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Preface

Recent studses of fungs have led @ two important conclusons re-
grrdmg these organsms  their role—potenual and actual—in human
affairs 18 even greater than has been assumed by mycologists, and this
role 1 predommantly benefical. Perhaps because of the apparent sim-
platy and primitive nature of fungr—as well s therr generally small
sze—they have never recoved, from laymen or from workers 1o alled
fields, the that thesr bers and p ! usefull have
merited Parr of ths s the fault of the mycologisns themselves for s
Alexopoulos has sud, “Mycologrts are poor propagandst.

Thss madequate recogminion of the practeal importance of the fung
s creawed the need for & text that cen play & dual role On the one
hand, the rapid advences 1n practical mycology—partcularly 10 13 m-
dustr] aspec—deserve an up-to-date summary of the achevements
and experimental frooners of that field on the other hand it 8 be
commg increaningly umportant for the smdent taking an mtrodoctory
coune m myrology—or even general botaay—to have acvess w cor
rent inforrmunoa regardmg the relanons of the fung: with the enimal
and vegetable kingdoms,

The present work brings together under one cover a discusmon of
many ways m which fung: affect man s affars. Primanly 1t 15 designed
3 2 textbook for industral mycology courses, bat it may also be nsed
53 1 reference by the buologist who wihes to present some facns con-
cerning fung to hus general clasees. In a few instances I have used dana
from my own unpubluhed research, but most of the marerl 1 noc
new—as, indeed, textbook nformacon rarely n.

Following the mtroductory chapter 1 have drvided the dicusslon into
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two rather unequal parts, concerned with the beneficial and harmful
actvities of fungi respectvely The larger amount of space devoted o
dmﬁmunoc,lbcbcvqnmamfcmmnofprqudxebutmopmm
bated on the evidence insofar as | have been able w read &

In spite of the impostance of the Actiomycetes In anchiotic produc
toa and a1 part of the soil mucrofiora 1 have not wcluded dhem 1n chis
dmmm[umyopmmtbcunghtmbcphmdvmhtbcfmgmun,
ut this stage of research, sull be regarded as questonable.

The arrangements of topics has presented a difficult problem. For
example, the positon of the chapter on Mycorhizae may seem some-
what unusual, but since these fungus-root complexes develop in the soul
I have considered them to be approptute neighbors to the fungt m the
chapeer on the destrucnion of organic waste, an sctvity also occurning
10 & great extent m o on the sotl. The comparetively short chapter on
plant pathology mmy sppear madequate to the plant pathologmt, but
any discusston of such o large and expanding held of plant scrence mast
of pecessity be abbreviated 1 2 textbook of chus nature

I have mken the liberty of making certain speculstions but have con-
fined these largely to the brosynthetic potentmlmes of fungt I belreve
sach speculations to be jusnfied for three ressons (7) there are trev
mendous numbers of species of fungr, most of them with many differ
ent varreties and strans  (2) thorough biochemiaal study of a single
speases usually reveals that the organusm 15 capeble of synthesizing 2
wldcvimtyuforgamccmnpoundrlnd(i)nrchdvelyumﬂuumbcr
of fungs have been subjected t exhaustrve brochemucal study A realss
tic conclusson from these facts would seem to be thet we have explored
only the frioges of the brasynthetic capabilires of fungy, and that the
futare may well make our present body of nformation scem woefully
small.

I am 1ndebted to many mdividuals for tire aud they have extended 1o
me during the course of this work. Colleagues in academ industrial
and government posions have allowed me to use thewr dlustravons
and deta quite freely and 1n some wstances have exerred consder
able effort to provsde me with the matermals I weated. In esch mstance
where 1 have used the work of others I have included a credit line bur
wish also to express my gratcude here. [ wish to thanl Drs. C C Alls
son and C. W Elletr, who read and cricized che chaprer on fung and
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plant discase: Dr Samuel Saslaw who read the chapeer on medical my
cology and Dr G W Marna, who resd the introductory chapter this
does noc imply that they necessanly concur m all I have sasd, and cer
cunly if there are erroes they are mine not thews. [ am especally grate
ful to Dr Norman D Dava, who as a graduate student read the manu-
sript and provded invaluable critiisms from the students pomt of
wicw Last bot not least the members of my famly ere due my dhanks
for therr tolerance and patent undensaanding duning the long hours
spent In handling the many details that went into the making of this
book,

¥ DG
The ON  State Umrersity

Janwary 1939
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1 Introduction

MORFIOLOGY OF TUNGI

CLASSIMICATION Of TUNGI

IDINTIFICATION OF TUNGI

NUMAPR OT TUNGI

1SOLATION AND LABORATORY CULTIVATION OF FUNG

TO A PLRSON pot trained In plant sacnce the term plant
kingdom ordinanly calls to mmd the larger and more obvious green
plants. However to the botanist the term has & much broader meaning
covering many thousands of other ofganisms that arc usually seen ooly
by those who have been tramed to look for them. Wheress the layman
thinks of plang m terms of green organisms with rooa, stems, leaves,
flowers, fruits, and seeds, the plant kingdom sctually includes many
plano having no sxch structures and compketely devoed of the green
colonng materlal chloropbyll that charscterizes the larger forms of
phunt Lfe.

Although the great majority of nongreen plants are less comspacnons
wnd typraally much smaller than green seed-beanng plann, they sre
0o less abundant of less important. Actually noagreen plants are far
mwoce numerous than green plants. As has been poineed out by Tran-
sean, Sampeon and Tiffany (1940) oearly 80 per cent of the known
species of planes are green yer there are fewer individual green plants
than nongreen plants—as illustraced by the fact thar there are over
15 000 umes as many indrvidual plants in » single cake of compressed
yeast a3 there are comn plants in a thousand-scre cornfield.

A few hundred seed-beaning plans—such &3 Indean prpe (Alowor
ropa) a0d beechdrops (Epifagas)—have po chlorophyll (Fig 1) but
the yast majpoaity of noagreen plants are orgenisms of the type known
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a5 fangs. The following List clasnifies the major subdivisions of the plant

kmgdomandxhownheposmonoftheﬁmgi (**) with respect to other
types of planex

Subkingdom Thallophyta Plant body not differentated 5o vasalar
tussue,

CHLOROPHYLLOUS THALLOPHYTA

CHLOROPHYTA. Green algae.

CYANOFHYTA. Bloe green slgae,

FUGLENOPHYTA. Euglencsds flagellarss wrth green plasnds,
CHRYSOPHYTA. Yellow green and golden-brown algac dmtoms.
PYRROPHYTA. Dhpofiage]lares.

PHABOPHYTA. Brown algae.

RHODOPHYTA. Red algue,

NONCHLOROPHYLLOUS THALLOPHYTA

SCHIZOPHYTA.  Unxeellular noogreen Thallophytes repeoduce by cell
drvinoa.

BUBACTERIALES. True bactern.

ACTINOMYCTTALES.  Acupomyceres.

MYXOMYCOPHYTA. Myxomycetes sfime molds.

EUMYCOPHYTA. True fungi Usually conusts of filamentous hyphae.
PHYCOMYCETES. Spocangrum fungl (elgal fungr)

ASCOMYCRTIX. Ascus (sac) fungL

BASIDIOMYCETES.  Club fung

FUNGI IMPERFECTT  Imperfect fungl.

Subkingdom Embryophyta Embryo develops from zygoce in archege-

nram or embryo sac.

BXYOPHYTA. Bryophytes,
HEPATICAL. Liverworts,
ANTHOCEROTAL  Horned liverworn.
Mmuscr. Mosses,
TