temperature without losing therr capacity to germnate at Jow

perature Spore ger ton it the truly thermophilic fungt and
actinomycetes has not been studied quanttatively

Primanly from the data collected by Togash1 (285) we can estumate
that the average optimum for plant pathogeme fung: 1s about 25°
No sumilar estimate can be made for saprophytic fungt probably the
figure 15 somewhat higher

Certain groups of fung: can be roughly charactertzed as a whole by
their temperature preferences  Thus species of Aspergillus tend to
have high optima (21 25) those of Peronospora to prefer rather low
temperatures (84 285) Uredospores of most rust fung: germinate best
at22°orlower (44 57 72 183 266 268 285 322) although exceptions
to this rule have been reported (111) Lamited data on Coprinus spp
suggest a rather hagh optimum 30-35° (146)

Conidia of the powdery muldew fung: as a rule germinate best at 2
moderately low temperature about 21° Howeser, reported optima
for different species range from 6° to 28° and within one species Ery
siphe cichoracearum strains with optma of 15° and 28° occur (319)
Simlarly physiologic races of other parasiuc fungy g Puccinia gluma
rum (268) and Ttlletsa spp (171) may duffer considerably sn their re
sponses to temperature  Intrageneric variations in response are exem
plified 1 Rhuzopus ndividual species have optima as low as 27° and
as hugh as 44° (298)

Frgure 7 depicts representative types of curves of total spore germt
nation vérsus temperature The most frequent shape of cune I
roughly symmetrical—or 1s slightly skewed to the nght—with a wide
opttmum zone this curve 1s usually found in studies of the rust fungt
(44 57 266 268 269) and has been reported for such duergent types as
Fusanium it (31) Ustilago spp (16) Coccomyces htemalis (148) and
several Hymenomycetes (260) An extreme example 1s found 1n the
response of conidta of Magnusia spp (276)

No one type of curve can hosever be said to charactertze all fung!
The two most common modifications are (I) curves which are skened
to the right like most mycelial growth curves (53 115 167 317 318)
and (2) curves with a sharp opumum rather than 2 broad opumal
zome (71 93 129 143 296) More ravely a curve shewed to the Ieit has
been reported (48 84) from studies of fungi with low optimum tem
peratures

The duersity of types of curve becomes less surprismg when one
considers the number of factars that have been shown to affect the
shape of the cunve  Of these ume of observation 1s the most 1mpor
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Germination per cent =

Yemperature —»

Figure 7 dealzed types of temperature response curves of spore germuniation
The d stncuive features are exacgerated for emphasis  Curve 1 symmetnical with a
broad optimum curve 2 skewed to the fight cunve 3 symmetrical with a sharp
opt mum

tant early observation yields a curve with 2 sharply defined optimum
but 1n time the 10n at less bl ures catches up
and the optimum becomes much broader Thus phenomenon appears
to be general (13 23 84 166 219 241 260 299)

Second mn importance to the tume effect as a factor 1n determnmg
the shape of the temperature curve 1s the general prinaple that the
limuts of germination are narrower 1f some other factor 1s non-optimal
Thus comdia of Sclerotinia fructicola at an unfavorably acid pH ger
munate only at 13-29 C and the curve 1s sharply peaked at 21 ata
more favarable reaction pH 24 both the total range and the optimum
are much broader (283) The dep: effect of low temperature on
Erysiphe gramanis germination 1s virtnally abohshed i the presence of
nutnents (317) and the of 1on m Gol
letotrichum lagenarium 1s lower 1n 2. numem medium than 1n water
{101) The principle apphes also to relattve humidaty 1€ the tempera
ture curve becomes narrower and sharper as the hurmidity becomes more
unfavorable to germination (118 286)

Although different spore forms of the same species usually have at
least sumilar temperature responses (148 178 285) the endocomdia

and of Chalaropasis thiele des show optima at 9-30
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and 12° respectively m this orgamism the age of endocordia has a
pronounced effect on the shape of the temperature germination cunie
(168)

So far we have considered the response of germination 1 imitiation
of the germ tube to temperature The further growth of the germ tube
may be plotted aganst temperature  When such curves are compared
to germunation curves there 1s often perhaps usually a close corre
spondence (42 86 93 103 146 241) With many fung: the optsmum
1s rither narrower than that for germmation examples include Eny
stphe gramimis (317) Physalospora obtusa (92) Clasterosporium car
pophilum (103) and several rust fung: (57 20 266) In sull other
fungi the shape of the curve or the position of the opimum or both
are different (84 102 116 148 260) In general 1t appears that germ
tube growth 1s closer m 1ts temperature response to mycelial growth
than 1t 15 to spore germination the data of Snell (260) on Len ies
sepraria are especially instructrve 1n this connection  For thus reason
there are many problems espectally in plant pathology in which the
temperature charactersstics of germ tube growth are more 1llummatng
than those of germmation

The preceding discusston emphastzes the mutanions of the comven
tional temperature study of spore germmnation  Results often depend
upon the criterion used and upon such sometimes uncontrolled var
ables as age of spore humidity and pH The studies are not however
to be dismussed as useless thus 1t 15 often possible to correlate the €co
logtcal niche of a parasitic fungus with the response of its spores 10
temperature (44 57 317}

In thrs discusston we have tacitly assumed that temperature affects
1l processes up to the appearance of the germ tube m the same w2y
There 15 indirect evidence from two types of temperature reaction that
this assumption 15 not valid that the processes which mntiate spore g€
munation have a different sensitivity from later stages

Although 1t might be expected a prior: that at Jower temperatures the
rate of all processes 1s slower the data of Figure 8 show a more complex
situation to be sure the rate of germination at suboptimal tempera
tures 1s somew hat less than the rate at the optimum (18 ) but the prin
cipal effect of low temperature 1s to delay the onset of germnation 1¢
to increase the latent period  Once germination has begun 1t 15 almost
as rapid at low temperature as at high  Simlar data may be found 11
studies of Tusartum moniliforme (241) Sclerotima fructicole (299)
and Magnusta spp (276) Both rate and latent period are strongly
affected by low I ure i Phytophth f (63) and Uncs
nutla necator (67) The latent period and by inference the metabolic
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Figure 8 Temperature and the rate of germination of uredospores of P agmidrum
mucronatum  Redrawn from Cochrane (57) by permission of the Cornell Umversity
Agricultural Experiment Station

reactions occurring 1 the very earliest phases of germination 1s uni
formly extremely sensitive to low temperature At supracptimal tem
peratures there 1 agam evident a differentral sensttivity of these early
reactions (284)

Sensitvity to low temperature of the processes concerned i the 1
txauon of g 15 F d by y of the same processes
toaf bl The g of uredosp of Phrag
midium mucronatum at non-optimal temperatures 1s markedly accel
erated by exposure for a short tume to a moderate temperature for
example germmation at 9°C 1s 1ncreased about 160 per cent by a pre
exposure for one hour at 18 during which exposure there 13 no visible
sign of germination (58) ‘The same phenomenon 1n Puccinia chrysan
them 18 suggested by the data of Campbell and Dimock (44) Sum
larly direct by germ tube of the d
gra of Phytophthora infestans at 20 1s greatly increased by Pprior
exposure for 5-10 mmules to 40 (279)

1t can be sug; that early \; n ger
mination have a different and more sensitive Tesponse 1o temperature
than do the later stages  Obviously the evidence 1s far from complete
Tt 15 perhaps analogous that the cracking of the sporangium wall 1n

Bl ladiella sp responds hat dufferently to temperature than
do the later stages of germmation (45

Parenthetically 1t may be noted that these results have a methodo
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Jogical sigmficance 1n studies of temperature the medwum and 1
contaner must be adjusted to the experimental tempetature befo e
spores e soun  'We may assume that this precaution has often been
overloohed and deduce that many temperature germination curves are
m errar n that they exaggerate the extent of germmation at sub and
supraoptimal temperatures

As noted 1 Chapter [ a given fungus usually has about the same
temperature response whether mycelial growth or spore germmation 1
the criterion (24 86) a few exceptions hive been reported (84 298)

10 OX)YGEN AND GERMINATION

It will be recalled that mycelial growth s fungt 1s often possible at
very low oxvgen pressures bue that truly anaerobic growth 1s unhkely
(Chapter 1) Virtually the same applies to spore germunation 10 gen
eral with a few exceptions to be noted here

Failure of submerged spores to germinate or to germnate normally
has often been observed and credited without proof to oxygen defit
4s pamted out by Gotthieb (113) toa many other factors e affected
by submergence for this stmple evidence to be aceptable

Ideally experimental studes on the oxygen requirements for spore
germunation should include first demonstration of the response 2
graded oxygen pressures which are accurately measured and second
proof that the spores which fail to germunate at a gwen pQ are sull
viable Relately few expertments meet this wdeal standard Uredo
spores of Puccina gramins tritice (2) and chlamydospores of Usila™o
zeae (217) fail to germinate at zero ovygen pressure and reach mwd
mum or near maximum germination at 3038 mm of ovygen Comdis
of Botrytis cinerea germmnate as well 1 5 per cent oxygen as w ur (31)
but spores of Synchytrium endob are severely nhbited at 3
per cent oxygen (292)

Removal of oxygen by pyrogallol prevents germination m for €<
ample uredospores of rust fung (6 129) and chlamydospores of Ustr
lago avenae (143)  Although coidia of Erysiphe gramimis are reported
ta germmate at a low level 1n an atmosphere of mrogen (76) other
studies on powdery mildew fung: mdicate that germunation 15 pre
vented by anaerobiosis (34 167) Ascospores of Neunrospors {etra
sperma also fad to gernunate anaerobically (107

Comdiosporangsa of three spectes of Phytophthora can germmnate by
swarmspore formation—but not by germ tube—under anaerobiosis

lihough other bers of the F porales a1l completely to ger
punate nathout oxygen (291) In the Mucorales 3t appears that spores
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of strongly fermentative species have a very low oxygen requirement
and those of less strongly fermentative species 2 higher one all how
ever probably require some oxygen In this study of the Mucorales
{304) 1t was also found that the swelling of the spore of Mucor spp can
occur without oxygen 1e oxygen is required only at a later stage 1n
development

Pure oxygen 1s at least slowly toxic to spores of Streptomyces scabues
(242) 1n short term experiments inhibition of germmation i Botrytis
cinerea by high oxygen pressure 1s measurable but small (37)

it appears to conclude that spore germnation usually requires at
least some oxygen but that the atmosphenc level 1s more than ade
quate Innature 1t seems unlikely that spore germination 15 prevented
by oxygen deficits except under such extreme conditions as flooded so1l
or heavily polluted water

11 CARBON DIOXIDE AND GERMINATION

From the observations cited in Chapter 7 that carbon dioxde often
accelerates the early growth of fung: we mght guess that spore germu
nation 1s accelerated by carbon dioxide This proves to be true in
Aspergallus miger (223)  Effects of hugh levels of carbon dioxide in

chlamydospore ger have been interpreted however
as arising primanly from the effect of the dissolved gas on the aadity
of the medium (218)

At high concentrations carbon dioxide 1s partially or even com
pletely mkubrtory to spore germination  Brown (37) determined that
the spores of seven different fungi if sown in water are completely
hibited by an atmosphere of 20-30 per cent carbon dioxide sensitiv
1ty 15 markedly less if the spores are sown in a plant decoction  Other
reports agree that carbon dioxide 15 intubitory and that the level at
which germination 1s affected may be low (180 266) or hugh (139 169)
Inhibition at concentrations of 1 per cent or so 13 probably speafic
effects of the higher concentrations could be indirect eg on aadity
or on oxygen supply

12 BIOLOGICAL EFFECTS ON SPORE GERMINATION

It 15 commonly observed that excesstve crowding of spores on a sur
face results in reduced germination the phenomenon 1s known 1n many
fung: (27 37 70 73 148 160 172) and may be described by the general
term self inhibition  In Neurospora crasse crowding of comdia re
duces the germimation rate but not total germination (240) These
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nteractions of spore populations are formally analogous to the self
nhibition of growth reported 1n spectes of actinomycetes (207 20)
and inhibition of spore germination 1n Phycomyces blakesleeanus by
products of mycelial growth (249) However we may anticipate that
these reacttons of growing myceltum are more complex and more de
pendent on the environment than 1s self inhibition tn spores  Bacillus
globign endospores produce a substance antagonrzed by alantne which
mhibits germination of fresh endospores of the same spectes (265)
Self mhubition has been most clearly demonstrated m studies of rusts
Uromyces phaseols (313 314) Puccinea gramims tretece (3 and P he
hantir (315) The inhibitory effect of a dense concentration has been
demonstrated tn vivo on the host plant as well as 1n vitro (Figure 9)
most of our information ndicates that the active materal 15 volatile
Allen (2) has determined several charactenstics of the substance—
posstbly substances—responstble for self tnhibition of Puccinta gramt
s ¢riticr uredospores  The active materal 1s stable to heat 15 tnactt
vated or removed from solution by glass surfaces and 1s more effective
at hugh pH than at low The mhibitor 15 a spore metabolite produced
under aerobic condittons This differs somewhat from the situation
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Figure 9 The effect of p on i Pucctni®

gramims tngies Curve 1 spores in open vessels curve 2 spores an sealed vessel
Redrawn from Allen (2) by permission of Phytopathology
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n Aspergillus niger (155) and Coccomyces hiemahs (148) mn both of
which Iimited evidence suggests than an mhibitor 1s present in the spore
at the time of 1ts formation and can be removed by washung

Prelimmary evidence has been reported by Forsyth (91) that Puccinia
gramims tritict uredospores produce 2 methyl butene 2 (trimethylethyl
ene) and that this compound tnhibits spore germination  Whether
this 15 the effective substance remains to be seen

Self intubitzon has at least one obvious ecological function that ger
mimnation of spores withmn the fructfication 1s mmimized  The unger
minated spore 15 much more resistant to the enstronment than the
germunated and 1s of course the effective agent of dispersal  Although
germination tn sttu has occasionally been reported 1t appears to be the
exception ths suggests that self mhibition 15 a general principle mm
spore physiology and thatxtasnot hmted to the few fungi so far studied

At the other extreme from self inhibition 1s the sttuatton 1n Ophiobo
lus g (210) p slowly if 1solated singly more
tapidly 1f many spores are prcsen( Sull a dufferent effect occurs m
certamn myxotnycetes (257) 1 which spore germinaton 15 promoted
by the medium upon which a culture has grown

Plant materials besides increasing spore germination through nutr
ent effects or carbon dioxide evolution 1n some cases mhibit germina
tion eg of Botryus cinerea (36 38) and J enturia taequabs (106)
The mechamsm of these effects as that of the mhubition of spore ger
munation tn soil (50) 1s sull unknown  Mrcrobral products may also
nhibat germination these include besides the fungitowc antibiotics
the compound fusaric aad (Chapter 8) produced by several Nusanium
spp and active against Ustilago zeae (104)
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all cells are Lilled yn 10 munutes has been determmed for spores of
several fung: as 40-60°C a value close to thae usually repotted for
vegetatve cells of mesophulic bactersa (1 19 21 24 88 128) How
ever spores of some species are much more resistant knawn examp'es
are the comdia of Norardia sebiworans (38) and ascospores of Bys
sochlamys fulva (70) Neurospora crassa (10) and Pentcilfiumsp {153)
Comtha of thermoplulic acunomycetes appear to be heat resistant
37

Ascospores are more resistant than comdsa in Neurospora crasa (18
125) but are equally suscepuble 11 Endocomdiophora fagacearum (23
Data on mycehum are too scanty for generahzation Fusarium hn 18
illed in 10 mimutes at 55° but Colletotrichum hmt survines 3 or 4
hours at this temperature (139 A culture of Mocardia sebworans
withstands 10 munutes at 50° (38) and suspended sclerota of Penicd
hum sp are completely halled at 82° only 1 about 16 hours (153)
Spores of Erysipke spp are somewhat more resistant to heat than my
celium (157) but comsparatise studies of spores and myceltum t othel
fung: have not been made

Nerther the thermal death point nor the relued thermal death tune
has proved adequate tn stuthes of bactena (124) and there ts no reason
1o hope that they will prove to be any more satisfactory for work with
fung  Development of a better mndex will however have to wait
until we hase more huouledge of the order of death  Charactensstially
the hilling of vegetative cells of bacteria is exponential 1€ a plot of
the logarsthm of survivors aganst fume 3s hnear (118 128 although
non exponenual orders of death by heat are hnown (77 119) Data
on the hilling of fungs by heat are few 1n number Frgure 1 shous 2
non-exponential order of heat hilling of ascospores of Byssochlamys
fuka ascospores of Penrcillium sp tespond symnlarly (153) At lower
temperatures the curve becomes disunctly sigmosd 1 e shore exposures
have proporuonately less effect (128) These few statements iefer 0
studies of spores sclerotia of Pentcillium sp respond ¢o heat as one
would expect i a multicellular structure (153)

Tentatively we may propose that the non expenental order of death
of fungus spores reflects genetic heterogenetty of the material but the
data are too himited at present o yustly a firm concluston and m
particular the occurrence of bt or mulimucleate cells may mfluence
the reaction

Death by heat 15 most drastically affected by moisture Cells die
much more rapully at lugh temperatures if they are wet (22 37 74 oF
if the relatne humudity 1s ugh (21 53) Heat ressstance 0 Bys
sochiamys fulva 15 affected by the pH of the meastruum (70)



13  The Action
of
Physical Agents

It 1s converuent although probably not defensible 1n
the final analysis to separate the physical and chemical agents that ad
versely affect fung:i  OF the several agents of the first type attention
must be focused upon temperature and radiation  Qsmotic pressure
has been touched upon earlter 1 Chapters 1 and 12 Hjydrostatic pres
sure has hardly been studied 1n relation to the fungt very young m
fections by plant pathogens are prevented from developing by the
application of pressure (156) and reduced pressure somewhat fa
alitates germination 1n Erysiphe g perhaps by accel
carbon dioxide loss (12) It may be expected that studies of cellular
reactions and of the action of fungicades under high pressures will
contribute to our understanding of the fungr as simlar studies hase
contributed to the knowledge of bacteria (76)

1 HIGH TEMPERATURE

The practical problem of heat sterlization 1s primanly that of killing
bactenial endospores fungal structures with some enceptions are less
resistant  Consequently there has been little interest mn fundamental
studies on the death of fung: at high temperature However destruc
t1on of fungr within host tissues has proved practicable for a few patho
gens which are present as mycelium 1o seeds or cutangs (148)

The thermal death pont defined as the least temperature at which

43
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all cells are halled m 10 mimutes has been determned for spores of
several fungt as 40-60°C 2 value close to that vsually reported for
vegetative cells of mesophulic bacteria (1 19 21 24 88 128) How
ever spores of some species are much more ressstant hnown examples
are the comdia of Nocardia seb 38) and pores of By
sochlamys fulva (30) Neurospora crassa {40) and Pemalhumsp (153)
Comdia of thermophilic actnomycetes appear to be heat resistant
37

Ascospores are more resistane than comdsa m Neurospora crassa (18
125) but are equally susceptible 1n Endocomdiaphata fagacearum (&)
Data on mycehum are 100 scanty for generahzation Fusarium I s
Yalled in 18 yunmtes at 55° but Colletotrichum hm survnes $ or 4
hours at thus temperature (13%) A culture of Nocardia sebivorans
sathstands 10 minutes at 90° (38) and suspended sclerotia of Pema
Zum sp are completely hilled at 82 only i about 16 hours {158)
Spores of Erysiphe spp are sornewhat more resistant o heat than my
celim (157) but comparatne studies of spores and mycelium m othet
funge have not been made

Iveuthter the thermal death pomnt nor the related thermal death ume
has proved adequate an studies of bactersa (3121) and there 1s no reason
to bope that they will prove to be any more satisfactory for worh with
fung:  Development of a better index will however hase to wait
until we have more hnow ledge of the order of death  Charactezsticalfy
the Lilling of vegetatnie cells of bacteria 1s exponenual e a piot of
the loganithm of survitors agamnst tme 1 linear (118 123} aithough
non expostential orders of death by heat are hnown (77 119} Dar
on the hailling of fung: by heat ave few an number Figure | shows 3
non-exponental order of heat Lilling of ascospores of Byssochlam)s
fuiva ascospores of Pencallium sp respond similarly (158) At Jower
temperatures the curve becomes distincly nigmoid 1e short expostfes
have proportionately loss effect (128) These few statements refer 10
studies of spores scleroita of Pemailium sp respond to heat as on¢
would expect wr a multicelular structure (153)

Tentathely we may propose that the non eaponenteal order of deatht
of fungus spores reflects genetic heterogenerty of the matertal but the
data are too fimuted at present to jusufy a firm conclusion and 1n
particular the occurrence of by or multnucleate cells may mfluente
the reaction

Death by heas 1s most drastieally affeceed by mousture  Cells die
much more raprdly at lugh temperatures if they are wet (22 37 TH)eor
i the relative hunudity ss lugh (24 53)  Heat resstance m Bys
sochlamys fulva 15 affected by the pH of the menstruun (79)
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the individual crystals (105) It follows that thawing must be equally
rapid 1n order to prevent crystal growth  Ths 15 shown espeaially well
by the data of Mazur (103) part of whach 15 Teproduced 1 Figure 2
The lethal effects of slow as compared to rapid warming were par
ticularly evident in the range —20t0 0 C 1e the rate of subzero warm
1ng not the rate of thawing of 1ce 1s the cncal factor

The possibility of {reezing material so rapidly as to prevent erystal
formation entirely has been considered at length by Luyet and Ge
hemo (91) The expenmental dufficulties are formidable and there
1 some problem in determumng whether or not success has been
achieved (10) In any event 1t 15 clear that prevention of crystal
formation 1s not essential to survival at Jow temperature

We may conclude that fungi espeaally vegetatine mycelisin and
certain types of spores are rclauvely susceptible to freeang njury
parucularly to the slow freenng which occurs in nature repeated
freezaing and thawing are even more damuging (115) The prinapal
factor 15 almost certainly the maonture content of the material 1t fol
lows that presernation m the frozen state will be most successful 1f ap-
plied to dry spores or other cells which can withstand a preliminary
desiccation  Although 1t 1s unlidely that freezing can elimunate all cells
of a given speties cold 1njury must be an important ecological factor
at least for soil fung and plant pathogens (22 39)

3 VISIBLE LIGHT
Light of the visible range 400-800 my, exerts undoubted but so

far slldcfined 1nfluences on mycelial growth spore germination and
other phenomena effects on reprod n have been d d 1n
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assayed after thawing the material and as shown later (Figure 2} the
rate of subzero warming 1s critrcal

Exposure to very low wemperatures eg  that of iquid awr does zot
completely kill mycehum frustung bodies or dry spores of most fung
(8 16 79 89 The mycchum of some fung: does not sunue thi
trearment (89) and wet comdia of Neurospora crassa are hlled aimost
immediately at —170° (0 ~190°C (40)

Laposure to moderately low temperatures—{rom 0 to —40°C—s of
tmmechate ecologreal interest and has frequently been mestigated
The results however defy any neat generahuation ewther fungs differ
very nidely in thear tolerance or as suggested above methods of imestt
gation are so different that comparson s not legitimate Mycelum of
Phycomyces nitenss and Bolry tis cinerea is hlled by exposure to ~1510
—22° (6} and neather mycelium nor sclerotta of Phymatotrichum om
wworum survives 21 houss at —13° (39) But mycelum of Phacidum

f and Collybia velutipes 1s sull viable after 138 days at ~21°
(114) and frnt bodues of Schiwophylium commune withstand exposure
to —15 10 —40% (17)

Smuiar differences are reported m the survnal of spores at these
moderately low temperatures  Uredospores of the rust fungt are ust
ally fourd to surynve no more than 2 months or so at —15° to ~40°
{22 42 103 149) but at least some uredospores of Melampsora las are
still viable after 1290 days at ~10° (41) and uredospores of Uromytes
bhaseok Ine as long as 2 years at —20° (59) Both spore forms of
Endoconudiophiora fagacearum are gernmnable after 83 days at ~10
@
From these teports and from the partial ist compled by Luyer and
Gehento (91) it appears that spores are i general less damaged by
low temperature than mycehum dry spores less than wet

Most of the reporied expersments on the true fungs are probably
examples of relatnvely slow freezing s which the pnmary injunous
factor 1s dehydration crystals of ice form extracellularly and wathdraw
water from the cell {105) Damage to dry cells 1s Joss than to wet {1
40) as would be expected  Furthermore 1t was early found that
solutes protect the mycelum aganst freezng anury (6) hydrogen
honding substances—sugars glycols eic —essennally lower the amount
of water Jost to the crystallization process {102)  Visual obsersation
suggests that hyphal 1ps are more suscepnible than basal mycelal cells
and that aenal hyphae are more resistant than submerged (87) the
water content may be a factor m thase dulferences

Rapid freeang in which enystal formation occurs throughout both
cells and medium must obviously be so rapid as to hmat the sue ol
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4 ULTRAVIOLET RADIATION

‘The lethahty and gemiaty of ) d are prob
lems of general biological mterest studies on fungi have made sig
mficant contnbutions toward their solution  The early and now
largely obsolete Licrature 15 reviewed by Smuth (127) more recent
work by Pomper and Atwood (116) Techmaques for the iradiation
of spores and 1solation of radiation induced mutants are well developed
(7 120 138 152)

Virtually all studies of the action spectrum of hilling and of muta
genesss m fungr as 1n other organisms agree that the most effecuve
wavelength 15 1n the region 260-265 my The action spectrum of
lethality 1o Trichophyton mentagrophy tes 1s shown in Figure 3 sumlar
spectra prevail in Newrospora ciassa (67 109) Penicilium notatum
{69) Ustlago zeae (85) and Aspergillus oryzae (102) The primary
peak1s generally accepted to be consequent upon the speafic absorption
of thas wavelength by nucleoproteins

McAulay and associates (92 93 94) have reported that brological
actinty for Chaetomium globosum 1s greatest at 280 my. in the region
of absorption by protemns These observations cannot be reconciled
with any other data and ment re-exanmunation

Aspergillus terreus conidia mutate after exposure to higher wave
lengths (297 and 313 my) or to sunhght (65) Eficency howerer is

100

Figure 3 The action spectrum
of Milling of spores of Tricho o
phyton mentagrophytes  Re
drawn from onginal of Figure
4 A Hollaender and & W
Emmons Journal of Cellular
and Comparatite Physiology
Vol 13 p 391402 (1938) by
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Chapter 13 It must be recalled that expesure to  white light may
dependmg on the source imolve exposure to some ultraviolet heating
elfects too cannot de disregarded unless specifically excluded

Several eatly abgerations, reviewed by Sputh (127) and later data
(20 38, 75 113 129) agree that hght retards myceha) growth diy
weight measurements confirm this for Sclerotinua fructigena (35) and
Aarlingia rosea (60) The growth of Bolrylis squamosus on agat 1
completely mhibeted by bight (112

Light sumulatzon of growth nlrequently reported (60 127) has
beer most carelully analyzed wn Blastocladiclia emersarue (18) 12
thus orgamsm dry werght increases of up to 141 per cent at cotisant
temperature are induced by ilumiation It s ohserved further that
fixanon of carbon dioxide 15 mncreased by hight and it 1s proposed that
light acts tn somg way to accelerate the reductive carboxylauon of
sucainic and and ofetoghutaric acid

Vegetative mycehum hke Teproductive structures may be photo-
tsopic (122) and may show zonanon m response to light and dark
periods (25) Pig 15 frequently dependent upon or d
by hight (127) Centrospora acerina fosms uts red pigment after a vety
short exposure (107) Melanogenesis 1 Newrospors crassa 16 some
what reduced by sHupunanon (123) The effect of light on caretene
formation bas been mentioned elsewhere {(Chapter 6)

It has been recognized at leas since 1860 (01) that sirong bght
fubits spore germmarion  Whether spoves ar¢ more or Iess sensitite
than mycebum ss m doubt (127) Obssously any ultravtoler cor
tamunation 1s especialy serious and there 1s no doubt that mag; aof
the lethal effeces of light can be credited to a shart waieleagth com
ponent However in both £rysiphe gramams (117) and Puccuia g4
mims (30 31) experments wih filters smplieate the longer wase
lengths 1 the yellow red region and exclude ultraviolet  Moust spoIes
are more suscepuble than dry (28}

A number of reports—too many to dissegard—suggest that spore
germinaton 15 sncreased by light or even requies hght (7 48 7
106 130 155 160) The mechanis of such an effect 15 difficult ©0
imagine and i can only be said at thus time that further Quantitatine
work wnder accurately controlled conditions 1s necessary

Phatodynamue action has been demonstrated by haplan (78)
Pemaiium notetunt condia vitally stained wuh erythrosia are e85
fnzed so that sisble hight normally becomes &
Fosn stained cells of Neurospora crasse appear from honited data @
respond slarly (34)  Methylene blue amensifies the zonation 1€
sponse of Penscillium notatum 16 hght (1202}
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species with dark spores tend to be more resistant (36 46) and a pro-
tective action of wall pigments in Puccitia granms uredospores has
been clamed (29) Pigmentation alone howeser cannot explaimn spe
afic differences 1n senstivity

The curve generated by a plot of survival agamst dose 1s usually one
of two types

1 The exponential curve in which the loganthm of the fraction
survining 1s a linear or appruxxmately lmear function of dosage This
curve 15 ch 1stic of o! pora crassa (Figure 4)
and spores of P i spp (2 46) dspergsllus melleus (38) and
Streptamyces flaveolus (80)

2 The sigmoidal cunve (Figure 5) which 1s the more common type
reporced n studies of Aspergtlius spp (78 158) Mucor dispersus and
Rhuzopus snus (33) Ustiago zeae (85) Glomerella cingulata (35)
Fusarium eumartns (126) Trichophyton mentagrophytes (64) and
Streptomyces griseus (121)

The significance of these cunve shapes has been debated vigorously
and 1t may be too early for a categonical explanation By atself the
sigmoidal curve could be interpreted as expressive of varability
the spore population and Markert (95) has shown such vanability in

y Gl I However this interpretation ap
plied to the exponential curve requires a highly improbable dustribu
tion of sensitnaty wathin the population  Studies on Neurospora crassa
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sery low and at still longer wavelengths most organssms sunave very
large doses (50) although bacterserdal action can be detected at high
miensity (62)  The requirement for hugh intenuty poses serious
methodological problems in attempts to demonstrate the mutagematy
of the long nlravioler (43)  Very short ultravsolet—the Schumans
regron below 200 my—has not been studsed primanly for techucal
reasons andwations are that lethal action at least s very great (82
111 159)

TFhe lethality of whravioler radiztion 1s maost easify expressed by the
{racyon of uradiated spores which fail to germinate Doses that are
not lethat defay germination or induce abniormabes (33 61 67 83
Different fung: sary widely 1o suscepubifity thus spores of Mucor
dispersus Tequire almost 20 times the energy per spore that 1 saffcent
for an equnvalen: degree of mactvation of Aspasgilius melleus spores
(32 33) In surveys of fungal susceptibslity 1t 1s often noted that
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(152) Most important perhaps 1s the obscrvation of McElroy (102)
that g d with high hyd pressure reduces
the recovery of morphological mutants in Neurospora crassa and Asper
gillus terreus  Thus observation suggests that the primary action of
ultraviolet (and chemical mutagens) 1s to cause the formation of a
semu stable mtermediate which may decay to a new mutant state or
may revert to 1ts onginal normal state (103) The hypothetical inter
mediate may be the gene 1tself or a metabolite or metabohic system (143
146)

Peroxides and unknown products i irradiated media are mutagenic
to Neurospora crasse (27 142) However results published so far fail
to mpl prod formed by let tradiation of the medium
at the wavelengths employed 1 mutatton studies as important factors
1n the inducuon of mutations

Photoreactivation was discovered n Streptomyces giseus (82) and
has been observed 1n several of the true fung: (13 17a 52 81 109)
As usually studied photoreactivation means that lethal effects of ultra
violet rad. are d mn part by subseq i¢ to
Iight of longer wavelength 330 to 480 mp however other changes
wmduced by ultraviolet are also counteracted The action spectrum of
photoreactivation 1n § griseus has a pronounced peal at 436 my il
fering significantly from the action spectrum of the same process 1n
Escherichta colt (83) The theories and problems of photoreactnation
are reviewed by Dulbecco (35) Wainwnght and Newill (144) present
evidence that photoreactivation exerts independent effects on survival
and mutagenesis 1n Streptomyces sp

5 IONIZING RADIATIONS

Ionizing radiauons as the name 1mplies are radiations whose pas
sage through a matenal causes the production of son purs Most
studzes on fungi have employed X rays or the equuvalent y rays emutted
by radium and other radioactive materals a few data are available
on errays (from polomum but also produced by the cyclotron) g rays
(from radsoactive matersals or from an 1on source) and cyclotron pro-
duced neutrons  All these types of radiauon we assume have the same
mode of action but differ of course m energy iomzanon per umt
path length and ability to p (86) C q ly ph 1ly
equivalent doses of different types of 1onizing radration are not bio-
logically equivalent  However it 1s not yet clear how such differences
1 bologacal elfect are to be explained Thus 1n the lalling of spores
of Aspergillus terreus the densely 1omzing radiauons (protons and
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(5 109 110) suggest mstead that the shape of the dose response cune
15 1 function of the oumber of nucle: per cell exponential for umm
cleate spores sigmordal for br and multinucleate spores Deathma
multinucleate spore requures that several targets must absorh radianon
the sigmordal curve follows from this requirement

Two mechanssms of Jethality have been proposed (109) inducuon
of recessne Tedhal mutations and non genetic damage o nucler Ob-
viously the first of these cannot be of much sigmificance in the death of
conidia having more than one nucleus

The wducuon of morphological and biochemical mutauons by
ultraviolet radiation responds rather diff 1y as dosage 1
As shown w Figure 6 mutation frequency mcreases with dosage only
w a pomnt then levels off or declines at higher dosage Dose response
curves of this general type have been reported from several studies W
which all morphologically visible are scored (63 66 67 13
100 135} However wm ane wustance in which a AMiown mutation 2t 2
single locus was scored the response eurve was strihangly different (51}
and the mutatton frequency m Streptomyces flaveolus does not drop
at Ingh dosage (80)

Ultraviolet induced mutagenesis s affected by several modifyng

environmental factors  Pret before 1rrad with sufrared
d 4-d phenol or mtrogen i g

(133 134 135 136) Surenal and mutation rate m Streptom)ecs Sp

are modified by applied after wrad (143 145 146}

Respiratory poisons and anaerobtosis decrease both the lethal and the
mutagenic effects of uliraviolet rachation on Pentcrlium chrysogenum

1 : .

12t _
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Lethality and mutsgemc acuion aie not the only effect of irradiation
In parucular arradiated spores may germunate but fail to make con
tinued growth this phenomenon reported sn several fungi (11 28
90, 141} 15 analogous to the delayed effect of X iradiation on yeast
{116) and to the mucroscopic mutant induced n Chaetomium glo
bosum by ultraviolet or somaing radiauon (44 93) The urradsation
of Aspergillus niger spores with low (non lethal) mtensities of wpartt
cles resulls n the development of asporogenous colonies 1n an unspect
fied number (11) These delayed effects are perhaps best described
as lethal mutations but somethuing more than a descriptive analysis
would sutely be of interest.

Sumulation of spore germunation by lomung radiation has been
reported (15 154)  Other less well-lefined stimulatory effects clarmed
by earhier warkers are reviewed by Smuth {127)

The emuronmental factor most u g resp
of fungy and bactena to X rrradiation 15 the ambient oxygen pressure
(68 131) both lethality and mutagenesis are less at low oxygen tension
Senmtivity of Aspergillus terreus to X uradiation 15 also increased by
previous exposure to infrared radiation (133 185) and by high spore
‘maisture content (131) The lethality of N uradiation to Strepto
myces sp 15 decreased by vanous posurradition treatments (147)

Rad buology 1s undergoing rapid ad at this time and 1t
15 (0 be expected that generahcations will have a short life  In the
fungt 1t appears that the primary effect of radiation 15 on the nucleus
and this effect—which may be atself complex—is best visualized on the
Basis of the target theory so strongly urged by Lea (86) However
there 15 good evidence—especially in the infl of 1
that

il
Y

factors on dary reactions possibly in
P Y P

the ¢ytaplasm must be posluulated both for ultraviolet and for zomzing
radiauon (116 159)

6 ELECTROMAGNETIC RADIATION OF LONG WAVELENGTH

Irradiation m the racio part of the electromagnetic spectrum may
be inlubitory to fungt Inhibition 15 however a heating effect and
does not oceur if the temperature 15 held constant (49 97 101 140)
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wrays) are more effectve than the less densely womung S rays and
yrays but the order of effectiveness 15 seversed of mutagenests m 4
terreus 18 the truterion (132) The halling of 4 nuger spores by enrs
diation 15 stmilarly most effective at hugh 1ontzation density (161) On
the other band lethality 10 vegetatnve cells of Eschertclua cols 1s great
est with radiaton of low romuzation density (159)

Lethal and mutagene effects of types of radiauion other than \rays
have been reported viz neutrons (4 56 99) o partcles from polonw
and radwm (9 10 11) yrays from radrozctive elements (26 137) and
A particles from carbon 14 or an ton source (84 150 151) Eather
studies are reviened by Smuth (127)

The lethal effect of % uradiation on spores of fung: and acunony
cetes can usually be expressed as an esponential or approsumately e
ponential dose response curve (3 72 80 121} Sigmoad sursnal cunes
have only occastonally been reported (45 90) It scems probable e
peciatly from prelumsuary work on yeasts that the form of the cune
may be prmarsly determuned by the number of nucler per celt {116y
This constderation cannot apply 1o the strahing response of 41y spares
of Aspergilluy terreus h d, follows the ta} pattern but
survaval after srradiation with « parnicles 13 eaponenual (132 163)

Mutation frequency is hnear with dose over a range s shown
Figure 7 some material shows 2 platead i the curve ¢ high dosage
(54 80 108) Presumably tns platean wall be reached with any o
ganism prosided the dose 35 high enough  Thearencal models for thas
saturition effect are considered by Harm and St (57)
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1 THE RESPONSE TO TOXICANTS AND ITS MEASUREMENT

For practical reasons most of our information on the response of
fungt to toxic agents relates to the inhibttion of spore germunation or
of mycelial growth However other effects are occasionally observed
and may be briefly described  ‘The most important aspect of response
15 of course 1ts since any iy of mode of acuon
presupp an accurate ducible assay of the biological effect of a
fungiaadal or fungstatic agent

Vorphological Resp Morphological ab of growing
hyphae are caused by many toxicants including such diverse agents as
diphenyl (340) dyes (363) benzothiazole (142) solanm (2) and
sodium tungstate (256) Other nstances as well as data on abnormal
development of germ tubes are tabulated by Horsfall (174) Thymol
and carvacrol cause swelling of conudea of dspergellus niger (450) as
does phenol (420)

Griseofulvin an antibiotic produced by Pemcillium spp  (Chapter
6) causcs stunting branching distortion and other abnormalitics of
growth 1n wirtually ali chiun walled fung: tested not i the yeasts or
Qomjcetes which have non chitinous walls (Chapter 2) Bnan (42)
suggests that griscofulvin either acts as a growth regulator or interferes
with a growth regulator controlling wall extension spore germnation
of Botrytis allis 15 not prevented by a concentration 500 times that which
affects germ tube growth (43) Griseofulun 1s taken up by green
plants (74 403) and protects to a considerable degree against nfection
by Alternana solams (41) A few fungi which probably have chiin
walls are nonetheless mnsensitve (304)

Camphor causcs the formation of large possibly diploid comdia
(361 362) Cholic acid and sodrum holate induce the ft
of umnucleate cells i the diharyon of several basidiomycetes prob-
ably converting a clamp il to a separate branch (286)

Mutotic Possons  Many fungitonc substances are known to nlubit
mutosts 1n other orgamsms (137 174)  Exposure of basidia of Gymno
sporangium clavipes to penallin or streptomycin results m abnormal
development and mterference with mewosis (27)  In yeast pentetllin
whibits cell diision withont nhibiting growth so that filaments are
formed reversal experiments suggest that sulfhydryl groups essential
ta cell division ate blocked by the anubiotic (310)

The Response of Developmental Stages  Specific inhibition of spor
ulation has both theoretical and practical importance  Simultaneous



14. The Action
of
Chemical Agents

Inhxbmon by chemical agents has probably been the
single most actrve field of mmvestigation of the fungt  Of necessity
however much of this work has been directed to the practical prob
lem of controliing the fung: pathogenic to plants and to man and
ather amumals and the fungs that destroy economically valuable com
modities  Theoretical problems have of course not been neglected
the mmportant work has been summarized by Marun (278) and more
recently by Horsfall (172 174)

In a study of the physiology of fung: such as this 1t seems appropst
ate to concentrate attention upon those matertals regardless of thetr
practical mmportance about which we have some information as (0
mode of action  This approach neglects many fasanating problems 1
the chemical infubition of fung: the role of antibiotic substances n soil
(152 425) and the use of punified antbloucs (218 337 396 430) the
expanding field of ¢k herapy of plants (90 175 176 402) and many
of the developments m the use of organic compounds as fungistatic of
fungiadal agents It 15 10 be hoped that suffaent attentzon will be
devoted to mode of action so that these topics can be treated theoret
1cally 1n the near future

‘The chapter has been orgamzed so as first ta consider some general
problems and then to give detaled attention to a few types of com
pounds~—heavy metals sulfur q and the chelaung agent
wluch have been most actively mvestigated

440
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under these cond Ithough other expl are possible (20)
Increase 1n oxygen consumption 15 also caused by poisons eg 24
dinitrophenol which interfere wath the utilization of respiratory en
ergy (380)

We may conclude that m general the activty of fungicides against
respiranon does not parallel therr effects on growth and nfer that
effective fungicides usually act on systems much more sensitve than
1 the gross oxygen uptake  We may speculate that a compound which
acts on respiration and growth at approximately the same concentra
ton-—mercuric chlonde 1s an example (247)—1s a general enzyme
powson It should also be clear that although a respiratory system
may be ntubited by a fangistatic agent thus fact alone 15 not sufficent
eudence that the iphubstion observed 1s the primary locus of toxiaty

Sclerotinia laxa grown n contact with partally inhibitory concen
trations of several fungicdes 1s affected physiol Ily i 1ts formation
of respiratory enzymes some being ncreased and others decreased 11
amount by specific compounds (55)

Mutagenwc Effects of Chemical Agents  Cultural vanants of unde
termined genetic status are induced by high levels of zinc (89) and
nutrte (Chapter 8)  Mutation 1 fungt verified by genetc studies
15 caused by 2 wide vaniety of chemicals eg mitrogen and sulfur mus
tards and related compounds (16 286a 400 409) peroxides (87 188)
epoxides (208) diazomethane (189) and caffeine (115) Some of these
are sulfhydryl reagents others possibly generate free radicals but no
single mode of action can be proposed at present

Fungstatic Action of Chemucal Agents  Both practically and theo-
retically the most 1mportant effect of toxicants on fung 1s the mhub
tion of growth

Thus fungistatic action 1s the most frequently measured and should
not be confused with kitling fungiaadal action sensu stricto ' We may
distinguish two classes of fung; assay (1) d of my
cehial growth on a natural or aruficial medium and (2) determmation
of spore germination In both methods the test fungus and the toxx
cant are in contact throughout the period of incubation

The early developmem of agar plalc methods 15 desersbed by Bate
man (22) who e of the
data obtamned with Fomes annosus Thls treatment has sice been
extended to other fungi (330 420) After a more or less protracted
lag penod which 1s 1tself an index of toxicuty the rate of growth across
the agar surface 1s inear with ume  Comparison with a control 1mocu
lation on toxicant free agar yields the basic datum degree of tnhubrtion
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and {ully quantiative determinations of both growth and sporulation
are dufficult prelimunary data suggest that the high metaf requirements
of sporulation (Chapter 11) make the process espeaially sensune to
chelating agents eg  dumetlylglyoxime but many other types of toxt
cant also reduce reproductive actinaty (179 332 333 340 312 399 428
148 457)

It 1s generally behieved that mycehal cells are less sensitn e to toxteants
than are spores this 15 borne out by direct comparisons for sulfamfz
mde (125 147) and cyclohexsmide (4302 451) The difference may
however be related to uptake (246a)

Trehsb of Resg Intub of resy y actrty 8
measured by oxygen uptake 15 often parallel to growth whibition (106
269 309 33%) and st lras even been tentatively suggested that the pnn
apal activity of Captan? 15 on pyruvic carboxylase (160) However
most studies on very different compounds show that 1 general endo
genous and substrate vespiration 15 much Jess sensiune to a wide range
of fungicides than 15 spore germunation or groweh (85 125 127 152
203 224)

Frgure 1 1s drawn from an extensne study of fungicdal actnaty
judged by lalleng of spores and spore respiration the figure shows
that 2 compound i thss case cyclohexumsde hills at concentrations
which do not measurably reduce oxygen uptake The data of hloppng
(203) show a sumaddar relation betwcen action and
of respuration 8 hydroxquinoline has no effect on respiration at a coft
centration 100 tumes the fungsiatic concentrauon

Low concentrations of toricants often sumulate respuation (247
1t secrus likely that by 2 bility 1o suk ss smereased

v o) 4 12
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than they are agatnst the growth or metabolism of mycelum (125 147
271 341 430a 431)

Fungstatic methods adapted for the assay of wood preservatives are
reviewed by Cartwright and Findlay (61) The type of assay chosen
has marked effects on the ap efficacy of test pounds (110 223
348) Usually loss m weight of treated wood blocks 1s the best cn
terion of protection agamnst decay a somewhat more rapid assay based
on the static bending strength of a treated wood block has been intro
duced (126)

Special methods for fabric treatments are described by S (386)
Soil fumigants are usually of interest msofar as they kill organisms but
a fungistatic method of bioassay has been dewvised (10I) For the
practical testing of plant p assays employing hiving Jated
plants are well worked out (243 245 251 280)

The most progress has been made by the use of bioassays which are
based on mhibiion of spore germination This fundamental tech
mgque has been developed both practically and theoretically by McCal
lan and by Horsfall whose papers must be read for a thorough under
standing of the method (172 173 174 241 242 243 252 254 258
259 436 44b) More or less standard procedures have been agreed
upon (71 72)

A d

d spore susp of a test fung Mon:h fructi
cola (=Sclerotinia fructicola) and Stemphylium sarcinaeforme (=Mac
rosporium sarcinaeforme) are the most often used but other sporulat
ing fung are suitable—is allowed to germinate 1n contact with the
toxicant which may be either mmed with the spore suspension or
sprayed on the shde (33) If washed or vacuum collected spores are
used 1t 1s usually necessary to add nutrients and these maternals
espectally complex plant products such as orange juice must be taken
nto account 1n any consideration of the mode of action orange juice
possibly by reason of 1ts content of cunc acid which can complex
metals reduces both the fungtadal and the fungistatic effect of copper
on at Ieast many fungi (91 250 287)

In the spore gernunation assay a sumple plot of per cent inhibition
{or germuination) agamst toxicant concentration or the logarithm of
toxicant concentration yields a sigmoid curve  This can be converted
to a straight line i the so called logarthmic probability system of
coordinates The abscissa of this curve used 1n most studies 15 the
loganithm of the dose the ordinate a calculated probit or normal
equusalent deviation  Use of thus coordnate system 15 based on the
general phenomenon that resistance 1n a population to a toxic agent
15 distributed normally with respect to the logarithm of the dose {0
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Thas 15 1elated 1o toxscant concentration by the equation
y = ax® ()

where y stands for degree of mhibition % for concentration of the fun
gicrde and g and & are constants A plot of the logartthm of the degree
of inhibstion against the logarithm of the concentration yields cunes
of the ype shown 1n Figure 2 Not all curves are as clearly linear as
this one (426)

A variety of special methods are essentially smslar to the assay of
Bateman just described (26 102 108 109 114 151 203 271 283
296 297 317 318 359) Critena used snclude the least concentration
preventng all growth the colony diameter at a fixed ume or the dry
weight in iquid culture A rather duiferent approach 1s found 1n the
use of flter paper discs :mpregnated with the toxscant (218 415) here
of cousse, duffusion becomes an important factor

These methods all have particular and limted value thus the med!
cal mycologist has a practical interest it the mhsbition of established
mfections rather than 1 pr of spore g Fungt
which do not sporulate i culture may have to be studted a5 mycelum
For theoretical work on mode of acton howeyer, the presence of nu
tnents and, 1 agar media, of undetermined contamnatng substances
severely restricts therr value It 1s almost always found that nutrient
materals reduce the apy taxcaty of fungutossc agents (214 952
404) Inaqualitative way 1t1s usually true that the agar plate method
and the spore germination method agree but they may give divergent
results for particular compounds (174) s a rule fungitoxic w3
terials are more active against spore g and spore resp.
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difference between the concentration which mbibits the most sensitive
spore and that required to prevent germination of the most resistant
spore Conversely a low slope or flat dosage response curve indicates
that the difference 1n dose required for mhibinon of the two extremes
of resistance 13 large (446) Slope 1s most conventently measured as
the reciprocal of the difference between EDgq and ED ,

Although several factors of the assay influence slope the compound
uself 15 the most significant (252) From thus 3t has been argued that
the slope 15 an indication of the fundamental mode of action (174
241 279 346 416) That1s compounds with the same mode of action
should generate dosage response curves of the same slope  Ruch and
Horsfall (346) show that homologues of 2 mudaroline yield curves of
simlar slope and different position the EDy, varted from 00037 to
357 uM per square centimeter but the slopes were essentially alike—
937 110! and 997 From this and other expenence 1t 1s argued that
position measures ability of the compound to reach 1ts site of action
and that slope indicates the mode of action once the site has been
reached

Attractive as this hypothesis 1s there are other factors that must gne
us pause First as has been mentioned non hinear curies are not un
common Second there 1s as yet no measure of mode of action which
1s truly mdependent and which could serve as a check on the hy
pothesis  Finally virtually all the avatlable data are dosage response
curves i which external conc 15 the independent variable
The discovery that fung: accumulate very large amounts of texicant
(p 450) does not by itself defeat the hypothesss but this fact does
necessitate a re evaluation of the whole problem (246)

Spores of many fungt 1ncrease markedly mn size during the first stages
of germination (Chapter 12) nhubition of this growth pracess in
Myrothecium verrucarta has been adapted to the bioassay of fungistatic
agents (268)

Fungiaadal Action  Fungiadal action the lilling of fungi by a
toXicant requires an assay method 1 which cells are exposed to a
compound for a known period of ume and are then removed from
contact with the toxic agent and tested for viability Such assays have
been worked out {or a varuety of theoretical and practical problems (26
G9 120 128 151 246a 250 360 463)

The plot of probut of per cent gernunation agawnst logarithm of tume
15 lmear for the action of copper silver arsemate and crystal violet
(250)  The same plot of the data of Muller and Biedermann (302)
shows however that the strict exponential relation 15 evident only at
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Figure 3 Dosage response twrves for 1he aclion of heavy metals on Stemphyhum
sarcingeforme  Ordinate 15 probit of per cent mhibution of germnation abscussa 1t
loganthm of concentration  Redrawn from more eatensne data of McCallan
Wellman and Wilcoxen (257) and selected to shan different types of cune Re
produced by permission of the Boyce Thompson Institute for Plant Rescarch Inc

174 244 446) Representatne cunves of this type apper i Figure 3

Three characteristics of the log probit cune are of greatest nterest
possson shape, and slope  Lateral posttion 1s of course andicaine of
absolute toxscity either the EDg, or the EDgs—the concentration re
quired to inhibit germination by respectrvely 50 and 95 per cent~—
may be determined from the curve and used in the ratmg of fung
ades  Position 1s affected by several factors 1 the assay—the presence
of nutrients the age of spores the concentration of spores extremcs of
temperature the germination time and the physical or chemical form
m which a toxicant s supplied (19 91 144 174 252 260 265 436)

Non hinear curves are not however uncommon thus a detaled
study of the action of copper sulfate on omlima fructicola wnd Alter
nana oleracea shows for bath fung: 2 J shaped curve concave upward
(242) Parker Rhodes (328) proposed that this cursature represents the
cumulatsve effect of more than one chemucal or physical process m the
nhibition reaction and also detarled an expanential transformauon of
the mdependent variable which comverts the ] cunve to a lincar form
Use of the transformation does not sequire acceptance of the mult
process theory of fungistauc action some of the difficulties of which
are discussed by McCallan (244) Non hinear curves of other types re
{requently encountered (242 244 252)

The slope of the log probit cune s 1s most wmeresting feature
Since the ordmate 15 based on the distnibution of sensitiaty sn the
population of spores a steep slope means that shere 13 relatively littde



TOLERANCE AND RESISTANCE 449

general exclusion of cations from the cell - As Horsfall (174) points out
an orgamsm producing metabolic actds may be less sensitive to a toxa
cant which must compete with hydrogen 1on for its stte of action

Fung: may also be tramned by senial culture in media containing
low doses of a toxicant (o tolerate a normally mnhibitory concentration
Such adap has been d d to arsemite (157) borax (205)
fluorrde (222) and copper (186 195) other reports are ated by Leben
etal (217) and Horsfall (174) Such adapted strains and strains which
appear spontaneously m culture are usually unstable and lose thewr
resistance on subculture 1 toxscant free media (158 195) Spon
taneously arising sectors of Fusanium caeruleum appear in plates ex
posed to the vapor of 2 3 5 6 tetrachloronitrobenzene and these vanants
are somewhat less sensitive to the poison than is the parent stram
{263) they are however almost equally sensitive—by rather mexact
criteria—to 2 3 4 5 tetrachloronitrobenzene (47)

Genetic analysis has been performed only infrequently on resistant
strains of fungi Resistance to ndole toxiaty in Neurospora crassa
{77) and to acriflavine 1n Aspergll dulans (355) 15 lly con
trolled  Thas 1s 1n line wath the usual experience in studies on bacteria
and yeast (85 216 371) Copper adapted yeast 1s reported to contan
2 nbonucleic aad which can be transmitted to and which confers
copper resistance on normal unadapted yeast cells (298)

Ph h of acq 1 are possibly of di
verse types  Work on the resistance of trypanosomes to arserucals sug
gests that resistant strains are less permeable to the drug (38) possibly
by virtue of an altered distnbution of surface charges (366) Fluonde
tolerance 1n clones of Proptontbacterium pentosaceum appears also to
bea permeabihity phenomenon (427) Other mechamisms are however
possible an antimycin resistant variant of Venturia taequalis probably
lacks the normal respiratory system sensitive to the antbiotic (219)

Detoxafication of fungicidal agents has been observed and 15 of
course a potential mechamusm of resistance  Methylation of selemum
tellurum  and arseruc (Chapter 6) concenvably fits mn this category
The effects of cycloheximde on both spore germinatton and respira
tion decline with ume indicaung an wmactnation (431 440) Oxada
tive processes have been suggested as the basis for resistance to phenols
and quiones (200 347) g-oxidation of a fatty acid side cham or hy
droxylation of a ring mn some nstances causes detoxafication (54 57)
Other possible h are d by Gottlich
(134) 1t scems Likely that the most common 1s the complexing of taxic

metals by chelate forming metabolites such as amino acids and hydroxy
aads




o
e
S

CHEMIGAL AGCENTS

8

Figure 4 Dasage  1esponse
cunes for the action of uranum
acetate on sporcs of Allernaria
sofams  Cune 1 funnstanc
actron cune 2 fungiadal action
at 20 hours curve 3 fungindal
aguon 3t 10 minuies  Redrawn
from MiCallan and Wellman
(220) by pemmusion of the
Rojce Thampson Institate fof
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refatively bigh concentrations of copper—at lower concentrations there
15 no percepuible damage for a considerable period of e after which
the exponentnal form of curve appears  Sumiarly the shape of the
ume mhubitron curve for the action of phenol s affected by the con
ceniration of the toxicant (391)

hudling 15 also a function of temperature the fungiadal action of 2
number of relauvely muld matenals is sharply and non linearly m
creased as the temperature 1s rased wath an especatly sharp break as
the temperature approaches ts lethal value for spores m the absente
of toxicant (183)

Although a strongly fungrasdal agent 15 fung the reserse 1§
not necessarzly true  In particular several compounds of high fung
statse actvity—potassuim dichromate urany} acetate amidazolines
and 8 hydroxyquinohne are examples—have only very wead fungiadal
acusaty (260 437) In general dosage zesponse curves for fungiadal
acuon are much flatter than those for fungistane 1e  the range i
resistance of the populition 1s greater (Figure 4)

2 TOLERANCE AND RESISTANCE

Species of fungy differ widely mn their sensitvity to toxscants  This
has been espectally noticed sinee the miroduction of antibiotics and
orgamc fungicides il es 1n sensitivity of 50 to 100 fold are com
mon (208 270 319 440) However strains tolerant 1o more general
porsons are also encountered m studies on mercury (124 232 423}
fluonde (227 423) arsenate (303) and creosote (Go) Copper telerance
15 often assocsated with tolerance to hydrogen 1on or other catons (192
387 397) Thus suggests that the mechamsm of copper tolerance 18 2
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that spores of Monilima fructicola exposed to copper accumulate the
metal to a concentration 2000-4000 tumes 1ts external concentration

Even more striling results are reported by Miller McCallan and
Weed (290 291) using dafferent fungt and such diverse matenals as
silver certum 2 heptadecyl 2 imidazoline and ferric dumethyldithio
carbamate  Several features of these data warrant emphasis

1 Uptale 1s extremely rapid spores of Neurospora sitophila take
up their lmut of the 1midazohne within 15 seconds from a dilute solu
tion within 5 minutes from a more concentrated solutton Uptake of
dithiocarbamates by yeast 1s sumilarly rapid (127)

2 Fungterdal action 1s a linear function of the amount of toxicant
taken up

3 Some toxicants are concentrated as much as 10 000 fold

4 A matenial which has low mherent toxicity on a spore weight
basis may be so extensively concentrated by spores as to be an effective
mhibitor The application to bioassay 15 obstous—external concen
tration 1s not necessarily a measure of effective dose  Valko (419) dis
tingushes apparent tosiaity  a function of external concentration
from speafic toxiaty a function of the amount of toxicant absorbed
by the cell

5 Species differ m the amount taken up of a given toxicant.

6 Unrelated toxicants are taken up mdependently 1¢  previous ex

Figure 5 The relation between
uptake and antifungal actaty
{te t organ sm Neurospo a sito
Phila) 1o chlonne demnaties
of 4 dichloro 6 anal no s tria
ane Cune 1 fungiadal ac
ton curve 2 fungistatic action
Compounds  u = unsubstituted
o=ortho chloro  m = meta
chloro p=para chloro derna
e  Drawn from data of
Burchfield and Storrs 51)

EDgy ug per ml

0 Y O ST R |
10 25

15 20
Relative uptake by spores
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3 SELECTIVE ACCUMULATION

We have customarily thought of the inhibsuing of an unwanted or
ganusm as 3 problem m selective toxtaty to find matersals which are
mherently mora toxic 10 one form of hie than to others Xt has been
assumed that the ulumate basis for such a selectnve action must be the
exustence of some sensitive protoplasmic reaction m the undesirable
organism which does not exist or 18 dispensable i other speaies  This
approach has of course had its successes notably m esplamng the
chemutherapentic value of the sulfonamde drugs but the major sffort
of modern biology has been to show how simular are all forms of hie
m fundamental biochermcal aspects and thus to render less and ks
Likely the prospeet of finding truly selective agents at the protoplasmic
level of action

It now appears that another selective princple may be equally m
portant the differenttal accumulation of a toxscant by the upwanwed
orgamism  The term selectutve accumulation has been used by Yarwood
(460) 1o describe the finding that spores of Uromyces phaseoh accumu
late wore sulfur from a fungiadal treatment with the vapor phase
than do the Jeaves of the host plant  That 15 we may hope that some
matertals which are perhaps equally toxic to alt orgamsms my be
accumulated selectively by a fungus the result of course 15 equnalent
1o selective toxicity and 15 2 form of st but does not depend on an
mherent protoplastic or enzymatic sensitivity  Selecuve accumulation
does of course require that the sensuve organssm differ ph)smlogxmﬂy
from the 1nsensine but 1t does not Tequire us to postulate for ex
ample that protesn synthesss or energy metabolsm of the susceptibie
speees differs from that of the resistant  The problem becomes har
rower and more le by what h, does the e
orgamsm acel fate or the eaclude the

In the previous secitan some evidence has been cuted that resistant
stratns of microorgamsms owe ther resstance to the fadure of the
toxicant to teach sensitne sies  This s i a sense the reserse of
selectine ¢ 1 to be dered pro Hy as selectne ex
cluston

The sdea of selective accurnulation 15 not of course new it has
been known for some tsme that the lethal action of heavy metals off

actersa follows upon ac 1 of the by cells 1
?:\r m excess of ml:)r an the 1 med (155()! I
1s apparent that {ungus spores can ssmularly remove from the mef m!;
very large amournts of many different toxicants Marsh (273) foun
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4 SURFACE ACTION

It has been suggested smmediately above that the first phase of toxt
cant action 15 an accumulation of the active matenal 1n a peripheral
layer or zone outside the sem: permeable membrane We have further
argued that, for most toxicants the primary wmhibitory effect 1s not at
thus stage but Jater after some of the toxicant has desorbed from the
outer zone and penetrated the protoplasm proper However such a
sharp separation of phases 1s only a convensence since accumulation of
a foreign materal 1s very hikely to have some effects on the cell mem
brane. Hypothetically we may set up three possible classes (1) effects
of the sorbed toxcant are themselves lethal (2) sorption contributes
to lethality by damaging the osmotic barner and thereby faalitating
or making possible entrance of the toxicant imto the protoplast and
(3) sorption has only munor effects

A number of surface agents are hnown to be lethal to bactena at
least 1t part as the result of destruction of the sem1 permeable mem
brane (118 181) The antibiotic polymyxin has the same effect—
distuption of the osmotic barrier—n bactena (307) The contribution
of Iysis to lethality has however been questioned (398)

Surface toxsaty need not 1n principle at least be confined to effects
on per If surface lic reactions are essential to growth
{or example inhibition of them by a non penetrating toxicant would
besuficient Finholtetal (110) mnterpret the different toxiaty of ali
phatic amnes 1n malt agar culture visa vis wood block tests as mnd1
caung that a toxicant could act externally by preventing the action of
an extracellular hydrolytic enzyme essential to survival Ths sug
gestion deserves further exploration perhaps the most promising pos
sibilaty 15 that the extracellular enzymes are actually synthesized ex
tenorly to the osmotic barrier and that a toxicant might interfere with
the synthesis  Such an effect would be missed completely i the usual
assay which provides diffusible nutnents and thereby renders the fungus
independent of extracellular enzymes

The second possibality that sorption of a toxicant might contribute
10 lethality without bemng the primary event comes to mind particu
larly 1n relation to a few findings that toxicants at sublethal concen
trauons alter cell p Cellular phosphorus 1s lost from
spores treated with subfungistatic doses of silver (288) or of substituted
§ traznes (51) - Lysozyme treatment causes an increase m permeability
towaterand probably to furfural (230) In bactenna phenol increases
permeability to glucose 1t 1s probable that oneway effects on per
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posure to one matenial does not matenially change the results with
another  Closely related chemicals appear however to compete for 2
common receptor (246, 288)

7 Absorbed toxicants of some types are held firmly sn or on the
spote and can be released 1n quantity only by rather drasuic treatment.
Sulver by contrast 15 easily removed by exchange (292)

The relation of uptake to effectiveness 1s shown m Figure 5 for a
series of related s triazines  Fungitoxic action 1s seen to be correlated
with the capacity of the spore to remove the toxicant from soluiton

In general two mechanisms suggest themselves as alternative ex
planations of the phenomenon of rapid uptake agamst a concentra
tion gradient First 1t 1s of course known that active transport
of nutrient materrals into cells occurs commonly and results 1 accumy
lation agamnst a gradient and Pramer (336) has shown that strepto-
mycin 1s so accumulated by Nutella clavata  However to suggest acine
transport as the mechanism of entrance of a variety of toxicants rasses
the difficulty that active transport as usually understood necessanly
nvolves the expenditure of metabolic energy and 1s prevented by many
wmhibttors  As discussed later 1n connection with the heavy metals 1t
seems at present more promusing to look toward a second mechanism
the adsorption of the toxicant by a solid phase 1n or on the cell  For
both these alternative mechanisms 1t should be noted the same general
relauon between uptake and external concentration holds m both
there 1s some saturation value of the external concentraton  Conse
quently whether or not the concentration uptake relation 15 descrsbed
by .he adsorption 1sotherm does not disunguish between active trans
port and adsorption  More mmportant results will come from studies
of the effect of merabolic state upon uptake

Drawmng primanly from studies on the action of heavy metals
(see below) we may suggest that a toxic materzal which docs not move
freely across the setm permeable membrane undergoes a twostage
process In the first phase there 1s a rapid sorption of the toxicant
outside the permeabihity barrier or perhaps both outsude 1t and on 1t
In the second phase the matertal 1s released at a slower rate to the
mtersor of the cell from the saturated peripheral sites only m this
phase, for most materials does interference with growth occur

Thas hypothesis has many difficulties which are howeser better con
sidered 1 connection waith heavy metal toxsaty It agnores for con
venience the possibility that the sorbed toxicant may exert speafic
effects before 1t enters the cell at all thus possibility is treated as a sepa

rate topic
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The negatve logarthm of the 1on1zation constant of Equation 2 sigm
fied by pA,, 15 numertcally equal to the pH at which the aad 15 50
per cent dussociated  The ph, 15 charactenstic of the molecule and
one of the commonly overlooked effects of addition of subsutuents to
an organic molecule 1s that the substituent may change pA  Exactly
the same considerations of course apply to weak bases

Aadic tosicants almost 1nvariably are more effective at Iow pH than
at ugh as discussed later the effect of pH 1s most noticeable near
P& so that data on very strong and very weal acids will not normally
show an effect of hydrogen 10n concentration under the usual expen
mental conditions  Data on inhubition of fung: which fit the rule of
greater activty at low pH are extremely numerous although they do
not 1nclude spore genmination results  As examples we may cite the
action of fatty acxds (161 350 354 456) aromauc aads (7o 76 78
162 339 390) acd dyes (205) substituted phenols (41 187 383) and
mitrous acid (Chapter 8)

The usual explanation for the effect of dissoctauon on toxicity 1s
that only the undrssociated molecule enters the cell This reflects the
general experience that 1ons penetrate the cell at Ieast much more
slowly than do npeutral molecules (84) Several cxpenments with
fungi have shown that the ester of a toxic aad 15 more cffectve than
the free acid (24 62 140 178 301) The ester almost certamnly pene
trates the cell more rapidly than the partially 1onized acid and 15 then
spht by esterases More direct evidence would however be desirable
since estertfication of an acid may have other effects for example on
Teactivity of groups near to the carbonyl carbon

It1s often stated that one can conclude from these pH acuvity studies
that 1t 1s only the undissoctated molecule which s toxie te action
within the cell 1s visualized as caused solely by some combination of
the neutral molecule of the acid or base with a sensttive element  For
this conclusion to hold the biologically effective dose 1n terms of
neutral molecules must be ivanant with pH Stmon and Blackman
{383) review several studies on echinoderm eggs m which this relation
prevails for both weak acds and weak bases

However studies on a wide vanety of compounds—phenols cresols
fuonide ande cyanude etc—show quite conclusiely that the 1on
must also play a role 1n toxicity wathin the sensitive volume of the
cell (382 383) Figure 6 exemplifies the data 1t 15 seen that as the
1onration increases with increasing pH the equi-effective concentration
of undissociated molecules actually declines The total drug—ions
plus neutral molecules—rises of course bug 3t 1s the fall 1n undissocr
ated toxicant which 15 decisive
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meability occus @ copound 1nCreasing the loss of cellwlar nitrogen
and phosphorus but not increasing the entrance of substrates {18%)

Finally we may expect relatnely munot effects of sorbed matenals
especially on permeability and accumulation We have referred earher
(Chapter 8} to the possibility that amno acd toxioty 15 exated by
the exclusion of one acid by anather  Among other metabolic effects
of g propiolactane on Blastom)ces dermatttids 15 the mbibition of
amino acd uptake (119 although vhus could be secondary

Reduction of the rate of solute moyement 13 shown especsally nell
by the studies of Rothstenn (356) ont the poisemng of yeast Tespiration
by uranmun  This appears to be a speafic mtarference with the up-
tabe of hevoses endogenous Tespisation and the unthzation of pyrade
acid or ethanal are very litle affected  Rothstem suggests that uranph
sjon complexes with groups 3t or near the cell surface which axe &
sentral to sugar uptake and suggests fusther that these groups
cellutar polyphosphates which are also capable of bmding other 1088
(357) Sumiiar responses o uramum hase been found m anmal m3
tersal (312}

5 HYDROGEN IOV CONCENTRATION

In any survey of the literature on fungicades one s forably struck
by the common falwre to determmne or to Teport the pH of the test
soluton  For practical pusposes this may not be ymportant at Jeast
if the pH 15 that of the projected use sitration put conclusions o
mode of action of 1onizable matersals axe ifficult wndeed to draw i
the acidity 18 urhnown

Some effects of pH are obvious 2 fungscrde may break down more
or Jess rapidly and n so domg yield products of greater or Jess tanicity
thus thsosulfate forms 2 more toxic prodizct (162) and &ihiocarba
(mates form less toxic matenals (482) A second passibalaty 18 that the
tosicant stself changes the pH to 2 alue unfavorable for growth of
spore gernuNation this can of course be compensated for by ;peaﬁc
controls  The chelating agents as mengoned later become less effec
ave i binding metals as the pEls owered uranyl 1on forms compleacs
with hydroxyl 1on at pH +alues abave 4 5 and becomes therefore uns
vatlable (356) Competiion berween hydrogen son and 10X catons
15 considered 1n connection with the heavy metals

Vhen weah acids or bases are dsssols ed 1 water the degree of somza
won 1s pH dependent  This 18 evident by anspeciion of the equation
for the dissoctation of an acid

HA m HBY +A™ ]
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Figure 7 The general form of
the relation between pH and the
toviaity of a weak aid Redrawn
from Simon and Beeners (381) by
permnsion of the American Asso
cauon for the Advancement of
Science

Log effectve concentraion
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effect of structural changes on toxaity ndicates that the acridines act
at the surface and that they compete with other canons Competition
between toxicant 1ons and other cations 1s considered elsewhere n
connectton with the action of copper It should only be mentioned
here that this competition msofar as hydrogen 10n 1s miolved repre
sents stil another effect of pH on fungitoxiaty

Finally as suggested by Burchfield and Storrs (50) the mternal pH
of the cell could affect fungicidal action by ats influence upon the
1onization of cellular compounds which react with the toxtcant  Thus
reaction of amno groups with 2 4-dichloro 6 (o chloroanilino) s triazine
probably occurs only if they are unionized but sulfhydryl groups react
only if 1o0n1zed

6 STRUCTURE AND ACTIVITY

Si Iy Non Specific Inhub Speafic ck 1 structure as
a determunant of toxicity may be approached by considening first the
structurally non speafic potsons the narcotics  These are compounds
the effect of whuch 1s freely reveruble eg hydrocarbons chlornated
hydrocarbons aliphatic alcohols and phenols The data on these are
with few exceptions demed from studies on ammal systems

Probably no compound 1s absolutely without structural specificity
The structurally non specific inhibitors are howeser characterized by
a relatively low specificaty 1n the sense that changes wn structure cause
o apparent change 1n the mode of acion  Historically the concept
of structural non speaficity arose from consideration of the effect of
homologous sertes 1 general tonicity on a molar basis nses with
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Two conclusions flow from this analysis  Faust inlubinon of the
sensitive cell element must be effected by both neutral molecules and
rons although they need not be equally effectve A chemucal model
for this behavior 1s analyzed by Briggs (45) Second the pH at the
site of action must be affected by changes m the external pH n order
for the equieffective concentration of the penetrating specics to declne
as found (these are long ume experuments 1n which we can assume equi
Iibrium conditions)  As mentioned in Chapter 1 the effect of external
pH upon cytoplasmuc pH 1s not known with any certainty or preasion

The significance of ph, can now be assessed (Figure 7) The msein
required contcentration for an equal elfect begins at about p&, at
lower pH (lugher for a base) there 1s much less effect of acdity (383)
It follows that 1n theoretieal or comparative studies on weak acds of
weak bases the effect of ronization can be munumzed by assaying activity
at a pH at least two unus below ph, (for an acd) or abowe phy (fora
base) There are exceptions to this rule the sulfonamide antbactenals
bewng the outstanding and best known example (6 382)

The acridine anubacterals exemplify a rather differcat relation of
toxicity to dussoctatson and pH (4 6) one which has so far not come
to hght among organtc fungitonic matersals  In this sentes only the
cation 15 biologically effective  This fact and obsenyations on the

-2 T T T

? Figure 6 The effect of pH on
the concentration of 2 ¢ dinstre
phenol {ph =40} requised 10
effect & 50 per cent reducuon i
=4 ~ the growth rate on agar of
Trickederma wnde Cuane 1
total concentration  cune 2
concentratian of undissoaated

2 molecules Redrann  from
A 1 Sunca and Blackman (383) by
permision of the Cambudge
Usssersity Pross
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Figure 8 Distnbution functions and toxaty in the aliphatic pnmary alcohols.
Curve 1 solubality {xM per Liter) curie 2 equitonic concentration (M per liter)
for Eberthells typhosa cune $ concentraton (uM per liter) reducing the surface
tenson of water to 50 dynes per centumeter curve 4 ‘apor pressure at 2>
{mm x 10% curve 5 partition coefficient (x 107) between water and cottonseed oil
Redrawn from Ferguson (104) by permission of the Cambnidge Unnersity Press

cntical distribution or site of action  Nor do studies of this type offer
the hope of determining the actual site of the toxic action

It 15 true however that at present the distibution function most
suscep of 1 attack 1s p bl That 15 changes
n toxicity comadent upon changes 1n |.hcrmody1mm1c activity must be
nvestigated first to see whether the answer lies in the greater rate of
entrance of the less water soluble compounds 1nto the cell In the
aliphatic alcohols permeability 15 almost certainly not the answer
toxiaity increases rapidly as the molecular weight increases but all mem
bers of the seres penetrate very rapidly and differences 1n rate of en
trance do not explain differences 1n toxiaity (79)

Toxicity does not of course increase indefinitely in a homologous
senies  Above a certain chain length the exact point depending on the
series and on the test orgamsm  toxiaty falls off sharply  This cutoff
15 a refl ol solubility of and mucelle formation by the
hugher mcmbers of thc sertes (18 53 417)

The non speafic poisons are often referred to as physical toxicants
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molecular weight as the seres 15 ascended but at some pomt the trend
15 reversed and higher members of the senes are less toxc. Al com
pounds of the series however appear to act 1n the same nay on cells

Early explanavions of this homologous serics effect were centered on
permeability of the cell to toxicants It was lound that toxiaty u
correlated 1 such a sextes with an osl water partition coefficient  Since
the plasma membrane 1s in general more permeable to non polar com
pounds than to polar compounds (84) 1t was natural to hypothesze
that the more hpoid soluble compounds are more toxic sumply because
thev enter the cell more rapadly

The classical paper of Ferguson (10%) corrects and expands thn
iumted hypothens by mtroducing chenmcal potental as the mdex.
Essentinlly Fergusons prinaple states that the biojogeal effectiveness
of non specific porsons 15 a lunction of propertonal concentration at
the sug of action At cquibibnum any compound s at the same pro
portonat saturation in all phases of the system  Consequently toxaty
1 a function not of bulk concentration in the external phase but of
relitve concentration o) chiemiacal potentsal It follows that a sub
stance only sparsely soluble mn water will be more actne mole for
mole than a more soluble related compound  Consider compound A
soluble 1 nater to the extent of 1 0Af and compaund B soluble only
to 01 M Ideally f an 0035 solution of B (all phases 50 per cent
saturated) exerts a ghven non speafic effect compound A will exert the
same effect only 2t 05 3 re at 50 per cent of saturation

Conerete expenmental results are not of course so neat It a
matter of some doubt for example whether the chemueal acuwty 1€
quired for a given hiological response 1s constant or rises slonly as 2
hemologous seres 15 ascended (18 46)

Figure 8 taken directly from Ferguson (104) illustrates the prinaple
for the series of aliphatic prumary aleohols  As the senes s ascended
all the properties—solulalety surface tension lowering vapor pressure

and il water partition coeficient—wiich depend on ct 1 potent
ual change simultaneously  So does toaiauty
it must be emphasized that these d do not give speafic

miormation gs to the site of acuon  Alf the constants of Figure B are
distobution funcions  From this we argue that tosiaty depends upon
a disitibution between hoterogencous phases  We can not argue fof
any one distisbution eg  that between external soluuon aml proto
plasm  The govermng paruuon could for exaniple be that betneen
the medium and the cell surface or that between the non polar portons
of a protem chain and the ambient ntracellular medium  Acceptance
of Ferguson s prinaple does not of stself commut us to any parauiar
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Table 1 ! Scnes and F Activity
Chain Length
of Maxumum
Series Organism(s) Actinity
Saturated ahiphatic alcohols (99} Pemcrllum glaucum 10-11
Saturated aliphatic alcohols (110)  Lentunus leprdeus 10-11
N alkylpyridines (230) Four fung 14
Nalkyl o bromoacetarmdes (221)  Aspergallus mger 6-10
Fauy acids (295) Ophuobolus meyabeanus 10-12
Fatty acids (350) Phymatotrichum omnzworum 1
Fatty aads (456) Two fung 11
Aliphatic amunes (110) Lentinas lepideus 10-12
Macotinic acid esters (177) Two fungt 6-8
2 Alkyl 1 by droxyethy lumidazolines
“3m Four fung 1517
Omega (2 naphthyloay) 7 alkyl
carbonylic acids (55) Aspergallus mer 2-3

ably more speaific 1n their action But in both types—specific and
non specific—the homologous series effect 15 evident  Gross activity
therefore depends 1n part on chemical potential and again we are
dealing with a distribution function of some hind  Whether this dis
tribution 1s between cell and environment 1e 15 a functon of per
meability or whether some more subtle partition 1s decistve cannot
at present be determined

In general compounds of this type with branched chains are less
toxic than would be antictpated from their molecular weight alone
Evidence for this generalization 1s reviewed by Horsfall (174)

Data on bactena illustrate a quasi speaifiaty (202) the carbon
cham length for optimum toaicity depends to a considerable extent on
the test organism

Competitive Inhbation At the other extreme from structurally
non specific inhibitors lies a group of powsons of extreme speaficity
These may be detected operanonally by the fact that over some range
of concentration they compete with a cell metabolite 'The theory and
known exanples have been dered extensiely 1n the
(277 353 454 455) Of the ch herap agents the
are the classical example (450) Some at least of the sulfonamides are
toxic to certain fung: (393 449) and the available data (40 92 98
147-149 365 393 410 449) indacate that as 1n bactena sulfanilamide
competes with p aminobenzoic acid for an essential cell reacuon  Sul
famlamide 15 however not strongly fungrtoxic (203)

Competitive inhubition 1n fung: 1s also demonstrable with metabolite
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apparently because such factors as solubulity are of more predictne
value for gioss biological acon than are specific reactive groupings
The dichatomy does not seem justified erther on theoretical or expen
mental grounds  Separation m theory of physical and chemical actn
ttes of molecules 15 artificial the covalent bond and, for example van
der Waals forces may both be mvolved i the reactivity of the same
molecule Experimentally 1t 1s found that such narcotics as urethane
chloral hydrate and ethyl ether have specific measurable effects on
some cell actwvities at concentrations which do not affect other actnies
(138 193 194 207 261 285) It has been proposed (190 261) that the
ultimate action of structurally non spectfic porsons 1s the denaturation
ol one or more protens of the cell As Danuellt (79) points out this 1s
not m conflict with the more general theory that these poisons act by
virtue of their concentration 1n or on a lipord phase or non polar struc
ture of the cell

The disunguishing feature of the structurally non speafic poions
from a chemical viewpomnt 1s that they must form weak bonds with 1e
ceptors of the cell  ‘This follows from the fact that inhibition 1s within
hunuts easily seversible by dilution alone  This also explains why ac
uvity 1s d with ch 1p I—a relatively lugh propor
tional concentration s necessary if such weak bonds are to occupy 1¢
ceptor sites enough of the time for perceptible inhibition to occur

Most fungiades are not narcoties 1 ¢ structural specificsty 1s the rule
The smportance of the narcotes to the problem of structure and activ
1ty mn the fungitoxic matenals 1s that they may explain the effect of
modifications of a basc toxicant molecule Speafically and following
Horsfall (174) we may theorize thar for an effectrve toxicant two e
quizements must be met First there must be one (possibly more)
reactive atomic configuration that ean combine with and inactivate
essential materials of the cell Second the total structure of the to
cant molecule must allow concentration at the site of acuon This
second property includes but emphatically 18 not restricted to entrance
into the cell If for example the union between an enzyme and the
combining region of 2 toxicant molecule 1s 1onic or partially wonic, the
formation of hydrogen or other weak bonds betueen the rest of the
nhibitor and areas on the enzyme protemn adjacent to the pomnt of
nnion would tend 1o stabilize the enzyme mlubitor complex ()

Homologous Series and Fungicidal Action A selection of recent
data on the homologous series effect 1s embodied 1n Table ! Some of
these compounds ¢g the alcohols are esentially narcotics as described
1 the prevsous section  The umdazolines on the other hand are prob
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dog Tes d both p g an increase
m oxygen uptake (52 67 145 331 446) In wview of the generally non
spectfic action of the phenols as a group (29) mtrophenols probably
exert still other effects on cells

The reagents which wmactivate sulfhydryl enzymes {orm a second cate
gory m which the specificity 1s toward the group of enzymes rather than
toward any one although differences in sensitivity are common  Free
sulthydryl groups on an enzyme or other protein can be inactivated by
any of several reactions (21 94 95 306 316 455)

1 Alkylation by eg 1odoacetic aad The product may be visual
12ed as a thioether structure on the enzyme surface

2 Oxidation of two neatby sulfhydryl groups to a disulfide Fern
cyanide 10dosob aad and p almost any mild oxidizing
agent can effect this type of inactivation Thiols protect against this
Teaction

3 Mercaptide formation The characteristic agents of this reaction
are heavy metals and trivalent arsenicals one of the most speafic po1
sons of this type 15 p chloromercunbenzoic aad (316) Thiols protect
also against these agents

4 Addition reactions These have been postulated parucularly to
explamn enzyme nactivation by quinones and other o §unsaturated
compounds

Although none of these four types of reaction 1s certamnly known to be
responsible for the action of fungitoxicants 1t will be seen later that
mercaptide formation can be invoked as a possible mechanism for the
action of heavy metals agamnst fung1 and that the fungistatic quinones
may act etther by oxidatton or by additon reactions to sulfhydryl
groups

The third group 1s the most amorphous of all—compounds which
are so generally reactive that they may be expected to inactivate a va
riety of enzymes possibly by more than one reaction  As mentioned
later the quinones may belong to this group rather than to the class of
toxicants affecng sulthydryl enzymes only The action of 2 4 dichloro
6 (0 chloroamlino) s triazine and 1ts relatnes (447) 1s presumably of
this type  Amuno acids and peptides are alkylated by an exchange re
action for which the chlorine atoms antached to the heterocyelic ring
z;c responsible and both sulfhydryl and amino groups are alkylated
(50)

As discussed in the section on selective accumulation many fungicides
are active only after a large amount of the toxicant 1s bound by the
cell  This suggests as McCallan (246) points out that most fungistatic
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analogues of vitamins (Chapter 10) and amimo acids (Chapter 8)
Horsfall (174) lists 1n convement form a number of examples

A few ot the more active fungicides are concervably metabolite ana
logues competing with normal substrates or coenzysies but 1n no
stance has the action of such a fungrade been explained on ths basis
Inhibition by 2 3-dichloro I 4 napthoquinone 15 reversed by vitanun h
{453) but there 1s no evidence thac the vitamn 1s essential to fungs
Sumple reversal experiments, tnconclustve i themselves, have been the
bases of suggestions that 2 heptadecyl 2 imidazohine interferes compett
trvely with purine biosynthesis (438) that ascostn 1s a fatty and ants
metabolite (154) and that propionic acid interferes with acetate me
tabolism (155, 156 326)

Infubstion of Enyymes Present day biology rehies in perhaps too
great measure on the findings of enzymology Toxicants to which no
specsfic role can be assigned are often stated to affect some unspeaified,
enzyme or enzymes such a statement 15 more an artcle of {arth than an
hypothesis

However there 1s no doubr that toxicants do affect enzymes, and we
may distmguish three classes i relation to fungt (1) agents which act
specifically by inhibition of one essenual enzyme system  (2) agents
which act on sulthydryl enzymes as a group and (3) agents whose de-
monstrable reactivity with protens suggests that they act on enzymes
in general This classification may be considered either 2s based on
decreasing speafiaty of the fungiade or on our Increasing 1gROIAnEE

The first group—compounds which owe therr toxicity to nlubition
of a single enzyme system-—is exemplified by the antimycns anubrotics
produced by Streptomyces sp (96 231) These mterfere speaifically
with electron transport 1n the cytochrome system (63 335 343 421)
Anumycan may affect other electron transpart systems alse (305) Ob
viously the speafically anufungal activaty of the antimycins cannot be
explained on thus basis alone since most orgamsis depend on the ¢jto
chrorme system

The action of the so called pling agents
3 5 dintro o cresol are eaamples—cannot be specfied so narrowly as
that of the wnumycins It appears that they prevent the ondatne
phosphorylations which are associated with the wransfer of electrons
from substrate to oxygen (233 379 980 412) The effect 15 to hberat¢
resprration from the control normally imposed upon 1t by phosphate
storage compounds of the ccll and at the same time mhsbit reacyons
which are driven by the hydrolysss of phosphorylated mtermedsates
Operationally 1t 15 found that oxidatrve assumilation is sappressed of

244d henol and

¥
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endogenous respiration increased both processes generate an increase
1 oxygen uptake (52 67 145 331 446) In view of the generally non
specific action of the phenols as a group (29) nmitrophenols probably
exert sull other effects on cells

‘The reagents which mactivate sulfhydryl enzymes form a second cate
gory mn which the specificity 1s toward the group of enzymes rather than
toward any one although differences 1n sensitivity are common  ¥ree
sulthydryl groups on an enzyme or other protein can be mactivated by
any of several reactions (21 94 95 306 316 455)

1 Alkylation by eg 1odoacetic aad  The product may be visual
1zed as a thicether structure on the enzyme surface

2 Oxidation of two nearby sulfhydryl groups to a disulfide Fern
cyamde acd and p: almost any mild oxidizing
agent can effect this type of mactivation  Thiols protect against this
Teachion

3 Mercapude formation The charactenstic agents of this reaction
are heavy metals and trivalent arsenicals one of the most specific por
sons of this type 15 p-chloromercunbenzowc acid (316) Thuols protect
also against these agents

4 Additton reactions These have been postulated particularly to
explam enzyme 1nacuvauon by qunones and other o g unsaturated
compounds

Although none of these four types of reaction s certanly known to be
responsible for the action of fungitoxicants 1t will be seen later that
mercaptide formation can be invoked as a possible mechanmism for the
action of heavy metals against fungi and that the fungistatic quinones
may act either by oxidation or by addiuon reactions to sulfhydryl
groups

The third group 1s the most amorphous of all—compounds which
are so generally reactine that they may be expected to inactnate a va
Tiety of enzymes possibly by more than one reaction As mentioned
later the quinones may belong to this group rather than to the class of
toxicants affecting sulfhydryl enzymes only  The action of 2 4-<dichloro
6-(o-chloroaniline) s tnazine and 1ts relatives (447) 1s presumably of
this type  Amino acids and peptides are alkylated by an exchange re
acuon for which the chlormne atoms attached to the heterocyclic ring
a;;)rcsponslble and both sulfhydryl and ammo groups are alkylated
¢

As discussed 1n the secuion on selective accumulation many fungicides
are actne only after a large amount of the tonicant 1s bound by the
cell  This suggests as McCallan (246) points out that most fungistatic
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agents now 1n use are general poisons rather than inhibitors of speatfic
enzymes  The same conclusion arses from the finding (319) that sev
eral very diff are nhibited by fungicides and 15 supported
by the usual farlure to obtain mutants ressstant to organic fungiades
217)

Structural Modifi and Fung ty  The possibility of ob-
taining new fungicides or more useful mod:fications of older materals
has motnated constderable research on the relation between structure
and actaty  Unfortunately much of this work 1s of ittle help m de
terpumng mode of achion since such essential factors as dissoctation of
the toxicant permeability of the cell and the extent of accumulauon
are usually unknown

Horsfall (174) and Sexton (372) review the general field of structure

and activity, some especially 1mportant recent work hias been published
on the s triazies (51 367) denvatrves of acetantide (66) tripheny!
methanes and other dyes (93) substituted pyrazoles (267) unsaturated
hydrocarbons (262) ethylene oxide dernvatives (329) and nitrophenols
(874)
The phenols have been the most extenstvely myestigated from this
aspect Phenol itself and many of its derivatsves have been regarded as
structurally non specific, 1€ as narcotics (29) but activity toward fungt
and bacteria 1s markedly nfluenced by the number and type of subsutu
ents (372 408) Asarule alkylation increases activity and within ln
1ts the longer the alkyl side chain the greater the toxiaty (29 141 377)
This follows the rule for homologous sertes 1€ there 15 an opumum
chain length for activity against a gnen orgamsm (372) Halogenation
also increases the toaicity of phenols (29 282 376) but the position of
the halogen 1s smportant (23 875 408) The mirophenols hawe al
teady been mentioned as respiratory inhibitors

The bisphenols—not necessarily resembling the phenols i thewr a¢
tion—provide another ple of the effect of structure on acuuity
In general both anufungal and anubacterial activites requure that the
compound be halogenated that the linkage between the two rings be
ortho to hydroxy! groups and that the two rings be not too far apart
(58 274) Hexachlorophene or 22 methylenebis(346 trichlorophe
nol) Mustrates these features

Cl OH HO Cl
/N
el
TN N\,

Cl C a Cl




HFAVY METALS 465

Replacement of the methylene bridging group by sulfur yields active
matersals (328) and sull other hnkages are compatible with activity
(73 295) Bisphenols have proved espectally effective wn the protection
of texules from fungal decay (386) and aganst fung: pathogenic to
anmmals (58) The mode of action 1s not known hexachlorophene 1s
mlubitory at hugh dilutton to several respiratory enzymes (135 136}

In lering the effect of sub on fungitoxicity data can
not be evaluated properly on the basis solely of the usual two-dimen
stonal visuahization of an organic molecule Some of the often neg
lected factors may be Disted very briefly

1 A substituent may alter the reactivity of nearby groups or of as
large a component as an entire ning  Substituents may be electron at
tracting or electron repelling may ge or d. ge hy
bonding and chelation

2 A change m structure may either reduce or facilitate stabihization
by resonance

§ The addition of substitucnts may change the pA  Thas 15 espe
aally marked in the phenols (29) phenol itsclf hasa pA of 100 pm

phenol of 72 2 4-dmutrophenol of 40 (883) Thus at pH 7 phenol
1 less than [ per cent sonized and 2 {-dinitrophenol 1s over 99 per cent
1omzed

4 The oxidation reduction potential of for example the naphtho
Gunones may be exther raised or lowered by substituent groups

5 The shape of the mol dered three d 1ly may
be altered by substitution  this has been especially thoroughly explored
1 the acridines the antibacterial action of which requires a minimum
planar arca (6)

6 Alterations in a molecule may make 1t more or less susceptible to
biochemical attack by enzymes of the test orgamsm  as suggested by
Owens (319) for substituted phenols

7 Lastly as previously discussed changes in the physical properties
of 2 compound may render 1t more or less able to enter the cell or to
accumulate at its site of action

7 TIE ACTION OF HEAVY METALS

The major share of our wlarmaton on the fungistatc actvity of
the heavy metals comes from studies on copper the active wngredient
at least unul the advent of orgamic fungiades of some of the most
umportant plant and textile protectants Mercury compounds have
been used less for fung: but more as bactemostatic agents  Silver
13 of little pracucal mmportance because of 1ts cost although 1t 15 an
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effective toxicant (256 311 312) Very little information 1s avarlable on
heavy metals other than these three chromate complenes have been
studied recently (146 439)

Horsfall (174) summarnizes the action of metallic cations measured
by external concentration agamst fungt m the order Ag> Hg > Cu
>Cd>Cr>N>Pb>Co>Zn>Fe>Ca For any one organ
ism the order may differ shghtly (23, 256 300) Roughly the same
order of effectiveness 1s found i experiments on ammals (375)

Because of the reactivity of the heavy metals growth experiments in
comy media are of dub: value the spore germination technique
1s to be preferred  Proteins and peptones are espeaally acuve i de
creasing fungitoxicity (153 214 458) but other materals present i
culture media hase the same effect (247)

Present information allows us to consider the three most toxic heavy
metals—silver mercury and copper—together 1¢ to assume prou
sionally that all have the same general mode of action stver may how
ever differ We can also but perhaps with less justification consider
that the final toxic effect of heavy metal compounds 1s to be ascribed
to the metal 1tself  Howener, some problems are raised by thus second
assumption  Different inorganic salts of copper for example are not
always of equal toxicity (28 279) when copper 1s supplied as cuptic
ammomum sulfate 1t 1s more firmly bound by spores than copper sup-
phied as the sulfate (34) These differences cannot be explained as yet
1n detai] but we may guess that the form mn which copper 1s supplied
affects 1ts uptake by the spore  Provision of silver as the 1odide sharply
reduces both uptale and toxicity as compared to those of other siher
halides (288)

The toxicity of coordinauon complexes of copper deserves special
attention  For years the effectiveness of Bordeaux mixture as 2 plant
Pprotectant was a mystery inasmuch as the copper 1s present on the leaf
i an msoluble complex A number of mvestigations reviewed by
Marun (278) and by McCallan (244) established firmly the propost
tion that matersals from the spore solubilize the copper The most
umportant of these substances are the ammo and hydroxy acids com
pounds which form soluble chelate complexes with copper Mono
methylamine hiberauon by spores of Tulletia caries al<o results 1n solu
bilization of copper (327) and seeds of higher plants liberate copper
from Bordeaux muxture (429)

‘This hypothests requires that soluble copper complexes be toxic.
Some data show that under specified condiuions the glyane and malate
action may not be so great (130) Concentration factors are entical
complexes are as fungistatic as copper sulfate tself (257) fungraadal




HEAVY METALS 467

if the rauo of complexing agent to metal 1s lugh—five to ten—toxiaaty
disappears (28) This 1s consistent with the concept that cell and com
plex compete for copper 1t 18 sigmifi that ethylened e
tate (EDTA) which forms very stable metal complexes abolishes tox
1aty at a 1 1 molar ratio to copper (28 302) Unfortunately these
same observations are consistent also with a second explanation that
the malate and glycine complenes enter the cell whereas the EDTA
complex does not

Organic mercurials are generally more toxic than morganic, both to
bactena (39) and to funga (174 872) Part of the answer to thewr
practical effectis eness lies 1n the appreciable volatility of some of them
(17 88 220) There 15 somc evidence however that the efecuve or
gamc mercunals penetrate the cell as such 1e  that they are more
readily taken up than mercunc 10ns (35 324) Aganst this may be
ated Iumited ¢vidence from pH studies in a complete growth medium
(187) that phenylmercunc acetate 15 more toxic as the ion  In general
both mnorganic and organic mercurials affect the same enzymes and are
equally antagomuzed by thiols although occasional secondary effects
complhicate the picture as i the case of pancreatic amylase (319)

‘The extreme case of increase 1n toxacity by provision of a metal 1n an
organic molecule 1s found 1n a study of the fungitoxiaity of tn com
pounds (199) Stannous and stannic chlondes are essentially non toxic
but tr1 1 butyltin acetate prevents the growth of fungi at 01-05 ppm

McCallan and Wellman (267) find that copper silver and mercury
are both and f dal Fungicadal action 1s of course a
function of time of exposure and of the method by which the spores
are washed free of toxicant

The action of heavy metals on fung: may be conveniently divided
into two topics the uptake of metals by spores and the metabolic or
other effects of the metal once it has reached a sensitve site

Wehave already mentioned that metals i common with other fung:
static matenials are accumulated by fungus spores 1 very high concen
tration and very rapidly (288 290 201) Some further hight 1s cast on
this by earlier and technically less sausfactory studies on the effect of
copper and mercury on Talletia tratics (34 35 36) Copper uptake was
found to follow the Freundlich adsorption wsotherm 1€ to be non
linearly related to external copper concentration  Copper supplied as
an 10mzable salt s remosable by aad but the copper of cupnic ammo-
nium sulfate a coordination complex 1s not so removed  Fnally

onic copper disappearing from solution 1s almost quantitatively ac
counted for by other caons—H+ Fe++ Mgt++ etc—lhberated from
the spore
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T T T T

Germmation per cent

Figure 9 The elfect of pH on ihe toxtaty of copper chlonde to spores of
Alternaria fenuss  Curse 1 (solid hne) control cunie 2 (hroken line) 00001 A Cucl.
Draun from data of Biedermann and Muller (28)

Divalent cavtons generally reduce both uptake and towiaty of the
heavy metals (1 28 150 226 232 273 308) The uptake of silser by
spores 15 reduced by copper and more completely by mercury (288)
Competition by hydrogen 10n 15 equally amportant tlis is shown 1t
Figure 9 and also by the fact that absorbed copper 1s removed from
spores by acid (3 34 174 291)

There e at present M0 ways m which to interpret the data on up
take of metals by spores First we may assume that the entire volume
of the spore protoplasm accumulates the metal  Tlus assumption re
quires in view of the rapdity of the uptake that the metal move rela
tvely freely across the sumi permeable membrane such a rapid move
ment 1s suggested by the speed with which cellular zinc of ispergillus
niger exchanges with extracellular zinc (288) and by some data on the
loss of potassium from bacterra (209) Staimng methods show that
copper does enter spores (129 418) but this approach has not been
developed sufficiently to be of critical importance

The second mode of interpretation 1s ta conswler metal uptake as
an adsorption defined as 2 process that concentrates one component
of a system at an mterface and to lumit the locus of this adsorpuon to
penpheral regions of the cell 1¢ outstde the permeability barrier
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This approach has the advantage that we need not postulate that 1ons
are able to penetrate the cell rapidly although as just mentioned there
1s some exidence for rapid passage of metals through the membrane st
15 generally true considering all the orgamisms studied that cations
especially di and trivalent cations do not move easily mnto cells by dif
fuston (84) The concept that the mmitial uptake 15 an adsorption or
10n exchange process has the additional advantage of explamning both
10n competition effects and the fact that uptake of copper 1s accom
panted by roughly equal extrusion of other 1ons  Nor doces a surface
adsorption require that the cell be Ining or even metaboliing nor
mally 1t has been noted (291) that uptake of several materrals con
unues long after enough towicant has been absorbed completely to
prevent spore germinatton

Against an adsorption hypothesis 1t may be urged that the uptake
of some matenals 15 so large that the classical monomolecular film
could not accommodate the observed toxicant (250)

To test these two hypotheses the most direct approach is provided by
model expermments on the uptake of methylene blue by bacterta (238
239) and by T of N 72 nasperma (407)  The uptake
reaction 1s independent of perature 3 lically powered ac
cumulation would have a high temperature coeffictent Dead cells
adsorb dye as rapidly and completely as Lving cells  Different cations
compete with each other for a limited number of sttes as in yeast (356
357) 1t appears that the cell surface has a countable number of more
or less strongly negative binding sites  Explorauon of the uptake-con
centration relation does not appear so profitable any type of accumula
ton would show saturation effects as the external concentration 1s
raised

If 1t proves possible to regard the smtial rapid uptake of metals as
a surface adsorpuion then the toxic action of heavy metals can be visu
alzed as already mentioned as composed of a rapid stage of uptake at
the surface followed by a slower penetranon perhaps through a dam
aged membrane mto the mterior of the cell  Alternatiely the metal
may enter as a coordination complex.

Effects of sorbed metals upon the cell surface must be considered as
a possibility although 1t seems doubtful that the major site of toxic
action 15 outside the permeability barner  Copper reduces the perme
ability of the erythrocyte to glycerol (84) and heavy metals especially
mercury depress phosphate uptake by bacteria (294)  Slver increases
the loss of phosphotus from fungus spores although mercury does nat
{283) Interference with catabolic anabohe or carrier mechanisms out
side of or on the plasma membrane 1s also a possibility as in the action
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of uranyl 1on on yeast {p 151) Increases sn TESpIratlry rate ase i
duced by sublethal concentrations of metals (247) the explanon
may he in an mereased pemeatnlity o exogenous substrate or less
Ukely 1 nactination of regulatory enzyme systems (20)

Present theomes of the ultrmate action of heavy mecals visualize them
as enzyme powons aud admt only the question of whether they are
primanly effecave aganst sulfhydnyl enzymes or geacrally mhibstory
to enzymes of all types

The reaction of 2 dnalent metal with a sulths dryl enzyme s depicted
comentionally as mercapude formation

4 H VN
En + HgCl ~ En Hg + 2HCL (3}
SH S
The b o a fre bered chelate comples—there are e

pomnis of attachment en the enzyme—s obviaus A monorvalent mesad
or an arganic mercursd bhe pchioromercusibenzoe acd reacting s
such presumably forms mercaptide with only a swgle sulfhydny!
group The argument for the wmportance of tus reaction i based
pumanly on the obsernation that heavy metal poisorung of both bac
tersa and funge can be prevented or wuhin certan wme hmits e
versed by such thuol compounds as ¢ysteme glutathsone and 23t
mercaptopropanol (107 185) In additon 1t can be shown that
mercaptide formng Teagents react stowchomerrscally with free suffhy
dryl groups of protems (13 316)

Shaw (373} proposes a moded for the tafubition of vita) processes that
s based on these consideranons and the added assumption that 1he
sulihydryl groups with which cations combane are part of the cataly?
1cally active sute of the sninbsted engyme  The drving force of Bqua
ton 315 regarded as proportional to the free energy of the suple teac
twon

Met o 5=~ &5 MeS @

That » toxmcity should be correlated with the wsolubshiy of the metal
sulfides (MeS) The order of wsolubilssy 35 1n act vexy much ke the
order of toxzaty Hgs=Ag> Cux Pb»Cd >Zn  This s alse the
order of affinty of metals for the suifhydryl group of punfied scrum
albumin (204)

Emphasis on rexction with sulfydryl groups niy however duvert

from other posubif In parucular the sunple demon

stration diat thiol compounds antagontee the wweaty of metals 1018
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tact cells cannot by 1tself prove that the primary effect of metals in vivo
1s on sulfhydryl enzymes  ‘Thiols form stable covalent compounds with
metals and would be expected therefore to compete successfully with
almost any bond formed between enzyme and metal

That the sulfhydryl hypothesis may be too hmited 15 indicated above
all by the observation that many enzymes which are not apparently
dependent upon sulfhydryl groups for thewr activity are bubited
witro by one or more of the heavy metals These include sucrase g glu
cosidase arginase asparaginase carbomic anhydrase catalase and cyto
chrome oxadase (319 388 405) As already mentioned inhibition of

): and spore g at app: ly the same concen
tration by heavy metals 15 also suggestive of a general poisoning of many
different enzymes

If we grant that heavy metals are general enzyme poisons we may
inquire about the sites at which they mught act on an enzyme Obwt
ously as Horsfall (174) emphasizes the order of toniarty closely resem
bles the order of stability of metal chelate complexes  From this 1t 1s
apparent that the heavy metals mught act by displacing from an enzyme
a metal like magnesium which 15 essential to 1ts activrty and which 15
bound normally 1n a coordination complex However the order of
stability of chelate compleses 15 for obvious reasons much the same as
the order of msolubility of metal sulfides just described and either
sertes may with equal probability be considered the more important

Several potential binding sites are available on proteins to react with
transition metals Itke mercury silver and copper These mnclude car
boxyl phosphoric and phenolic hydroxyl
groups (204) The primary carboxyls and the a ammo groups of the
amuno acids are of course tied up 1n peptide bonds and such side
chains as the guamdine and amide groups cannot be expected to bind
metals at biological pH values

In principle at least nactivation of enzymes by metals 1s not limited
as to location the enzyme or enzymes may just as well be at the surface
of the cell as tn the intertor Howenver 1t seems more probable that the
metals reach the wmtenior of the cell and are not confined 1n their action
at fungistatic concentrations to the surface

Thas discussion of toxiaty of the heavy metals makes 1t clear that
there are numerous unsolved problems especially with regard to the
penetration of heavy metal 10ns 1nto the cell Some of the more 1m
portant pomnts may be listed 1n conclusion

1" Dufferences i toxiaty between varnous compounds of a given
metal are ascribed to differences 1n the rate at which the toxic metal
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seaches the site of action  The contrast betneen somzed salts and
umomzed lipad soluble organic compounds 15 espectally marhed

2 Toneuy of the metals 15 affected by hydrogen ton and divalent
cantons and by the presence of natural substances—~protesns ammo
acuds hydroxy aads ete ~which bind metal 1ons

3 Metals are accumulated by spores m Jarge amounts from difute
selutions

4 If meral wons cross a permeability barrier slowly 1t 1s possible that
accumulation oceurs by an adsorption process and s followed by a
stower entrance of the son or a complex of 1t nto the protoplast  lon
antagonssmt 2ccarding to this hypothests 1s exerted s the dsorpton
phiase  For the present Dowever »t must be admasted that this mecha
nism s specnlatne

5 Although the primary effect of merals 15 probably on enzymes
the wmntenor of the cell effects on the permethility barrier stself cannot
be excluded entrely

6 Heavy metals snactnate enzymes  Combimaton wuh essential
sulfhydryl groups 13 the Favored explanation but it 1s lkely shat other
macenagon reactions umolung the formation of electrostatic or ©
ordinate bonds also contnbute fo enzyme nlubiton

8 THE ACTION OF SULFUR

The most muportant organic sulfur fungiedes are the ditheorarba
mates considered Inter as chelating agents  AMany other orgasc salfur

P duthrazaliines (12) th (80 112) mercaptob
thiazole (100} xanshates (82) aryltuoalkanecarboxylic aads (102)
henoth {131y $ pyruchinetine) (39%) benzothuazoles (142) com

Ezaunds with the N trichiorome thylthro grouping (201) substituted 1o
cyanates (215 141} unobisphenols (328) and such anubotics as 2ct
thnazc actd and ghotoxsn—are more or Jess fungioxic  However there
18 10 7ea50n to suppose that sulfur 15 necessarsly dwectly imvolved i the
reaction of 2} these dnerse compounds with cellular o in
somea orgaiue molecules the presence ot absence of sulfur has no nfiv
ence o toxiaaty (37 8% i athers ot has (102)  Some of the sulfur
compounds probably act primanly as chelating ageats (31 174) e
athers sulfur may excre an effect by modifying the reactvity of nearhy
functonal groups or by afiecung solubtliey

Inorgane sulfur hike copper bas been in use as a fungrade since the
begmuing of sevious efforts to control plant disease  The vanous forms
used ncfuding Bquid fme sulfor all act ultimately as clemental sutfur
Sulfur s of course virtually water snsoluble and a great deal of effor
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was earhier devoted to proving that some more soluble denivative 1s the
active agent the history of these investigations has been reviewed else
where (174 24%) It 1s now agreed that the form in which sulfur
reaches the fungus spore 1s the vapor phase of elemental sulfur (246)
Fungitoxiaity 1n any particular situation of use 15 dependent upon tem
perature (459) the particle size of the sulfur deposit (370 442) and to
some degree the allotropic form of the sulfur (103)

For some ume following a series of cntical studies the detarls of
which are reviewed by McCallan (244 246) and Horsfall (174) ele
mental sulfur was considered to be reduced by the fungus spore and the
effective toxic agent was taken to be the hydrogen sulfide formed by the
biological reduction  Hydrogen sulfide 1s fungistatic (442 443) and
somewhat fungiadal (248 249) It appears now however that the
toxtaty of elemental sulfur on a weight basis 15 greater than that of an
equuvalent amount of hydrogen sulfide as shown in Table 2 Conse

Table 2 The Relauve Toncues of Sulfur and Hydrogen Sulfide*{

Wettable Collordal Hydrogen
Specics Sulfur Sulfur Sulfide
Monilinta fructicola 54 [ 284
Cephalosporrum acremonsum >100¢ 03 121
Asperyillus s er >1000 03 15%
Glomerella cingulata >1000 04 <01
\eurospara sitophila >1000 10 38%
RH opus my ricans >1000 27 59
Alternarsa oleracea >1000 18 15
Stemphylium sarcinacforme >1000 31 88

* From Muller McCallan and Weed (?89) by permmssion of the Boyce Thomp
son Institute for Plant Research Inc

1 Toncity 18 eapressed as the dose 1 parts per mullion required to hll 50
per cent of spores 1n an exposure of 24 hours concentrations are of the external
solution or suspension

§ Highly significant difference berween colloidal sulfur and hydrogen sulfide

quently the second part of the older theory—that hydrogen sulfide 15
the ultimate toxicant—s untenable

Attention has therefore been drawn to the process of sulfur reduc
ton atself as a possible primary event i toxiaty The reduction of
sulfur to hydrogen sulfide by fungus spotes 1s a general phenomenon
and has been shown to be brought about by spores of many different
fung: under both anaeiolic and partially aerobic conditions (253
289) ‘The zctiity of species vartes widely Cephalosporium acremo
ntum under b d forms G 39 mg hydrogen sulfide per




474 CHEMICAL AGENTS

gram of spores per hour almost 300 tmes the rate of the same process
wn Rhezopus migricans  In these experiments there was no external
hydrogen donor so that cell constituents must have been cxadized 1t
15 fonnd as would be expected that under such arcumstances high
rates of hydrogen sulfide evolution are not mamtained for long Anm
aerobically the formation of hydrogen sulfide from sulfur is accompa
med by an equnalent release of carbon dioxide aerobically sulfur
ncreases oXygen uptahe (246b)

Mycehum of Fusanium hins ss simslarly capable of reduang elemen
tary sulfur in the presence of 1sopropyl alcohol as hydrogen donor (369)

Fungs of different species differ very markedly in their sensitivaty to
sulfur under field or laboratory conditzons of the common test fungt
for example Stemphylum sarcinaeforme 15 about 60 tmes s resistant
as Monlinua fructicola (Table 2) However 1t has not yet been possi
bie ta correlate the enzymatic reductron of suffur with s fungitoxicity
—fung: which are relatively tolerant of sulfur are numbcred among
both those most active and those feast active 1 reducing sulfur whereas
the more sulfur sensitive species tend to be mtermediate 1n reductng
capacity (289) However this type of study has only begun and it 1s
not yet possible to exclude any hypothesis with finahty

The production of Jarge amounts of hydsogen sulfide from elemental
sulfur 1 the absence of external hydrogen donors suggests that some
relatton may m the future be established between the d t of
metabolism associated with this process and the toxiaaty of sulfur (259)
It 1s clear that sulfur 1s competing with normal hydrogen acceptors and
two speculatne hypotheses are suggested by thts i The first
may be expressed rather crudely by the proposttion that i the pres
ence of very large amounts of a suitable hydrogen acceptor sulfur de
hydrogenation reactions escape {rom the normal control mposed upon
them under anazerabic conditions  This normal control may be aither
the hmited supply of acceptors for high energy phosphate or a pot
sonmg of bolism by the acc lation of such fer 10n prod
ucts as ethanol the first of these 15 the more Iikely  The ph)smlogxcal
effect of such an escape from regulation would be the disappearance
of the cell s reserves  According to this hypothiests sensitivity would be
a function of the amount of uulizable reserve matenals avaslable to the
spore and should be reduced by provision of 1n external hydrogen
donor

A retated hypothesss to explam  deleterious effect of the reducuon
process itself 3 that uttlizauon of reserves per se ss less importt than
ihe fact that provision of sulfur results 1 a serics of oardations which
are not coupled to the energy storage and energy utilizaon mechanisms
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of the cell  That 15 sulfur diverts metabolism 1nto non productive or
ineficient pathways

Anaerobically methylene blue prevents the reduction of sulfur by
spores of Neurospora sttophnla (289) It s known that methylene blue
does not accept hydrogen durectly from substrates or the pyridine nu
cleouide cocnzymes but from hydrogen (electron) carmers such as the
flavoproteins and possibly cytochrome b (116)  If the sulfur reduc
ton process 1s 1 1tself damaging to the cell 1t 15 at this lesel that we
should look first It may be noted that sulfur reduction 1s also inhib
tted by 2 3 dichloro 1 4 naphthoqumone the oxidation reduction po
tental of which ts presumably close to that of methylene blue

Selemum and tellurtum are much less toxic than sulfur and therr
reducuion to hydndes by yeast cells 1s correspondingly much less rapid
(#43)  Selemum 15 accumulated m organic form by the mycehum of
Aspergrllus mger 1n competition with sulfur and selenate inlubition 15
partially or wholly counteracted by reduced sulfur compounds (435)
These and similar data on Chlorella vulgans (378) can be interpreted
n tarms of competitive b bya 1

8

9 QUINONES AND OTHER UNSATURATED COMPOUNDS

A number of actively fungistauc matenals are characterized chem
cally by a system of con]ugalcd double bonds  Of these the most 1m

portant are the q comy ds but the a 8 Letones
are also of mterest
"The most generally active g d Is are the d

P benzoquinones (266 411) and 14 naphlhoqumone and sanous de
Tivatives of 1t (228 229 280 364 413) including synthetic vitamn K
(2methyl 1 4 naphthoquinone) (15 70 133) The triphenylmethane
dyes eg malachite green and crystal violet are fungistatic and sig
nificantly the leuco form (benzenoid) 1s not active against exther fungi
(93) or bacteria (111)

The chromophoric group of the actinomyains 15 quinonoid (Chapter
8) and the anubactenal javanicin 1s a naphthoquinone (Chapter 6)
The tropolones some of which are produced by fung:i (Chapter 6)
have 2 modified quinonod structure (325) some of the thujaplians
present i the decay resistant heartwood of Thuga plicate show mod
erate fungnslauc actinaty (19 314 345)

A few ples of des are shown 1n Figure 10

It will be recalled that many fungi possess part or all of an enzymatic
system whuch onidizes phenols to quinones and further metabolizes the
quinones to black melantn pigments (Chapter 6) It follows therefore
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Figure 10 Tungsstatic quinonosd compounids

that appropreate lydroguimones themsehes non toac tmay be cont
verted to toxic qunones  Thus 2 3 dichloro § 4 naphihehydroguinone
sabubits Montla Iaxa presumab!y because 1t 15 oandized by the fungus
to the g naphth esters of the hydroquimane are
firse h;dml)zed then oxadized (56)

Deroxficataon of quimones would be expecied of # fungus which
forms melamn pigments Stemphy hum sarcinaeforme which 15 nor
mally blach pigmented appears to convert many quinones 1o non LOXIC
produers (347)

‘The veacuwity of quinones is 5o great that more than one mode of
action may easly be envisaged  Although any quinone affects the oxs
dation reduction potentzal 1t does not seem possible to correlate exher
bacteriostauie or fungistatic effects wath this property (266 321 434)
Asafl 2 Letones g can react with both sulfhydnyi
1nd anuno groups (872) and these possibihues have enhsted conssd
crable wnterest

Quinones react by additton with umple thiols (212 292)  Corre

hingly the obial activity of g 15 often reversible
by sulfliydsyl campounds (70 121} Howeser we bave alteady noted
that (huot reversal 15 not by stself sufficient proof of the nature of the
Many of the enzymes known 1o depend upon sulih)

1 vive reacion
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dryl groups for their activity or known to be inhinted by suI(h)dryl
reagents are 1t 1s true hibited i vitre by q and

quinones (113 159 211 213 228 319 320 364) and protected from this
miibition by thiols (319) Howeser a scries of 1nvestigations shows
fist that quinones inhubit enzymes other than sulfhydryl-dependent
types and second that the order of effectiveness of different quinones
as enzyme mh 15 not correlated with their bial activity
{163-171) It s also to be noted that quinone toxicity to Gram positive
hacteria 1s not antagonized by thiols (121)

These considerations indicate that some other reaction with essential
proteins should be considered possibly an mactivation of amino groups
For the present 1t 1s not possible to speaily any particular ultimate site
of action for the quinones and the evidence suggests that they may be
general rather than speaific enzyme inhibitors comparable to the heavy
metals

‘The relation of structure to fungistatic activity in the quinones 1s re
viewed by McNew and Burchfield (266) Toxaty genexa]ly decreases
m the sertes naphthoq > phenanth

1 Hal

effectiveness the effect of
other suhsnluenls depends upon speafic type and positton  Compan
son of the effect of structure on inhibition of amylases reveals several
nstances in which a given structural feature affects fungitoxaaty sn one
way enzyme mnhibition n another (320) Among the naphthoquinone
antimalarials activity 1s generally correlated with low water solubility

that1s not only a reactive grouping but also some non polar properties
are essential (105)

Although some quinones are natural products of fungi and could 1n
prnaple participate i termnal respiration (Chapter 6) there as as
yet no firm evidence that fi act as bolite ana
logues although as menuoned earlier “thexr action may be reversed by
natural quinones

Non quinonoid « 8 unsaturated Letones are not so actuve as the qui
nongs against fung: many however are anubacterial Seseral eg
paculin and pemicillic acid appeared first as antubiotics produced by
fungt These compounds mhibat sulthydryl enzymes and their mhib
tion of both 1solated enzymes and intact cells 15 reversed by thiols
Consequently 1t 15 behieved that anubacterial action depends upon
some reaction perhaps addiuon across the reactive double bond with
sulfhydryl groups (122 123 351) Patulin however does not mnhibit
urease a sulihydryl enzyme (168) and the acuon of dehydroacetic aad
1s not reversed by thuoglycolate (451)

Studses of the action of unsaturated compounds on Botrytrs allu and
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other fung: have a direct Learing on the toacity of quinones and other
o g unsaturated hetomes It 15 proposed that any substituent which
tends to withdraw electrons from a double bond ncreases toxcuty (262
301) Thus dersatnves of » nitrostyrene CoHy~CH=CH~NO arc
much more active than styrene CgH —CH=CH  The sunsanty o
the o # unsaturated hetone structure

AN

Ce=C—C—
7
1s obvious  The same relation holds among the lachrymators keto
aldehyde, ester (but not carboxyl) and mitro groups all confer ability
on the double bond to attack sullhydry] compounds 1e all increase
actnaty toward nucleophilic reagents (94 95)

10 CHELATION AND FUNGISTATIC ACTIVITY

A number of chemicals which are known to be strong chelaung
agents for metals are also found to be toxxc to cells of fungt and other
organisms  Since the most effort bas gone into the problem of the
mode of action of the dithrocarbamates and of 8 hydroxyquinoline
{oxine) we shall it this secuon largely to these compounds after
prehmnary consideration of general topics

Chelate compounds are compounds m which a metal ton combines
with two or more clectron donating groups of a hgand mn such a way
that onc or more rings are formed (276) As an example the siepwise
reaction of oxtne with copper may be written

——ut
o P
N, =
S, o oz
_ - F
Oune 1 2 complex
o\c P
H
Ny 5]

3 2 compl x
In dus example the fimal product the 1 2 chelate has no exposed polar
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groups and hence extracts easily mto a non polar solvent The 11
chelate 1s polar A polar group not mnvolved in the union with the
metal would of course remamn unchanged and reduce lipid solubtlity
The number of different complexes formed by a given metal with a
higand 1s a function of 1ts coordination number

Biological systems necessartly contamn many different 1ons able to
parucipate m chelate complexes and the nature of competition raust
be considered In general most chelating agents form complexes of
varying stability with metal 1ons in the order (from most to least sta
ble) Cut+ Nit+ Cot+ Zn++ Cd++ Yet+ Mn++ Mgt+ (276)
‘Thus copper will displace any of the other hsted 1ony magnesium none
However some biologically important chelating substances do not fol
low this rough rule «a dipyridyl and o phenanthroline for example
have a speafic affinity for iron

Stabtlity of metal chelates 1s usually expressed by the constant A the
formation (or dissociation) constant a measure of the equilibrium

M4 5A = MA ©

1 which M = metal A = ligand and » = the number of ligand mole
cules per metal atom 1n the complex  Ideally A 1s expressed by

(MA)
0@ o
m which brackets indicate activaties (276) Values of log A may be
veryhigh eg 28 for the copper oxine complex 1t 1s obvious that negh
gible amounts of free copper can exist 1n the presence of excess oxne

Factors which fundamentally determine A are discussed by Calvin
(59) Chabarel et al (63) decribe the use under brological conditions
of a plot of the negative logarithm of metal concentration agaimnst pH
for prediction of the behavior of chelate systems The hgand may be
considered as a Lewss base at low pH more of it 1s bound by protons
and consequently the metal chelates are less stable under acid condz
tions

Many normal cell metabolites are chelating agents examples of such
nictabolites include amino and hydroxy acuds porphyrns peptrdes
and polyphosphates Some of these may owe their biological function
to therr chelating properties  Chelation 15 almost certainly necessary to
the function of the manganese requiring peptidases (289) and quite
Likely 1t 15 essential to the action of other metalloenzymes and electron
OF OXygen transport systems (59 97)

‘We may approach the question of fungistatic action by first noung
that chelating agents are often powerful whibitors of metalloenzymes

F=
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in cell free preparations  The posoning of certam tron enzymes ¢g
cytochrome oxidase by cyanude or ande presumably mvohes chelate
bonds with the iron atom  Enzymes known to depend on metals for
their acuvity are whibsted by chelaung agents polyphenoloxidases by
dethyldithiocarbamate ande and other compounds able to complex
with copper (184 319 400) zine metalloenzymes by oame o a-dipjn
dyl and o phenanthroline (420) The specificity of chelatng agents
is however so Jow at biological pH levels that inbubitton by them dacs
not as a rule suffice to wlenufy the metal actnve for a given enzyme or
enzymatic system

In the systems just mentioned 1t 1s not Anown whether the chelating
agent combnes with the metal :# 514 on an enzyme or coenzyme oF
competes with the catalyst for the himited amount of metal present
Inlbiion of dwllyifuerophosphatase by 8 hydroayquinoline and
ethylenedhaminetetraacetic acd (EDTA) appears to arise from semoral
of calcrum from the enzyme (299) other enzymes dependent upon cal
crum for activaty or stability are also anfubited by EDTA (86 139)

Emally a few examples of i vivo effects of chelating agents may be
menuoned nhubttion of synthesis of phenolic compounds by Phyce
myces blakesleeanus (48) prevention of the translormation of Brucells
abortus from the smooth to the non smooth form (68) and ihibizon
of g aad 1 by Staphylacaccus aureus (117) In the
two Jast mentioned nstances 1¢ 15 beheved that the biologically actue
metal 15 manganese but the locas of the manganese chelate—within
the cell or outade 1t—cannat be determumed  Several metal complex
mg agents ncluding cyamde sodium dunethyldithuocarbamate and
ethylencdiaminetetraacenc acrd cause the release of subcellular par
ticulates from cells of Candida albicans (284)

Although at 1s usually found that in any sertes of chelating agents
many compounds are toxac (174 180) and many emprrically discos
ered toxicants wrn out to be chelaung agents (7 60 433) the assoca
tion 1s not uniform presumably because both the stability of the com
plex and sts molecnlar architecture are factors int toxicity or mn the
ability of the molecule to reach the site of tosictty  Chelation one
1 other words does not necessarily confer toxicity (8 261) The best
example of 1 close association between toxiaty and chelauon 15 the
sertes of compounds related to oxmne only those that complex metals
are bacteriosiatic (10 11)

The assoctaton of toxicity and abulity to chelate was at first thought
to sigmfy only that the chelaung agent deprises the cell of essential
metals ($61 462) Several subsequent developments houwever make
1t seem unlikely that metal staryation per s¢ 13 the primary mechanism
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of toxtauty at mimimally fungrstatic doses  First copper oxine is as toxic
15 or even mote toxic than oxmne wtself (281 313 424) The same re
fation holds for the metal complexes of other chelaung agents (272 372
395 433) Second there 15 some evidence that toxicity to bacterta and
fungs 1s Tess 1 a2 medium Jow 1n metals than 1n the usual medwm (5
9 14 358) Funally successful use of chelating agents to supply metals
both to fung: (Chapter 9) and to higher plants (143 401) suggests that
cells 1n general can compete successfully for metals with even quste
stable complexes

Metal starvation cannot however be dismussed completely as a factor
m tontety  Chelating agents reduce the metal-dependent spore pig
ment of dspergeilus miger (:58) EDTA prevents spore gernunation of
Neurospora tetrasperma without apparently enterng the cell (406)
and atrate effects on enzymatc adaptation 1 4 obacter spp can at
Ieast be mterpreted as a depletion phenomenon (368) Inhibition of
sporulation by chelating agents (179 428) suggests that a hugher metal
requirement makes sporulation especially sensite to metal depriva
tion

A number of observations covered 1n detail 1n the ongnal literature
(9 31 32) support a plausible working hypothesis for the action of
oxme and its metal complexes The hypothesis starts with the equ
libisa already described (Equatson 5) of oxine 1ts charged 1 1 chelate
and the neutral 1 2 chelate It 1s believed that the 1 2 chelate perhaps
because of 1ts hugher hipid solubslity enters the cell more rapidly than
the 1 1 chelate and n that sense 1s the active species  However within
the cell 1t seems likely that the 1 1 chelate 1s the more toxic perhaps by
Teacting durectly with essential metal binding sites or wath sulthydryl
groups essential to the cell This hypothests has the advantage of ex
plaining the bimodal dose response curve of oxine (6 31 281) which
1s smular 1n prineiple to that of the dithiocarbamates (Figure 11) and
the complex interactions of metal and oxine concentrations (32) Sull
10 be demanstrated howeser are the roles of free metal tons and fice
oxme the site of the proposed toxic reaction and the role of natural
chelating substances within and on the cell Also as with all perme
ability hypatheses the lack of direct evidence 1s dsstressing

8 Hydronyquinoline 5 sulfonic aad 1s a chelaung agent but 15 not
antibacteriai (6) [t fauls to inkubit Mombinia fructicola but 15 actne
agawst Macrosportum sarcinaeforme (177) It seemss possible that the
amonzc group acts by preventing access of the molecule to the site of
acton (6) on this hypothests M sarcinaeforme must be more perme
able to the compound than arc bacteria and 3 fructicola

The actron of the dithiocarbamates and their dernatives may be ex
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Figure i1 The eflect of the concentration of tetramethy lthiuram disulfide (TVTD)
on spove gernunation of Stemphylum saranaeforme Redrawn from Dimond
Horsfall Heuberger and Stoddard (91) by permussion of the Connecticut Aemt
cultural Expeniment Station New Haven Connecticut

plained 1n a simlar way  Figure 11 llustrates the well known bimodal
dose response curve charactenistic of this family of toxicants the gen
eral form of the curve shown has been confirmed 1n studies on spore
germunauon of T enturia inaequalis (298) 1nd on growth of Aspergillus
niger (196 198)

The structures of nterest are shown 1n Figure 12 with code abbrevi
auons Other complencs can of course be prepared and have been

s 5 s
CHs I ] CHy ]
/N—c—s~—s—-c—z< -G-8
CH3 CHj CHj
‘Tetram thylthwram cis 1ide (TMTD) Sodium dim thyldithiocarbamate
(N DMDT)
s
5 §—C—N__
CHa i / CHs
/N—C—S—‘Fe\ cH
3
CHa §—C—N
0 e,

Ferne dim thyldsthiocarbamate (Fe DMDT)

Fiure 12 The structure of some dithiocarbamate fungcides



CHELATION 483

tested as i (174) butitis p d that the active group
ing 1s the same 1n all

‘The unpartant reactions of the duthiocarbamates from the standpoint
of mode of action may be summarized (127)

TMTD
Oxidation |} Reduction
n metals
CS; + (CH;)sNH — DMDT— —2% Metal complexes 8)
Hjdrolysis
TMTM

{Symbols are taken from Fagure 11 TMTM = tetramethylthisram
monosulfide )

The primary problems of mode of action 1n this sertes are set for us
by (1) the bimodal response curve and (2) the effect of metals on toxic
ity Although 1t has been considered possible that carbon disulfide
formed under acid conditions (234) or enzymatically (191 192 38%)
from DMDT 1s the active toxicant both this and other decomposition
products are of too low inherent toxicty to account for DMDT action
(322 452)

The best avaslable worlang hypothesss for the action of DMDT 15
rather similar to that Just discussed for oxine It 1s proposed (127 196)
that the first peak 1n the dose response curve murors the {ormation of
atonc 1 1 complex of DMDT with copper present in the medium It
15 suggested on the basis of work with yeast that this water soluble
charged 1 1 complex exerts tts effect at or just beneath the cell mem
brane (127) thus suggestion supported by mndirect evidence avouds the
problem of explaining penetraton of a charged complex At higher
DMDT concentrations the msoluble and non toxic 1 2 copper complex
{2 moles DMDT per copper atom) forms and accounts for the trough
in the dose response curve At stll hugher concentrations of DMDT
either the {ree anon becomes toxic (196) or some other toxic complex
eg with zinc 15 formed (127) The first of these possibilities seems
more probable free dithiocarbamate inhibits enzymes s vitro (319)

It 1s to be noted that this hypothesis explains the first peak of the
bimodal response curve as a function of copper 1n the system 1n a me
dium low 1n copper and other metals there should be only a single peak
w the curve  Thus 15 borne out by visual estuimates of mycelial growth

(196) but has not yet been shown by the more precise spore germumation
technique
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Figure 11 The eflcct of the concentrauon of teramethy lthiuram disulfide (TMTD)
on spore germnation of Stemphylum sarcmaejorme Redrawn from Dimond
Horsfall Heuberger and Stoddard (91) by permusston of the Connecteeut Agrt
cultural Experument Statton New Havert Connecticut

planed m a similar way  Figurc 11 1Hustrates the well known bimodal
dose response curve charactenstic of this famly of toxicants the gen
eral form of the cunve shown has been confirmed n studies on spore
germunation of } enitiza tnaequals (298) and on growth of 1spergillus
miger (196 198)

The structures of 1nterest are shown 1n Figure 12 with code abbreyt
attons  Other complexes can of course be prepared and have been

s s 3
cHy  § § em oy f
N—c-s~s—~c—z( N—C—s—Ta
cny Cly cHy
Tetramethylthiwram dwuléd (TMTD) Sod um dumethyld thioccarbamate
(N2 DMDT)
i s
s $—-C—N(
i S
el 5—Fd i
3
s—0—n
I CHy

Ferne dun thylditbrocarbamate (Fe DVIT)

Figure 12 The structure of some dithiocarbamate fungicides
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bimodal dose response curve does not prevail in the bisdithiocarbamates
{174 246) B bamates are ble (234) and several break
down producls have been suggested as the active toxicant  Disodium
th bamate] atself 1s pletely without fi
action (247 432) Carbon disulfide one of the breakdown products 15
unlikely to be of primary importance (432) It appears that three de
myed compounds which arise by breakdown of the parent substance all
contribute to toxiaty ethylene dusothiocyanate ethylene thiuram
monosulfide and polymers of the thiuram monosulfide (197 236 237
414) Reactivaty wath thiol groups has suggested that the pnmary toxic
acton 1s on z sulthydryl enzyme (197}

11 CONCLUDING REMARKS

In hus treatse on the prinaiples of fungiaidal action Horsfall (174)
emphasizes the two requirements of a toxicant that 1t be able m some
way to react with an essential cell constituent and that it be able to
teach the site of this reaction It seems fair to say that for no fungicidal
or fungstatic materaal can both these requirements be specified 1 terms
of structure  Nor does 1t seem hikely to me that further empirical test
g of ever-different organtc compounds will by itself allow us to draw
up accurate specifications as guides to both theory and practice In
stead we need to know more about the toxicants we have espeaally in
terms of the theory of ch 1 On the biol 1 side of the
problem a frontal attack on the problems of the cell surface 1s surely
an urgent necessity It must be realized that at the present tume all
explanations based on an assumed permeability or impermeability are
1o more than guesses 1n the absence of independent evidence 1e
evudence not based upon the toxic reaction 1tself

Although no line of investigation can of course be ruled out 1t does
seem that the search 1n the fung for speafic enzymatc loar of toxiaty
1s less promising  Many of the most actine matertals may be general
rather than speafic poisons 1f this 1s true they will inhibit almost any
enzyme the investigator happens to test but none of these will be the
site of actvity
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Liebermerster (225) has proposed that several drugs effectrie aganst
My cobacterium tuberculosis are also active by virtue of their formation
of a toxic complex

Some of the detailed data on the acuon of the dithiocarbamates 1
wnconsistent with or at least not explamed by the theory of action Just
outhined These data are thoroughly reviened by Horsfall (174) and
it should be clear that many problems remam  No other hypothesis
however explans the bimodal dose response curve

Inudazoles which are themseles complexing agents antagonize the
action of DMDT n the concentration range of the first peak of toxtcity
(198) This suggests that the locus of toxicaty of the 1 I copper chelate
15 an enzyme which 1s normally coordinated to some metal and that the
available coordination positions of the copper in the 1 1 complex re
place the metal on the enzyme

Dithiocarbamates at mmmally fungistatic concentrations have vey
shight activity against endogenous or glucose respiration 1n fung: (81
127 203 314) Acetate oxidation m yeast 15 considerably more senst
tive (127) ‘The respiratory enzyme triose phosphate dehydrogenase 1s
inhubited 1 yeast and 1 Fusarium roseum by TMTD (384 380) This
may be explaned on the basis that the dithiocarbamates react with
glutathione (432) and that the reduction of TMTD to DMDT (Equa
tron 8) 15 likely to be coupled to an oxidauon of such labile cell mate
rials as glutath Stnce glutath 15 the prosthetic group of triose
phosphate dehydrogenase (210) 1t follows that this enzyme will be
especially sensitive It must be concluded that we are at present unable
to pomnt to any specific system the inhbition of which 1s the primat}
effect of either free dithiocarbamates or their active complexes

The present picture of the action of fungistate chelating molecules
1s thus one of great complexity A gnen compound exists as an aniort
or as an uncharged molecule and as complexes of various metal Iigand
ratios with one or more metals One or more of these molecular species
reaches the sensitive region of the cell at which point a new set of
equilibrium conditions complicated by the presence of cellular chelat
ing agents must be envisioned  Sull other compheations can be ntio
duced by structural alteration of the chelating agent such structural

changes nfluence tomization water and lipoid solubility and the sta
bility of metal complexes

Although the bisdithiocarbamates are superfictally silar to the

ditluocarbamates and are also chelating agents the evidence to date
suggests that the mode of action 13 not the same  In particular fungt
show different sensttivities to the two classes of toxicant for a given
fungus the slopes of the dose response curves arc difterent and the
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bowtnus 122
edulis 40 342
granulatus 346
tariegatus 20 231
Botryosporium 20
Batrytis 115 183
allss 441 47748
ctrerea 17 115 $17 132 133 134 364
390 40 412 413 415 4.6
squamosus 428
Bremia lactucae 364
Brevilegrua gracths 63 91 30>
Byssochlamys fulve 115 116 192 421
425

Caldanomyces fumago 133 183
Caloneetrna decora 157
Candida 305 336 $46
albieans 10 302 480
pulchermma (see also Torujopus pul
cherrima) 283
trapreabs 10
Cantharellus cibarius 40
Caprodum salicmum 15
Cenococcurn gramforme 259
Cenirospora acertng 478
Cephatasporum acremonsum 395 403
costantss 14
salmosynnematum S04
Cephalothecoum roseum 16 3.9
4 {see alse
phore Ophostoma) 351 33, $46
fimbrista 131 363 871 812
s 384
pueraspora 328




ORGANISM INDEX

Lectarius 47 164

Lactoboallus 221
arabinosus 260
caser 342
leichmant 34
pentosus 221

Lagenidum giganteum 40

Lonx 114

Lentinus degener 167
lepideus 165 461
omphalodes 259

Lenutes abictina 156
sepang 115 15 410
trabea 17 346

Lepiota naucina 80

Leptographum 258

Leptomutus lacteus 60 81

60

&

248 °8
Leuconostoc mesenteroides 216
Lobaria retigera 167

Lophodermium pinastre 339

Lycogala 108

Lycoperdon g ganteum 153

Macrochytrium botrydiordes 68 157
Macrophomina phaseols 115
Macrosporsum sercinaeforme (see also
Stemphylium  sarcinaeforme) 175
406 481
Magnusia 408 410
brachyt icha 405
miida 407
Malbranchea pulchella 184
Ma asmius 21 48 83 302 346
chordalis 134
fulvobulbsllosus 331
graminum 20
perforans 331
Totuls 21
Mast gosporsum album 17 407
Melampsora lins 391 40° 426
Melanconsum fubsgineum 367
Melanospora
dest uens 369 372
m o 369
Memnontella echinata 62 70 81 91
133 327 334 394 402
Merulus 133 134
confluens 20
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Merulius domesticus 83 302
lacrymans 15 119 132
niveus 143

Metarrhinum 115

Micrococcus demtrificans 244

Micramonaspora 9 254
vulgans 18 209

Microsporum 84 265
audowsms 337
canis 302
Dpseum 84 306

Mitruls paludosa 333

Monascus 347

Momilia (see also Sclerotima) 13
formosa 133 135
fructigena 115

Momlmia (see also Sclerotinia) fructs

cola 9 36 390 39 445 446 451
473 474
laxa 476

Monoblepharella 152

Monotostoma lanuginosa

myces lanuginosus

Mo chella esculenta 38

Mortierells 133 214
remispora 251 253

Mucor 40 46 115 137 133 156 214

250 342 346 413

dispe sus 390 430 431
gu llermondu 10 08
hiemahs 161 342
mucedo 82 133 152 374
plumbeus 132
pusilius 17
pyrijorms 133

cemosus 115 21

ramanmanus 331
ousu 132

Mycena 27 8 83 403

Mycobactertum 3
paratube culosis 344
tube culosis 344 484

ycoderm v 40

Mycogone pe micosa O

Mycosphaerella it ull na 66
pmod 5 247 366

Myrothecrum ve rucara 106 10s

180 20 03 209 217 281
327 393 39 400 £0° 447

133

sce Thermo

1us
47 259
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Endocomdiophora fimbriata 331
moniliformiz 134
Endomyees 46 3149
dectpiens 40
mognusis 331
Endomycopns 149
FRbuliger 40
vernalis 265 267
Entomophthora 66 75 86 247
caronats 91
Epuiermophyton floccosum 49
Eremascuy fertilas 40
Erertotheerum zshbyy 40 259 209 2.6
336 337 339-350
Enyaphe 86 424
creharaceartm 408
grammus 368 364 3,8 303 403 406
409 410 412 428 428
pobygons 405 407
Eschenchia cols 87 209 227 268 271
31D 433 434

Towes 78 331
annosus 20 102 133 134 400 443
fraxineus 20 15
Fumago ragans 132 133 183
Fusarum 18 46 61 114 115 118 132
134 143 145 149 170 204 U3 26
27 221 228 255 273 261 283 08
328 342 336 359 362 366 368 405
415
aguaeductum 20
auranhacum 20
avenateuts 346
caerulessm 448
congltinans 363
enmartsi 43%
gromunearum 46 133 278
sevanicum k68
Lo 128 133 136 150 204 210 24
206 29 271 246 2.0 408 424 474
mamhforme 406 410
nivale 17
mveum 246
axysporum 9 10 1 91 110 117 163
204 W5 26 29
voseum 149 401
solans 6 157 207 263 3.7 386
tricothecsordes 388
vasinfectum 283

ORGANISM INDEX

Gelastnaspora tetrarperma 231
Geotrichum 20 143
candidum M2
Gibberella baccats 156
fupkuror 281 283
saubinetys 19
Gliocladram calenylatum 157
roseum 87
Gliomastx comelote §8
Gloeasporium fructigenym 15
Glomerella 254
angulata 114 15 175 176 177 328
316 345 401 407 431 473
Guomonia 17
Gonatorthodiella Jughles 3.2
Grifola confluens 164
Gymnasporangium §95
elavipes 44)
globosum 400
Gyrophora esculents 169

Heansenula anomala 245
Heliwostylum puriforme 156
Helmmnthosposium 112

graminewn 244 359 377

ary.ae 400

ravenels 163

satspum 61 308 589 390

wctorae 2Wd
Hendersoniella 17
Herpobandium deformans 407
Herpomyces styloygae 41
Hespoinehie mgra 17
Harsutella 347
Hutoplasme 11

copsulatum 10 40 306

faranunosum 10
Hormodendrum 207
Hydnum Jarrugineum 167
1y pholoma Jescwulore 40 338

fsarven farsnosa 847

Karhngia rtosea (sce also Bhuophlycus
rosea) 247 428

Labynmhula minuta 2.8
wiellim M3



ORGANISM INDEX

Penicrthum lzrhlaush 280
terrestre 180
urticae 63 64 172 309
va ans 43
wniferum 132
uesthngn 49
Peronospora 408
destructor 364
efusa 407
tabacina 398
Pestalotta 389
malorum 30
Pena 156 164
Phacidium infestans 17 426
Phallus 1mpudicus 273
Phiyctorhuza variabshis 20 338
Pholota aurea 250
Phoma 49
apucola 17 363 391 407
betae 30
terrestris .83
Photobactersum fischers 21
Ph agmidium  mucronatum 396 407
41 42
Pliycomyces 328 331 360 361 362
blakesleeanus 13 20 40 46 48 151
156 1 9 160 162 160 171 258 .63
26302 3 4 328 330 332 361 363
3/0 397 407 414 480
mitens 361 364 4 6
Phycopsis 17
Phymatotrichum omn vorum 16 37 42
43 63 67 /6 246 247 496 461
Plysalospora obtuss 410
Physarum polycephalum 03 258 366
Phytophthora 40 114 331 399 412
cactorum 70 91
annamoms 352
enythrosept ca
snfest ns 389 399 407 410 411
p 3nulac 17
P chia membranacfaciens 40
Plobolus 344 34, 360 362
cnstall nus 374
lewnu 361
Pouculs a oryse 47 W53 28 46>
331 363 362
Ple odomus mellote 19
Pleurotus tunasllustns 27
Polychytrium aggregatum 66 68 81 91
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Polyporus 78 115 158 247 351
anceps 133
annosus 83
arculartus 357
benwoinus 165
betulinus 107 302
eucalyptorum 158
hanedas 27
texanus 347
tumulosus 13¢ 160
vaporarus 14 132
versicolor 176 331
Polystictus 78 115
Polytomella cazca 60
Poria cocos 158
varllonti 134 336
Proactimomyces (see also Nocardia) 81
82 8

erythropolis 155
opacus 82 162 163
roseus 156
Propion bactenum pentosaceu 449
Psalliota (see also Aganicus) bspoa 71
42 80 81 8 91 .17 401
compestris (sce also P buspo @) 36>
02

Pseudomonas -1 222 227
fuorescens 174 220
putrefaciens 60

Pscudoperonaspora humult 3.8

Pseudopenia ribis 363

Pucainia 159 392
chnysa them 411
co onats 309 40:

glumarum 4
gramenss 46 xs.\ 393 40 417 414
415 48 431

helanthy 414

maliacearum 407
Pullulona pullulans 14 79
Pyronema confluens 357 36
Pythiacystis eitrophthora 18
Pythiogeton 20 40 91 132
Pythium 4 247 305

butlers 3.6

debaryanum 14 40 115

Riupidium 13%
Rhuzocton a 115
solams 18 389
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Nectra cinnabaning, 40 281
cocoinea 372
galligena 264
Neurospora 261 326 339 342 394 397
crasia 5 7 9 .0 22 25 38 47 63 67
87 88 108 115 118 121 533 134
143 J51 152 156 159 160 161 163
171 1,2 174 175 146 181 204 280
214 216 218 219 224 226 228 229
231 244 245 256 208 26123 25
2/6 277 280 302 304 306 308 310
312 313 325 326 328 333-342 363
345 86 390 391 393 401-402 412
424 426 428 429 430 431432
438 449
sitophila 133 254 2,6 335 3.5 302
39> 442 451 473 475
tetrasperma 230 232 301
397 401 412 469 481
Nigrospora sphaerica 36>
Aitella clavaia 452
Mocardia (see also Proactinamyces) %31
33
acidophilus 164
corallina 218 25 2,6
opaca 155
sebsvorany 424

393-394

Oudtum 149
Omphalia flavida 27 264
Onygena equina 8¢ 398
Gosporn 46 149
colorins 167
sulphurea ochracea 166
Ophiobolus gramuus 20 23 4%,
herpotrichus 156
munyabeanus 461
J: (see also
Endocontdiophora) 335 346 363
multinnulatum 10 271 2,6 27
405 340 100
prs 333

Paccrlomyces vanote 49

Panus stipticus 26

Pasacoccsdsordes  brasiliensis (see also
Blastomyces) 10 11 40

Pormeha 169

Paxilius atromentosus 167

QRGANISM INDEA

Pemcillium 42 43 45 46 48 49 85 91

100 102 15 132 138 134 18> 187
141 144 14D 156 1o 166 167 122
178 174 §78 179 150 18% 183 184
214 216 247 2,2 53 261 268 X%
2,8 280 30° 320 328 342 344 346
347 570 404 406 424 43 141

amarum 168

brevs compactum 43 130 1os 123
221

capreolinum 43

charless 42 43 180

chrysogenum 31 44 41 6" 81 10
117 118 132 186 148 157 173 144
184 186 187 203 208 209 211 217
216 219 224 225 226 .28 250 (0
26} 264 265 268 275 302 30» 328
3% 482

ctnerascens 180

crustosum 47

cycloprum 166 263

digttatum %6 66 72 75 81 91 m
134 163 %27 341

duponts 18

expansum 20

fumculosum 119

ladiols 166

glaucum 20 42 82 14 154 221 461

griscofutvum 8 37 133 280

islandwcum 168

Janc.ewsky 81

Jarameum 46 48 81 56

Ilactnum 48

luteopurpurogenum 132

luteum 43 306

nalgiovensss 183

migricans, 24

notatym 37 38 153 154 184 18
216 220 253 267 .69 306 308 4.8
420 432

obscurum 280

{uberulum 169

yesticulosym 183 142 240 280

rogueforts 152

roseo purpureum 174

rugulosus 43

sanguineum 261

sclerotigrum 43

spinulosum 107 109

stipuasum 169



ORGANISM INDEX

Pentaltium terhkou sk 280
terrestre 180
urticar 63 64 172 309
vanians 43
vimferum 130
westhngn 49
Peronospora 408
destructor 364
efusa 407
tgbacina 398
Pestalotia 383
malorum 300
Peuza 156 164
Phacidium anfestans 17 426
Phallus tmpudicus 213
Phlycto hiza variabilis 0 338
Ploliota aurea 250
Phoma 49
apucola 17 363 391 407
betar 3.0
terrestris 283
Photobactenum fischers 21
Ph agmidium  mucronatum 396 407
411 425
PFycomyces 3.8 331 360 361 36°
blak slecanus 13 20 40 46 48 1ol
106 159 160 162 160 171 258 .63
763023438 3.0 3852 361 363
3/0 397 40° 414 480
mtens 361 364 4.6
Phycopsis 17
Phymatotrichum omnworum 16 37 42
43 63 67 /6 246 247 426 461
Physalospora obtusa 410
Physarum polycephalum 103 203 366
Phytophthora 40 114 331 339 412
cactorum 70 91
cinnamoms 332
enythroseptica 115
mfestans 389 399 407 410 411
p mulae 17
P chua membranaefaciens 40
Piobolus 344 34 360 362
enystall nus 374
hlenie 361
P rculana oryuae .47 2,3 208 6
331 363 36
Plenodomus melots 19
Pleu otus luna lustris 27
Polychytrium aggregatum 66 68 84 91
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Polyporus 98 115 158 247 331
anceps 133
annosus 83
areylartus 357
benzosnus 165
betulinus 107 302
eucalyptorum 158
hanedar 27
texanus 342
tumulosus 134 160
vaporartus 14 132
versicolor 146 331
Polystictus (8 115
Polytomella cacca 60
Ponig cocos 158
vallants 134 336
Proactinomyces (see also Nocardis) 81
82 83
erythropolis 155
opacus 82 162 163
raseus 156
Proromibacte 1um pentosaceun 449
Psalliota (see also Aganicus) bisto a 41
45 80 B1 85 91 247 401
campestris (see also P bispora) 360

Pseudomonas 221 222 227
fluorescens 174 220
putrefaciens 60

Pseudoperonospora f umuiy 58

Pscudopeniza vibis 363

Pucama 159 392
chrysanthems 411
coronata 309 40
glumarum 408
gramims 46 163 333 400 412 414

415 48 431
Telanths 414
malvacearum 407

Pullula a pullulans 14 719

Pyronema confluens 307 36

Pythacystis aitrophthora 2.8

Pythiogeton 20 40 91 132

Pythium 4 247 302
butlen 3.6
debananum 14 40 11

Rhyprd um 132
Rhuzoctoma 115
solant 18 389



504

Nectnia annabanina 40 281
coccines 372
golligena 264
Neurospora 261 326 339 342 394 397
crassa 3 7 9 20 22 25 33 47 63 67
87 88 108 115 118 121 133 134
145 151 152 156 159 160 161 163
171 172 174 175 1.6 181 204 210
214 216 218 219 224 2°6 228 229
231 244 245 256 258 261-273 275
276 277 280 302 304 306 308 310
412 313 525 326 328 331-342 363
375 3.6 390 391 393 401402 413
424 476 428 429 430 431-432
433 449
sitophila 133 254 2.6 33> 3.5 302
39> 442 451 473 4.5
tetrasperma 23 282 341
397 401 412 469 481
Nigrospora sphaerica 36,
Vitella clarata 452
Nocardia (see also Proachmomyces) 331
343

393-39¢

acidopiulus 164
coralima 299 2,5 26
opuca 153

sebivorans 494

Owdium 149
Omphalia flavda 21 264
Onygena equma B4 398
Oospora 46 149
colorans 167
sulphurea ochracea 166
Ophuobolus gramms 20 23 41>
I erpotrichus 156
miyabeanus 461
” (see abo €
Endocomdophors) 3% 346 363
multiannulatum 10 271 2,6 217
30, 340 200
pimr 833

Paectlomyces vartots 49

Panus stipticus 26

Paracocadiordes  brasihensis (see also
Blastomyces) 10 11 40

Parmelia 169

Paxillus atromentosus 167

ORGANISM INDEX

Pemcdllium 42 43 45 46 48 49 86 9
100 102 115 132 138 134 135 137
141 144 149 156 160 166 J67 172
13 174 178 179 180 182 183 184
214 216 247 252 223 261 263 265
248 280 30 8°5 328 342 344 346
347 3,0 404 406 424 431 441

amarum 168
brews compactum 43 13° 165 173
221

caprealinum 43

charless 42 43 180

chrysogenum 37 44 47 6 81 10/

117 118 135 136 143 157 L3 174
184 186 187 203 208 209 211 2A2
216 219 224 225 2°6 228 290 260
261 264 260 268 2,5 302 300 328
354 452

cnerascens 180

crustosum 47

aclapium 166 283

digrtatum 36 66 +2 45 81 91 1

134 163 327 1

dupontt 38

expansum, 20

fumeulosum 119

gladiol: 168

glaucum 20 40 2 154 15, 21 461

griseofulvum 8 37 133 280

sslandicum 168

jancoeu sk 81

jaranicum 46 48 81 86

lilacinum 43

luteopurpurogenum 132

luteum 43 306

nalgiosensis 163

nigricans 24

notatum 37 38 153 154 184 185

216 220 253 262 769 06 03 426
429 432

obscurum 280

puberulum 169

resticulosury 133 147 2°0 280

roqueforts 152

roseo purpureum 174

rugulosus 43

sar guineum 261

s lerotiorum 43

sginulosum 107 109

stipntatum 169



ORGANISM INDEX

Streptomyces scabies 0 lio 263 413
thiolutens 280
venezuelae 166 260 “64 69

violaceus ruber {see also S coelicolor)
1

Syncephalastrum racemosum 115 183
Synchytnum endobroticum 412

Tetrahymena pynifarms w8
Thammdium 363
elegons 115
Thelephora 167
Thermoaseus aurantiagus 18
Thermomyces lanuginosus 18
Thielaviopsis basicola 88 115
paradoxa 389
Th gustotheca claata 343
Thuja plicata 4 5
Tilletta 403 408
cares U6 18 265 466
hornda 331
lens 773
tntics 331 467
Torulas 40 46 149
cremons 302
utilis {see also Torulop is utsls) 26>
To ulopus 43 149
neoformans see Cryplococcus neo
formans
pulchernma (see also Candida pul
cherrima) 308
rotundata 1.0
30 gutnea 402
uths 210 246 .08 2 8 302
T ametes 11o
annabaning (83
sua eolens 38 16
T ansschelia punctata 407
Trchoderma 114 115
honings 25
Ignorum 44
unde 40 183 90 309 312 38 389
46

Tricholoma 21 44 8
€questre 302
flavobrunneum 66
Jumosum 118
§ mbosum .51 2:8
smbrcatum 4+ 258
nud m .9
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Trichophyton 8% 258 209 316
discordes 3 8 331 3%
equinum 338 339
faniforme 339
ferrugimeum 40
gypseum 252
mentagrophytes 238 179 431
pers color 20 256
tosacem +51
rubrum 123 302
tonsurens 134 259 331

T chosporon caprtatum 10
cutancum 20

Trichothecium 114
roseum 156

Typhula 17

Unanula necator 410 414
Urocystis tratics 400 403
Uromyces phaseols 414 426 400
Latilago o0 331 336 3e0 400 408
avense 412

major 346

scabiose 258

sphaerogena 230 231 309 32 330

344

strigeformis 397
vrolacea 12 40 71 75 §6
_ear § 44 47 108 134 151 “06 219
2,6 300 407 A1° 415 479 431
Ustuling vulga s 137 301

Ventuia inaequalts 41 63 257 306
338 342 400 415 449 482
Fert aillium 247
albo atrum 12 11> 389 40
coccorum (19
malthousst 20
pralliotae 20
tr corpus 14

\ylaria mals 241

Zyg0 hynchus 346
mocllers 143 224 226
vualleminn 24

Zygosaccharomyces 342
Tm 40
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Rhe ophilyetis rosea 75 946 247
Riuzopus 18 115 132 133 136 141 1.6
244 215 216 2B 1 33 342 346
363 408
bovsnus 40
chinenus 17 407
delemar 111
Japemicus 87 38 122
mgricans § 15 134 157 203 2m
©27 228 229 $02 342-313 390 302
395 407 478 474
on.ae 9 [36 215 216 298
sumus 57 263 328 339 431
Rhradotorula qurantieca $40
gracels 150 131
rubra 40 359 160 151
Romanoa terricols 10
Russula eurate 273

Saboureudites audouins (see also Miero
sporum audouvn) 40
Saccharomyees 40
ceremsiae 345
Saprolegma delica 69 91 900
Jerax 382
lapponica 40
smxta 6 363 367
Sapromyces elongatus 132 248
remschis 373
Scenedesmus obliguus 313
Sche ophylivm 78
cammune 20 182 98] 426
Schizosaccharomyces 40
Sehzothecsum langicolle 74
Scleraspora 858 364
Sclerotima (sce &lso Batnytis
Momitma) 134 40>
camelliae 376 333 330
emerea 80 1o
Jructieols 15 40 173,07 316 %9
391 401 409 410
fructigens 428
laxa 443
Selevotium (see alsa Rhazocionia) 331
bataticols 17 115
deiphintt 72 132 133 £34 144
roifsis 3.8 §32
Scopula sopsis brevicauhs B 1B. 010
243 243 243 246 255

YHomka

ORGANISM INDEX

Sepedosum 17 20
Septoria apu 405
fepl 20
Sordanie fimcola 9 88 326 35t 31
403

Sphaerobolus 365
Sphaerotheca pannosa 363 399
Sphaeruling tafolu 331
Spucania vrolacea 113
Sporobolomyces roscus 40
Sporodinia grandis 7 361 367 368
Sporetnchum 17
schencks 10 40 333
Stackybatrys atrs 56 63 73 91 13 115
L2 332
Staphylococcus aureus 480
Stemphyls (see also 7
radicinum 214
sarcsnaeforme 395 446 473 4id A6
482

Stereum 78
frustulosum 25 551
gausapasuym 71
lursutum 132
murrart 331
purpureum U
Streptococeus faecalis 2:0
factis 42
Streplomyces 2 O 17 21 23 41 45 61
79 80 84 106 I 14 1§ W
133 136 156 157 249 251 252 254
255 275 277 281 282 §it 312 3.8
$43 346 390 400 432 435 435 462
alba niger 783
olbus 129
oureofaciens 155 188
cocheolor {sce alsa § wiolaceus ruber)
B 63 73 (6 01 133 147 143 20§
<08 2U6 218 219 292 27% 2> 7
243 2665 283 302
HAoveolus 431 432 434
Pavus
fadioe & 143
griseus 36 110 208 225 276 278 243
<54 266 278 347 343 366 431 433
fvmosus 283
microflovss 112
rutr feans 243 36
chvaceus 344
profeolyticnuy 252



SUBJEGCT INDEX

Agrocybin 164 283
aAlanine metabolism of .57 260 267
£ Alimine 342
Alcohols effect of on acd formauon
4
toxaty of 427429 461
utdization of 83
see also

509

L 2 Amino-1 propanol 2,9
Amuno sugars 121-122
Ammonia as autelysis product 8
n amino a0d metabolisma 2% 265

56 3
physiological effects of 249 3.8 365
requirement for 325 335
dehya

Aldolase °D4 213 216
Alilation and touaty 463
N Alkyl o bromoacetamudes 461
N Aliglpyndines 461
Allantoic aad 4, 278-279
Allantoscase 279
Allanton 2/8-2 9
Allantownase 279
Allithiamine 331
Alternariol 180
Aluminum 38 307 313
Amamitias 55
Amicettn 266 283
Anudases 265
Am des 293 258 .60
Amunes °73-274 453 461
b Amino acid oxidases 260261
L Amino acid oxidases 61-967
Atmino aad racemases 259
Anuno acids agyl, 265
Amino acids as autolyus products 8
as chelating agents 315 4 9
biosynthesis of 138 260-2,2
deamination of 260-262
eflect of on respiration 211
of mycelum 44 45
oxtdation of 260-26>
requitements for 248 209
toxicity of 258 259
transport of 50-260
ut lzation of 83 256-265
« Aminoad pic aad /071
P Aminobenzoic acid 171 326 3.7 329
340-341 345 461
tio ynthess of 271-.72
7 Am nobutync acd 260-u67
Anunocthanol and methylated denva
ues 181
Amno  hydroxycaproic acd 271
4 Amuno 5 1midazole 26

49
Ammonwum 100 physiological effects of
19 247-248 394 403
utluzation of 210 243-241 246-219
333
Ammonum nitrate uulzaton of 243~
244
Amphomyan 24
Amygdahn 65-66
Amylases 110-112 477
Anzerobic respuztion 202
Aneunin se¢ Thiamine
Amtlme 83
Amsaldehyde 16
Anthranil ¢ aad 2/1-2,2
Anthraquinones 168 140 1,2 477
Anubiotcs 440
Anumalanals 477
Anumycins 449 462
Aquantie fungt 23 21 $47
Arabans 114
p-Arabmose 63 68-73
L Arabmose 63 683
o-Arabitol 122
Arabogalactan 114
Arabonic acd 137 136
Aradudic aad 48
Argmase 2 8 4l
Arguune metabolism of
69 278
requirement for 259
utilization of .57
1. Arguunosucame aad 269
Aromauc compounds metabolism of
164177
Arsenate 447 418
Ameme 182 449 463
Asen te 449
Arsenous acd 182
A throbacter terregens factor 344-345

60 64 268

3 Awm nolesulin ¢ acid 844
Am nopepuidases 253

aads 4,2
Ascotbic aad 180 345 393
Ascosin 46



Subject
Index

Accumulation of amno aads 2,9-260
of metals 316 472
selective 450452 467
Acetaliehyde 213 214
Acetanude 258 265
Acetamlide densaines 464
Acetic zad 161 837
as buler 22
formanon of 133 143 281
metabohsm ¢f 138 143 145 223 224
227 462 484
utilization of 68-73 81
Acetic dehydrogenase 297
Acctoatenc aad 153 161 263
Acctoan 123 214
Acctone formation of 154
Acetonedicarboxyhic acid 146
N Acetyl p ammobenzaic aad 341
Acetyl choline 2,3
Acety] coenzyme A
227
N 3cetyl o glucossmme 39 121
Acety! phosphate 221 225 227 228
Auds tomaty of 4 o
Acomtase 228 227
o5 Acomtic aad 134 158 223
a1s Azomte decasbonylase 145

138 143 2°2-223
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Acrasin 375
Awidines § 6407
Acnflavine 449
Actnomycny 254 47
Actthiazie acd 282 283 472
Acylases 260
Adenine 275-277 283 *37
Adenosine 275 276
Adenosine diphosphate 2/5
Adenosine diphosphate nibose 4.
Adenosine phosphates 33 203 213 301
Adenostne 3 phosphate 27>
Adenosine 5 phosphaie 2,5 277 302
Adenosine tphosphate 302
Adenyl deaminase 275
\denyhic acd  ses  Adenosine 3 phos

phate Adenosine 5 phosphate
Ademylosucanmic zad 277
Adonitol 68-73
Adsorption 452 468469 4,2
Aerolne respiration 202
igar impurities i 325

m culture media 1 9-10 12-14 324
Aganc sad 47
Age 20d respration 206-.07
Agmatine 243
Agroclassne 29-280



SUBJECT INDEX

Carboxypeptidase 253
Carlic acd 180
Carlosic apd 180
Carnosine  240-251
Carclic aad 180
Carolimc and 180
aCaotene 159 161
# Carotene 158 159 161
yCatotene 159 161 377
gCaotene 159 161
8 Carotene 159
Carotenoids 3+4 3 6
biosynthesis of 160-162
formation of 158-160 337
function of 162 361
Canacral 411
Casein 253 2301
Catalase 221 <31-732 07 °08 8 4 471
Catechol 174 17 763
Cell disruption 20
Cell wall 3941
Cellobiase 108 113
Cellobiose 107 108 113
uniization of 56 66 68~ 3
Cellotniose 113
Cellulase 113
Celfulose 4041 368
hydrolyss of 147113
ut bzation of 68-:3
Cephaling 47 153
Cephalosporsn N 184
Cephalosporn Py, 158
Cercbrins 4748
Cesium 303 316
Chelaur g agents 306 312 315-316 449
tox aty of 442 401 466467 471 4.2
4 8484
Chemical potential 458-459
Chemostat 3
Chemotherapy 440
Chemotropism  $91-302
Chitn 3, 37 3941 377 393
vtilization of 9-80
Chitinases 119
Chlamydo pores 3 6 366
Chloramphenicol 160 166 183
Chioraml se¢ Tetrachloro p benzoqui
none
Chlorate toxiaty of .4
Chionnaton biological 183-184

i) 83-84 90
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Chlonpe 313
# Chloromescunbenzoic acd 463 410
Chloromycetin see Choramphermeok
2Choso 1 4 naphthoguinone 344
Chlortetracycline 183
see olso Aureomycin
Cholesterol 155
Chaole acd 441
Choline 38 181-182 243
Choline sulfate 45
Chromates 466
Chromium %13
Chrysophanic aad 168 1:0
Citnic acd 22 317 316
formation of 133 274 225 308-309
metabolism of 138 219 223- 27
uulization of 68~73 81
Citnie aad eycle 138 222-226
Cittiun 308
Citrovorum factor 342
L Curullne 269 277
Clavaan see Patolin
Clavaun see Patulin
Claviformin see Patulin
Cobafamins see %itamuns By
Cobalt 253 312 313 316 343
Cocarbaxylase see Thianune pyrophos
bate
Cncoa butter utilzation of 82
Coconut ol utihzauon of 82
Coenzyme A 152 161 312
Colchiune 140
Compactose 48
Competstive 1nkub ton 461467
Condensing enzyme 2.3 26 227
Copper 314 315
physiological efiects of 139 184 309~
310 3.0
requirement for 309-310
toxiaty of 307 446 447 449 451
465472
uptake of 316 4,0-452 467472
Copper oxine 481
Copper sulfate 466
Coprogen 344-340
Cordycepin 122 28”7 283
Comn steep liquor 186
Cotton as culture mediwmn 3
Creosote 448
Cresols 455
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Asparaginase 96, 4.1

Asparagine 265 321 3.0
requirement for 258
wtilization of Z56~268

Aspartase 262 266

Aspartic 20d metabolism of 267 %05

W6 267 269 270 333

uithzation of 256 257

Aspargillic and 28° 283

Aspergsllin 308

Asperthecn 168

Asperxanthone 170

Atvowenun 167

Aureomjour 183 402

Aurcothnicn 280

Autoclaving effects of 5:-58

Autolyns 7 41 241247 308 304 375~

376

Auxin see Indoleacetic aod

Aversion 574

Avidir 335

8 Azaguanine 277

Azaserine 230 281

Arelasc 2ad 34

Ande 231 455 480

Barbitunc acd 249

Rarm 306

Barrage 3.4

Baendam reaction 8584 145

Beheric axd 48

Benzaldehyde 173174

Benzamude 265

Bentowe sod 174 265

o Besuoquanone 175

§ Benzoquinones formation of 167 170
soxscaty of 4.5-477

Benzothayoles 441 472

Berythum 307

Betane 183 2,3

Beraln 157

effect of on sep
3:6-377
Bioassay of minerals 313-314
of vitamuns 328-5°9
Bwcyss 354
Bioluminescence 26-27
motin 283 325 326 S2T 578 329 832~
3% 3o ST} 402
Piotin sulfane 333

SLUBJECT tvpEN

Broun sulfoxide 3H
Bisduhrocarbamates 43448,
Disphenols §64-460
Rusulice 305

Borax 449

Bordeaux mrxture 166
Bonc aud as buffer 23
Boren 313

Bound water 26 36 106
EBran as culture medun 3
Brogude ion 183

Buffers 22

Bufotemne 274

1,2 Butnedial 123

2 Butanal 214

2 Butanone 214

2§ Butylene gheo! 128 214
Buymic acd 153 14

Cacodylate socwum 18
Cadavenne 2713
Cadmium 308
Caffewie 276 277 443
Calaurn 19 38 31-312 33
Calaam cyanamde 208
Caldariemyan 183
Caltose 41
Camphor 300 44t
Canatanme 268 20
Caprealieose 43
Capsular polysaccharudes {3 171
Captan 442
O Carbamyl p-sertne 230
Casbohydrate of smycehum 37 4743
of spores 393
Catbon toral 36
Casbon batance 100101
Catbon dionde  finatson of 138 14
146 2.° 225 ©95-2°D 333 3%
physiological effects of 74 209 3o
366 3:5-3:7 413
Carbon disulfide 483 4%
Carbon monowsde 281
Carbon nutnuion  and  reproductos
367-369
and spore gerzmnation 40}
Carbome anhydsase 471
Cathoxplase ses Pyruvic casboxylisc
Casbaxymethylecllulose 7778
oy s g Carboxymuconue acd 174



SUBJECT INDEX

Dissoqauon 454425

Duisulfide 30 393

Duthurolidines 472

Dithiocarbamates 451 404 4.2 481484
diethy1 - 480
dimetbyl 41 480 482

D umal cycles 328

Dithionate 30>

Docosanoie aaid 48

Dadecane 87 163

Dodecanoic 201d 48 154

Dormancy $90-398

Dry weight determanation of 11-12

Dulatol 64 G873

Dyes 441 455 464

Ebuncoic aad 157 158

Echinulin 260

eology and vitamin requirements 346~
347

Economic coeficient 89-30

Edestn 201

Egg albumen 251

Eicosanoie aad 48

Emlden Meyerhof  pathway 212217
29

Emodin 168
Endogenous sesp ranon 210-211 463
En lopeptidases 21-2:3
Enmatns 253
Enolase 218
Enzymes adaptie /5 86-88 207-208
inactnation of 467164 4 0472 4,6~
47
wnduced 75 $6-88 207-°08
Epoxides 443
#rans L Epoxysuccimc acd see Ethylene
oude a g dicarboxyhe aad
Erdin 183
Ergonovine 2,9
Ergosterol 49 82 1.5
palmitate 49
Ergot compaunds 66 2/9-280
Ergoth oneine 275244
Erythntol 6 683 122
Enythrose-# phophate 218
Enythrulose 123
Esterases 12
Ethanol 57 3§ 329
formation of 141 "13-216 221
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Ethanol metabolism of 83 143 214
27

Ethanol dehydrogenase 213 309

Ethanolamune 47

Ethy) acctate 134 143

Ehyl disulfide 187

Lihylene 168

Lihylene chlorhydnn 178-1.,9

Ethylenedaminetetnaceuc  aad 260
316 467 480 481

Ethylene dusothioyanate 482

Ethylene glycol 123

Ethylene oxide demvatives, 464

Ebyiene oxide o dicarboxyhe aad
13 146

Ethylene thiuram monosulfide 48

Exopepudases 231-253

Expanun see Patulin

¥at coeficient 150

Fats formauon of 143-151

Fawy acd dehydrogenase 152

Fatty acids biosynthesis of 13i-1o2 335
452

oxdation of 153-158
toxiaty of 4 2 461
Fergusons prnaple 4 849
Fermentavon 20° 212-17 221-222 394
Fermentatve assmitation 212
Ferrichromes 309 344345
Fernggamde 20> 463
Ferubic aad 174
Fabrn 251
Fla in ademine dinucleotide
244240 .61 336
Fla 1n enrymes, 231 337
Flavins as photoreceptors 361 G2
Fla acol 283
Fluonde 448 419 420
2 Fluoro-paminobenzorc aud 340
Folic aud see Preroylglutamic and
Formuc acid format on of 133 143 144
metabolusm of 181-182 227 337
utilzauon of 63-73 82
Formylkynuremine 338
N Formylpterowc aad $12-343
Freeung mjury
Fructans 76
Fructose 6067 68-/3 122
Fructose 16 diphosphate 204 213 .18

220 231
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Cryptoxanthu 159
Crystal siolet 447 475
Culture shalen 2
Cupne ammonum salfate 456 467
Cyanude 231 250 455 480
Cranocobalamin 887 848-844
see also Vitamsns By,
Cyclohextmide 282 283 442 449
Cyclopaldic acid 166 172
Ciclopenin 283
Chelopolic aud 166 172
Cycloserine 280
Cystathionine 270
Cysterne 186 205 470
metabolism of 2,0 305-306
wulization of 257 300
Cystene desullbydease 264
Cystemne sutfimc zad 306
Crsune 186 305
Cytase sec Frotopectanase
Cyudyhie acsd 277
Cytochrome oxidase 230-231 4/1 480
Cytochrome peroxidase 232
Cytochrome reductases 230
Cytochromes 204 223-231 303 330 344
347 462
Cytosine °/6 283

Dechlosogriseofulun 183
Dehydroacetts aad 172 477
Dehydrofusanic and 283

A Dehydropipecolic and 262
5 Dehydroquinse acd 170

5 Dehydroshikame aced 171
2 Deoayglycose 64 220

£ Deoxypyndine 3%
Deoxyubonuclec aad 4 275
Depsides 163 170
Depsidones 163 170
Dermatophytic fungt 16 21 84 2.2 2 8
Despepudo attinomyan 254
Desthiobtonn 327 333-334
Detoatlication 419 476
Deatranase 318

Deatnn 6843 76
Dextrinase 119
Dualkylfiuorophosphatase 480
26 Paamnopsine 246-277
fastase se¢ Awmylases
Duateirynes 364 283

SUBJECT INDBEM

Drazomethane 443

Dichlone see 23 Dichloro-i 4 naphtho
quinone

? 4 Dichlora 6 {o chloroaniling) ¢ triz
une 457

1.2 Dichloro 45 diamombenzene 337

2,3 Dichloro | 4 naphthoquinone 344
467 475 446

26 Dichloraphenolindophenal (0# 20

Dachromate potassivm 448

Drethanolamine 203

Diethylarsomic acd 182

Dagallic add 1,6

Dihydroxyacetone phosphate see Tnose
pbosphates

a @ Dibydrony g ethylbutyne aad 240

a 8 Dihiydrony g nethylbwyne aad 240

Mikydioorate acd 277

2. Daltydroxyphenylacenic aad 164

21 Dihydroxyphenglatansme 263

2.5 Dibydrony pheayipyrunic acd °63

3. Dubydvoxyphithatic aad 165

23 imercaptopropancl 4,0

Dimethylamine 483

Dymethylaminoethanol 181

58 Dumethytbennandazole 344

12 Dimethyl 45 drannobenzene 337
343

Dimethylglycme 184

Dimethylghoxme 442

DrmethyIpyrussc aad 183 116

Dimethy] selemude 182

Dumeths? sulfde §81

Dimethyi tellunde 182

Dunorphic fung: 10-11 206 327 83

m Dnutrobenzene 245

3.5 Dimitro o cresol 462

24 Dinucrophenol 186 210 432 413
456 46°

Drosgemin 157

Dipepuidases 2,3

Iuphenyt 441

Diphenylamine 160

Diphenylthuocarbazone 31

Dip hosphopyndine  nucleodase 2 5
302 393

Diphosphopyndine nucfeonde 1.2 204
213 217 228 223 B

Diplotest 130

aa Dipyndyl 479 480



SUBJECT INDEX

Growth Linear 12-13
measurement of 11-13 1
rate of 5-10 102 374
Guamdine 2,8
Guamdinobutyramde 264
Guamne 200 2/7 387 3.0
effect of on spore 102
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Hydrocarbons metabolism of 82 163-
164

toxicity of 457 464
Hydrogen peroxide 231
Hydrogen sulfde 4/3-47>
Hydrotrop sm 36¢

Guanosine 2/6
Guanylic zad 2/6
Gyrophonc acd 169

Hallochrome .63

Heavy metals toxiaty of 46o-4/2
see also Copper Mereury Silser Ura

nwm

Heliolc acd 158

Heme p gments 308

Hemucelluloses 42 6-¢7 113-114

O Heterobiotin 334-3 »

Heterothallism 3/4-3:0

v Hexachlorocyclohenane - 340

Hexachlorophene 46446

Hexacosano ¢ acid 48

Hexacoseno ¢ aad 48

n Hexadecane 163

Hexadecanoic acd hydrony 4/

Hexadecenoic acid 48

Hexano ¢ acuds 154

Hexolinase 13

Hippuric acd 26

H ppuncase 2 3 %6

Hitamine 3 30

Hisudine 313
accurnulation of 209
menabolism of o7 %64 oi} 4
sequirement for 2 0- o1 2 9

L Hisud nol {ho phate 2 1

Hisudylhist dine 0= 1

Histozyme 26

Homocysteine 181 2,0 341

Homoventisic acid 63

Homologous senies and to 1 1y 4 7461

Homoprotocatechu ¢ aad 162

Homoserine .40

Ho mones 1n reproduction 3/3-3

Hughes press 20

Humidity effect of on growth o
effect of on reproduction 34-363
elfect of on spore germwnation 5

399400 404406

Hydroxy acids chelation by 49

3 Hydroryanthramlic aad 338-339

» Hydroaybenzoic and 444

a Hydronybutyric aad o2

5 Hydroxy N dimethyl tryptamne 74

2 Hydroay o furan catboxylic aad 181

3 Hydroxyhynuremne 263 267 338

Hydroxylamune 245 249

Hjdrosylamine veductase 24>

Hydroxymethyletbylhetone 123

5 Hydrony g methylglutaryl coenzyme A
161

pHydronyphenylacetc acid 186
2 Hyd onyphenylacenc aad 174
 Hyd oxyphenylpyruvic aad 268
Hydroxyprohne 27 258 268
8 Hydroxyquinokine 315 448

see afso Oxine
8 Hydroryquinoline 5 sulfon ¢ zaid 481
5 Hydrox) tryptophan 263 2:4
Hypomimte 45
Hypcphosphite 301
H posulite 0>
Hipoxanthine 275 2 6 8 0 397 402

Im dazole acetol phosphate .71
1m dazole glycerol phosphate 2/1
Imidazoles 48+

Im dazobnes 447 448 4ol 461 462
Indigo 80 81

Indole 268 "71-272 280 449
Indoleacetaldehyde 264
Indoleaceuc acd 263-264 361
Indolepyrusic and 264

Indole serine ligase 271 309
Intrared radiation 432 435
Inoculum 1 3

Ino ine 276

Inos ne 5 phosphate 276

Inositol 47 3.3 326 320 339-340
Inulase 119

tnuln 63-3 6

Tmvertase see Sucrase
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Fructose 6 phosphate 213 218

Fumarase 223

Fumang acd biosynthesss of 142 227
formauon of 133 141-143
metabohsm of 138 223 267 263 266

268

utshizatton of 68-73

Fumaryl oL alamne 138 142 280

Fupgiadal action 447

Fungistatic achon 443447

Fungisterol 49

Funguoxic acton and structure 450~

Funguoxicants effect of an mutons 481
effect of on morphology 44t

Furan dernatives 180

Furfurat 397 453

Fusatie and 280 28! 283 415

Fusatubun 1.0

Galactocarolose 42 43
Galactogen 119

Galaciomie acd 132 13,

. Galactono y lactone 150

p Galactose utlzanon of 61-62 68-73
a Galactosidase 109 110

5 Calaviosidase §7-88 108

o Galacturon and 6o
Gallic acad 163 175 176
Gallmme $13

Gammexane 340
Gangaleaidin 1/

Gelase 190

Gelatia 251

Genhanose 100

Gentrgyt aleohol 165 §,2-148
Geodtn 183

Geatropsm %7

Gemm tube gray th 338 391 450
Gladiohc acid 166 172
Ghiadin 251

Glotosan 200 28Y 1 2

SUBJECT INREN

Glucosamine 6 phosphate 302
Glueose effect of congentration 83-85
metabolism of 208 213 220
utthzauon of 60 §8-78
Glucose aesodehydrogenase 130 . 0-
221 229
Glocose dehydsogenases 2.0
Glucose oxidase ree Glacose acrodehy
drogenase
Glucose 6 phosphate 204 213 217-218
Glucose 6 phosphate dehydrogenase 0%
27 18
§ Glucasidases 108 108 110 471
Glucosone 121
Glucuromc atd 62 132 135
Gtutacomse acsd 135 146
Glutamse acd awnmiauon of 22§ 480
metabohsm of 225 260 67 26¢ 66~
268

requireznent for 248
vtilizaton of 256 257
Glutamie decarbuaglase 265
Glutamic dehiydrogenase 262 .66 309
Glutamic y senualdehyde 768
Glutamme 258 265 268
ester of 280
« Glutamyl transferaye 26
Glatane zod 184 146
Glutathione 186 263-254 4,0 484
Glyceraldehyde § phosphate se¢ Triose
phosphates
Glycerol 123 21 409
utiluzation of 65 68-73
Gycerol phosphates 123 302
Glycerophosphatase 153 302
Glyane copper complex of 466467
metaholism of 143 257 260 2§ .59
toxsaty of 258
Glycogen 42 43 121 360
Glscogens utihization of £8-73 &
Clycohldehyde 1°8
Clyoolic aad 138 345 °69

Ghotoxsn monoaceme 280 Gleols 128
Gluconie aad of 151-13%  Glhalghune Py
137 138 14t (‘I)ox)hc aad farmation ef 154 I8

2heto 63 182 225
metabolsm of 208 22022t
utilizauon of 65 68~3
p Glugono-3 lactene 2
Glucoszmune 120

meubalum of 138 143 226 227 269
28

g
Gufolin 163
Cuascolufun 183 441



SUBJECT INDEX

Malachite green 445 4/6
Malate synthetase 227
Malic aud 316 466407
formation of 138 149-143
metabolism of 138 222 223 2.5 297
uuhzation of 68-3 81
Malc dehydrogenase . $ 227
Malc enzyme 14
Malonc and 81 146 224 225 2 6
Maltse 66 63-73 107 108
Manganese 314 315
physiologieal effects of 139 310 3,0
419 480
requirement for 310
Manganese dionide 20o
Mannans 43 114
Manmtol 64 68-73 122 212
b Mannobeptulose 63
Mannomic and 132 130
Mannose 60-62 68-73
Mannose 1 phosphate 62
Mannosidases 110
Mamnosidostreptomyan 110
Mappin 274
Manine fung 16 °6
Media culiure 4
Melanins 263 377 428
Melentose 109
Melbuase 109
Melibiose 67 68-78 109
Menadione 344
Menaduone reductase 177
Mercapude formation 463 4 0
Mercaptobenzothiazale 472
Mercury toxiaity of 307 443 446 448
463 465477
Metaphosphates 38 302
Methanol 83
Methiomune - metabolism of 181
<61 200 305306 327 341
toxianty of 2 8§
utluauon of 13 . 7

186

517

Vethyl annamate 165 1,2

8 Methylerotanaldehyde 161

# Methylarotony] coenzyme A 161

S Methylgsteme 2 0

5 Methylcytosine 182
Methylhiethylarsine 182

Methylene blue 208 03 469 440

2 Methylenebis (3 46 trichlorophenol)

461465

Methylethyl sulfde 187

« Methylglucoside 6> 110
8 Methyl lucoside 65
Methylheptenone 161-162
4\lethy1 5 g hydroxyethylthuazole 330
2 Methyl $ hydroxy 14 naphthoquinone

3

N Methylisoleucme 966

Methy) ketones 154
a \ethylmannoside 110
Mcthyl mercaptan 182
Methyl p methoxybenzoic aad 402
Methyl # methoxycinnamue acd 1,2
2 Methyl § 4naphthoquinone 344 440
\ethyinonyl hetone 154
Aethyipropyl ketone 154
D Methylsenne .66
¥ Methyltetromc aad 180
N \fethylsaline 260
Mineoluteic aad 47
Mineral oil 4
Munerals 37-38 57 300-322

and reproduction 3,0-371

and spore germ nauon 401
Aolybdenum .$4-215 310-311 314 31
Monoallyl phosphonic acid 1.3 302
Monomethylamine 466
\fonomethylaminoethanol 181
s as Mucome aad 174
Mucopolysaccharases  119-1.0
Muscanne 273
Mutarotase 220
Mutation 429 432 43443 443

b Methoxy tetrachl 183
4 Methoxy 25 p toluquinone 167
Methylamyl ketone 154
Methylarsenate sodium 182
Methylaton 181-182 341

2 Meiyt 5 b

280

Afyoelum decomposiion of 10 sod 4o
Mycodextran 43

Mycogalactan 43

Mycomyan 164

y1-6 aminopyr

dine 330
2Methylbutene 2 163 415

M aad 166
Mycorrhizal fungs 91 347
Myoknase 203
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Yodoacetarmide 391

Sodoacetic and 463

Todosobenzone aud 463

Tonuzation 454457

Tonzing radiattan 433-435

Alonope 161152

Tron 38 307-308 313
phyuclopical effects of 159 172-173

50,308 336-337 3.0

fsoamyl alcchol 262

Isoamylamine 273

Isocnic and 338 143 145 228 295 207

Tsoatne dehydrogenase 528 226

Tsocstritase 206 227

» Isoleacine 261

ot [solevcme 257

& Isoleucine 278

Isomaliose 102 167

Isomcotre hydrande 160

Isopropyl alcohol 474

Stacomic acs@ 134 138 144~145

Tatartane acd 134 143

ltatartane sod lacwne 145

Jasanican 168 170 475
Junspal 181

Reratin 84 Zal~452

#§ heto acd decarboxylases 154

a hetoadipic acd 271

£ Reoadipic aad 174

« hetobutyne aad 262

2 hetoghiconi¢ acd 65 152 221

& hetoglatanc actid meabolista of 188
223-2% 262 266 67 377 428

a hetoglutare acd oxadase 2 6

a hetosocaproc and 2,0

o hetosoratenic aod 342

hetonts o 8 tnsaturated 477478

5 heto octadecanme ad  dodecy) ester
47

6 heto octadecanmc aad 47

hope 3ad 1.8-179 219

hynurense sad 203

Ayauremne 267 338-339

hynurenine transamimase 264

Lacease lix1 @
Lachrymators 468
Jactase 87-88 108

SUBJECT INDEX

Lactic acid biosynthesss of 136 235~
216 228
formation of 13> 136 128 185
uulzavon of €3-73
Lactue dehydrogenase 196 230
Lactobecillus caser tactor 342-343
Lactobionic aad 132
Lactose metabolism of 107 108
utthization of 56 67 08-73 (4 185
Lag phase 6
Lecanone zad 169
Leathins 47 153
pLeutine 261
L Lenane 256 257
¢ Lepane 259 260 202 240
1. Leucyl . prohine anhydnide 29
Lesansucrase 120
Levomyan 254
Lachenase 114 19
Loght 160 357-36% 4°.428
Ligain 41 8% 80
Lignocenc acd 48
Lignosulfonic acxd 84
Yame sullvr $72-4,3
Lancleic and 47 48
Lmolense acd 48
Lipases 152-153
Loprds 82 374
aretabolistn of 1.2-164
of cells 35 37 41 4549 392-393
see alto Fats Fatty acids Ihosphals
picis
Liposital 340
Lipoxidase 155
Lumnescence 26-7
Lusee aad 43
Lycomarasmn 2,4-2,5 266
Lycopene 158 J53 161
Lycoraathr 1.9
Lyophiszanon 4
Lysergic acd 269 280
a® Lysme 261
ot Lysne 257 259 26-267 27!
8 Lysine 266
Lysonyme 423

Magnesum of ccils 37 38
physsologteal cffects of 19 137 306~
%07 313 316 37
sequireraent for 504 306-307



SUBJECT INDEX

Penaun *70

Pemaliic aad 180 447

Peniallin 15 184-187 308 441

Penallin amidase 187

Pemallimase 187

Pemlin B 290

Pemalloic aads 187

Pentaacetylglucose G4

Pentonic aads © 2

Pentosans 42 48 77 113-114

Pentose phosphates 217-18

Pentoses mctabolism of 143 208 °21-
22

Pepudases 85 449
ste elso Endopeptidases Exopepu
dases
Pepudes °50-01 255-756 479
Penodiaty 36
Permeabality "06-.07 397 442443 449
453454 458-460 470
to aads 80
o cations 391
10 metals 468
to vitamins 3.6 340
Peroxidases 232
Peroxides 433 443
Persylfate 305
PH effect of ammor wm on

519

o Phenanthrolne 4/9 480

Phenazine dennatives 205

Pherol 83 441

Fhenols oxudation of 1741:6
toniaty of 449 453 45> 4 7 463 4C4

Yhenolsulfatase 306

Lhenothiazone 4:2

Phenylacetic acd 173~1/4 186 208

Themylalamine 171 c37-29 L7127,

Thenylethylamne 186 273

a Phenylghyane 271

henylmercunc acetate 4o,

¥henylpyruric aad ~e1-2

Phomazann 28

Vho phatases 105 123 75 30.-303

Thosphate 22 249 301- 04

Phosphatides 46 47 153

Phosptute 301

1 hosphoenolpytuvic transphosphorylase

Phospholructohinase 213
Phosphogluconate ox dation  pathway
1,9 O17-220 wcl-o?
6 Pha phogluconic asd 17
Phosphoglycenic acids 13 3,2
Phosphoglyceny] Linase 213
Phosphoglyceryl mutase 213
Fhosphob 213

247-248
elect of orgame acd utlzaton on
B0 213
eftect of on growth 14-15 19-°8 6
effect of on metabolsm 19 141 150
178 .08 337
effect of on mimerail nutntien 07
N2 36
tHiect of on permeab hty 80 8 6
efect of on reproduction 363 66
*fiect of on spore germinanon 403
404 409
effcct of on substrate uthlzavnon (9
81 44 246
effict of on toniaty 454-457 468
effect of on witamin requirements
33 337 40
eflect of on zonation 3 9
nternal 2 .3
Phalyn
Phallodine 2,
Themanthraquinones 437

Thospholipases 153
Thospholipids 152 339
s also Phosphatdes
Phosphomoncesterases 1.3
Lhosphoprotens 38 44
Thosphorus & 139 143 30i-304 469
boassay for 313 314
of cells 37 38 3.6
i hospl orylases 121
Phosphorylation onidative 213 46
Phatoreactauon 433
Phototaxis $60
Photot of1sm 358 360-86 392
Phthalc acti 2
Iycomycetes physiological characterts
ucs of 48 90 1 304-305 347 366
Ihyuc aad 301 302
Phytn 339-340
Ihytoene 159 161
ThytoBuene 1 9 161
1icroroccelin 260
Lmelic aad 334
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Mynsuc acid 48

Nalgiotaxin 183

Nalgiotensin 183

NMaphthoquinone dernatnes 168
344 45477

« (2 Naphthyloxy) n alkylearboxyhe
ands 46)

Neopyuthizmune 332

Neusosporene 158 161

Nseotsnamisde 337

Ncotinie and 336 327 $28 337-33¢
34y

ot 204 esters 461

Ndubin 169 1,0 183

Nigeran 43

Nitrate 242-245

Matrate yeductase 244-240

Nutriwe metaboliste of 249 35,

physiological effects of 21> 233 215
uuhizaton of 246

Natrste reductase 245

m Natreanibine 245

Nitroani reductase 245

atrobenzene 83

Nutto,en toral 12 36 4344

Nutragen fixauon 249

Nitrogen mustard 432 443

Nutrogen supply physealogical effeets of
18 41 79 139 M9 1.5-1.9 200
247-248 275 368-3,0

MNitrophenols 462~164

p Nntropheny! g glucoside 107

£ Nurophenyl phosphate 502

£ ™atropropionic acd 280 81

w Natrostyrene dernataves 446

Notatn see Gluzose aerodebydrogenase

~uclet of spores $39-390

Nuclewe aads 45 274-277

Nucleostdes 2/5-277

puclegtides 203 275-2,7

oy

Octadecadienow aad 48
Octadecanow aad 48
Leto dernatnes of 47
Octadecatienac aad 48
Octadecenosc aad 43
Octanosc 2ad 154 §5,
Oletc aud 43 §2 333

SUBJECT INDE\
Ofigosacchandes  66-7%  105-109 363~
369

Oosporeins 167
Order of death at Ingh temperatuse
424425
OGrosthsne 261 267 268
Ormthune oycle 268-263
Orotic aad 277
Orotidine 277
Oratdwne 5 phosphate 277
Osmanic pressure 296 406
Oaalacetic aed 138 141-143 223~ 9
330 538
Oxalacetic decasbonylase *ufi
Oxahic aud 2:8 379
formauon of 134 137 138 141 M¢
s 180 303
wtthzation of 68-73 81
Osalic acsd decarboxylase 144
Oxalosuccnsc asd 223
Oxalosucaime decarborylase 993 %6
# Omdation 153-155
Oxaudauon seduction balance 100-101
Ordame asumlanon 212 462463
Oxadamve phosphorylation 203 467
Oxne 315 478 480481
see also 8 Hydroxyqunohne
1 Oxybiotn 334832
Oxygen determinauon of 203
daffusion of 200
phyuiological effects of 23-24 <08~
203 26,366 394 412413 4%
Oaygen demand 2-3
Oxynamon 140
Oxptetracychne §83
Qone 366

Palmitic aad 48 87

Pantetune 161

Pantaic aad 342

1antotheme acd 16} 320 341-34° 340
Parglflins 82

Pactiuon coeflictent 458459

Patultr £42~173 1/9-180 457

lectase see Pectan methylesterase
tecue matertals 41 80 114119
Tecunase see  Pecun polygalactusonise
Pecten depolymerase 136 118

Pecun methylesterase 1-119

Yectin polygalaciurenase 115-119



SUBJECT INDEX

Penaun 220

Pensaillic and 180 477

Peniafin 15 184-187 308 441

Penialln amadase 187

Penuallinase 187

Penxcillin B 2°0

Penallow aads 187

Pentaacetyiglucose 64

Pentonic ands 722

Fentosans 42 48 .7 118-114

TFentose phosphates 217-718

Pentoses metabolism of 143 208 221-
=

Pepudases "6s 4 9
see olso Endopeptidases  Exopepu
dases,

Pepudes 2,0-231 250-256 4,9

Peodiaty 367

Pomeability “06-207 397 442445 149
455454 8460 4 0

018

o Lhenanthroline 49 480

Phenazne dernatises 200

Phenol 83 141

Lhenols oxidation of 1/4-1 6
towieity of 449 453 400 407 463 464

Y henolsulfatase 306

Ihenothiazone 4,2

Phenylacetic aad 173-1/4 186 208

Thenylalammne 1r} 257-9 271-272

fhenylethslamine 186 113

o Fhenylglyane °7t

Uhenylmercunie acetate 46

Lhenylpyruvic aad 2el-a ®

Phomazann <83

Pho phatases 103 123 250 30.-303

Ihosphate 22 °19 .01- 04

Thosphaudes 46 47 103

Phosphite 301

213

Phosphogluconate oxidation  pathway

to aads 80 t hosphofructolnase 213

t catons 391

10 metals 463 19 217220 221 22

10 vitamns 3.6 340 6 Phosphogiucomc aud 21/
Peroxidases, 23° Phosphoglycenc acds 218 32
Peroxides, 433 443 1 hosphoglycenyl linase 13
Penulfate 300 1 bosphoglyeenyl mutase 213
PH effeat of 1! on § 213

241-258

efect of or ame and unhzauon on
80 43
eflect of on growth 14-1 19,3 6
effect of on metabolism 19 141 1.0
18 208 337
effect of on mneral nutrson A7
312, 316
cllect of on permeabul ty 80 3.6
effect of on reproduction .63 .66
¢fiect of on spore germuinaton 403~
404, 43
efiect of on subsate uulzauon 9
81 244, 246
eflect of om tonaty 4 4457 463
efect of on vuamin sequisements
3% 337 310
efect of on zon ton 4
nternal 22 23
Phallin, 2,
Thallowline, 2,
Thenanthraquunenes 4 7

¥hospholipases 155
1 hospholipids 152 3 9
see also Phosphatides
Ehosphomonoesterases 123
Ihosphoproteins *8 44
Lhosphorus 8 139 149 J01-208 463
ioassay for 313 314
of cells 37 8 36
A horphorylases 171
Fhosphonylation axudats € 213 462
Photoreact auon 433
Phototaxss G0
Phototopism 3 8 G-AZ S
hthalic sad 22
T hycomyestet | hysiologieal charactens-
usof 8 0T L1305 34T 06
Iyt aod 01 2
Ihyun 333-,40
Fhytoene 19 161
Phytofluene 1.9 161
Picor sceekin
Fimelic aod 34






SUBJECT INDEX

Ribose 64 68-73
Ribose | phosphate 16
Rubose 5 phosphate 218
Ribulose 5 phosphate 218
Rubber 84-85
Rubidum 303 316
Rubrofusarin 1 0
Rugulose 43
Rust fungs 26 3/8 426
spore germisation 1 39 397 398
390401 403 40> 408 412 41§

DSacchanic aad 6o 152 132

Sapomn 57

Sarcosine 266

Sawdust as culture medmm 3

Sandinm 313

Sclerotia 306-307

Sclerotiose 43 1.1

Sedoheptulose phosphates 18

Selenate sodwm 182

Selemde sod um 18-

Selenum 182 445

Self inhubatton 413415

Serme 47 143 957 26 269 271

Senne dehydrase 262

Shaker 2

Shibumic 2ad 171 1,2 2712 2 341

Sticon 38 313

Siver touaty of 46 H7 4° 403
60-472

uptake of 402 468472
Sodium 38 300 303
Soi as culture medium 3
n presersation of cultures 4
Soul fungn 28 247
Solamin 441
Solamone 1,0
Solubility 4534 ¢
San ¢ osallat on 200
Sorbitol 68-73 122
Sorbose 122 90
toxicty of 10 62-63
ut lzaton of 62 68-73
Spectrophotometry 04
Spiculisponic acd 47
Sp nulesin 167
Spinilloxanthin 159
Spore duscharge 364- 65

521

Spore germunaton effect of tonizing ra
diation on 433-432
effect of hight on 428
effect of pH on 22 403404
effect of temperature on 18 407-41..
latent penod of 388 391 410-411
rate of 388 390-391 39--396 400
410411
Spore starch 42
Spores maturauon of 95398
nuclear number of 389-390
respiration of 393-3%>
st elling of 391 406 413
Sporulation effect of calaum on 312
effect of zinc on 309
nhibition of 481
Squalene 157
Stachyose 109
Staling 8 249
Stannuc chlonde 467
Stannous chlonde 467
Starch 68-¢3 75-76
Steanic acd 48 82
Stenluzauon chemical $3,7-378
Steroids requirement for 340
Steyols 46 49 82 155-157
Supitauc and 169
Streptolin >4
Streptomycin 110 160 278 308 441 452
Streptothrian 254
Strontium 311
Structure and fungutoxicity 464465
Styrene 4 8
Sucanate hetoglutarate sociiate  cycle
Sucan ¢ aad metabolism of 142 145
146 23 220-..8 428
formauion of 133 142-143
uulizaton of 63-78 81
Succmic dehydro enase 223
Sucanoudase 230
Sucrase 105-107 374 393 471
Sucrose 3 4
breakdown of 105-107 393
vulization of 66-74 369
Sucrase phosphorylase 107
Sugar alcohols 56 122
Sigar fungn 91
Sugar pho phates hydrolysis of 105 302
Sugars decompos tion of 57-58
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Pinselic 2cid 168
Pipecohic and 262
Plant pathogenic fung: 19 21 115 347
366 377-378
Plasmoptysis 400
Tolyencs 164
Polyenynes 164
Polyfructoses of mycelum 43
Polygalactoses of mycehum 43
Poljglucoses of mycehium 43
as Polyisopree 164
Polymyan 453
Polyphenol oxidases B84 178 174-1/6
178 263 480
Polyphosphates 302 479
Polyporenic acids 153
Polysacchanides 4243 120~121 368-369
Tolyuronide of mycelium 43
Porphynns 4,9
Potasaum  303-30¢ 316 3.1 468
boassay for 314
of cells 37 8
permcability o 468
towdery mildew fung spore germina
ton in 396 398 389 401 40406
408 412
Prephenic aad 27§22
Preservaton of culiures 4%
Pressure 423 433
Progesterone 157
Prohne 257 26¢ 265 268
£ Propiolactone 454
Proptonic acid 68-+3 81 46°
Propylene oxide 377-3.8
Proteases 251-253
Proten of cells 57 41 44-45 393
1equirement for 345
utihization of 250-252
Proternases see Endopeptidases
Frotocatechuic aad 171-172 174
Protopectinase 115116
Pteroylglutamyc aad 341-343
Pthioco) 344
Puberulonic acd 169
Pulchernmmn 283 309
Puniaes 2¢5-2.8 462
Putrescine 273
Pyrazine dersatnes 283
Pyrazoles 464
3 Pyndinethiol 472

SUBJECT INDEX

Pyndoxal 33
Pyndoxal phosphate 267 271 535
Pyndoxamune 335>
Pyndoxine 3°6 328 320 335 3t
Pynmdine motety of thiamine $30-33°
Pynoudines 275247
Pynthiamine 332
Pyrone denivatives 172 178-180
Pyrophosphate 38 302
4 Fyroline 5 carboapbic aad 268
fyruvee sad 379 397

carborjlation of 142 228 333

from senne 145 262

role of in resprranon 138 213216

218 222-228
1m \ahne synthests 2,0

Pyruvic carhosylase 218 16 303
Pyruvic oxime 249

@ of growih 15
of Yespiration 208
of thermal death 4%
Quimic acia 17) 1.2
Qumolne derssatives 283
Quinolinic acid 338-359
Qumnone veductase 1:7
Quinones 1n respuation 1/7-1 8
toxrcaty of 439 463 47,478

Raffinose 673 107 109
Ravenehn 168
Resistance 3,8
Respiration aerobsc 202
anazerobre "02
cndogenous 210-211 463
tnhibition of 442443 484
of spores 343~39
terminal 297 232
Resprrometry 203
Restng cells 101
Restung spores 396-398
Rhamnose 63 66-73
Rhuzoptenn 312-343
Rhodoviolasan 1.8 1.9
Riboflavin 307 3.6 3 8 3%6-337 345
3,2 402
Riboflavin monophosphate 2+
Ribonucleie and 40 D5



SUBJECT INDEX

sTnaunes 4,1-452 453 457 463 46¢

Trin butyltin acetate 467

N (Trichloromethylthio) 4 cyclohexene
1. dicarboxarmde 44

Tumethylamine 273

Tnmethylarsime 182

Trimethylethylene 163 41.

Triose phosphate dehydrogenase
218 484

Trose phosphate 1somerase 913

Trose phosphates 213 218 221

Topalmitin 82

‘Triphenylmethanes 464 475

‘Trphosphate 502

Trphosphopyndine  nucleotide 04
17-218 223 229 245 26 338

Trsteann 82

Triterpenes 157-158

Tropwms 391-392

Tropolone dernatives 169 1/0 475

Trpsn 29

Trypsncgen 5

Tryptophan 171 56 .57 259

metabolisru of 263 271-2 2 338-339

Tryptophan synthetase 271 309

Tungstate sodium 441

Turbidity as measure of growth 12

Tyramine 963 273

Tyrosinase 175-176 263 3/6

Tuosme 171 2.7 59 263 271-2,2

204

Ultzasiolet raduation 429-433
eflect of on reproduction  357-358
9 36

Unaall .75 246

Uramum 448 454 14 0

Urea 45 219 2,7-2,9
metabol sm of 68— 69

Urease 9,8 4,7

L Ureidosucainic aad 277

Urethane 83 .49

T ;3[5]“) lenecyclohex;lybutyne

6-27)

aad

Uncaad 215 78~ 79
Uncase 278

Undne5 phosphate 2,7
Urocamic aaid 264
Ustlagie aqig 47 104 219
Ustil ¢ aads 4;

523

Unlzation definitions of 55- §

Valine 186 257 %61 2/0
‘Vanadium 313
Vamllin 174
Vapor pressure 458-450
Vananose 43
Vanauon 3 102
Versene see Ethylencdiaminetetraacetic
aad
Viemyen 954
Vindicatin 281 288
Vitarun A 345
Vitamin B see Thiamine
Vitamin B, see Riboflavin
Vitamin B see Pyndoxine
Vatamin D 345
Vitamuin E 345
Vitamins By, 343-344
Vuiamuins k344 46
Vitamins as wmpurnities 57
effect of on reproduction $71-3.2
effect of on spore germination 407
p-Volemitol 122
Volutn 38

Water and growth 25-.6

see also Bound water Humidity
Water content of cells 36
Wilt fungs 16-19 23

Wood destroying fungs 8 83-84 175
347

“anthates 47.

Xanthine 275 26 78
Nanthine oxidase 275 2/8
Nanthones 168 170
Ranthophylls 162
Xanthuremic aad 263

\ rays see lonzng radiation
“ylanases 114

Nylans 114

Nylobrose 114

ylonic aad 182 156
\ylose 63 68-73 .21
Njylulose 5 phosphate 218

Yeast extract 375

Zeaxanthin 159
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Sulfanslomde 2/6 442 464

Sulfwe 182 186 30.-306
Sulfhydry ¥ compounds 11 393

of 462~

SUBJLCT INDEN

Tetramethylthinram monosutfide 483
Tetronic acd 180

Thelephonc zad 167

Theophylne 2,6

Salthydnd enzymes tnhsd
463 4,0-472 476-4,8 485

Sulfide %0

Sulfite 300

Sulfonarmides 341 456 461

Sulfur 8 139 162
Tequirement for 304-306
toxaty of 40 472475

Subfur mustard 443

Salochrimn 166

Surface action 4a3-454

Surface tension 458459

Tannase 1 6
Tanme acid 83-84 175
Tannms Lo
Tartanc acid 68-73 81 131 14y
Taurecholate sodum 441
Taxouomy IS4 9 90-9} 103 345-
7
Telemorphosts 3.4
Tellunge porasaum 182
Tellugsum 182 47.
Temperature  and
ments 526 336
and zonation 359
effect of on growth 15-19
effect of on merabolusm 99 208
effect of au pH response 19
ellect of on reproduction 359 362-
361

VAN require

eflect of on spore germunaton 389
397 398 407412

lethal cffects of 423427 43,

trophic effects of 362
Termnal respiration  220-252
Terren 183
Terresine acd 180
Tewrachloro p benzoquanone 416
“Tetrachioromitrobenzenes 449
Tetracosanoie acd 48
Tetracosenorc and 48
Tetcacychine 183
Tetradecane 82 163
Tetradecanow a0d 43
Tetrahydrophytoene 160
Tetramerhylthiuzam disulfde 482-183

Thermal death point 423-42¢

‘Thermal death ume 424

Thermaphuly 18

Thiaminase 320

Thiamme 13 215 3.6 328 3.9-33”
3% 339 345 347 371-372

fhiamne pyrophospbate 329-850

Thuazale molety of thamme 350-352

Thigmotropism 392

Thiobs phenols 472

Thiocyanate 305

Thiocyanate demvatives 472

Tleoghyeobe acsd 71

Thiol compounds protecion by 468
40 406477

Thiotuttn 280

“Thionophosphate 302

Thiosulfate 305 454

Thiourea 184 245 304 308 4.2

-Threstof §22

‘Threomme 257 262 26% 240

B-Threose 64

Thugaphians 160 4715

Thunberg methad 202-208

Thunberg Wicland reaction 147 143
27

Thymne 275

Thymo! 441

Tin 467

Tolesance to toxscants 448449

Toluquinone {73

Torulathodin 153

Toralene 159

Texzaty apparent 451
speafic 451

Transacetylase 143

Travsaldolase 238

‘Trapsammnation 258 267

Transfructovdase 106-107

Transgatactosdase 107 108

Transglucosidase 107 108

Trans,lycondases 10,108

Transketolase 218 373

Transmethylation 185187

Trehafase 103

‘Trehalose 66 68- 3 108-109
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Zewn 251 13 208 245 308-303 32 34 3N
Zinc 38 308-309 toxicity of 446

nduction of vanants by 443 Zonauon 18 308-359

permeability to 468 Zygotropism 374

physiological effects of 139 142 157 Zymomic aad 181






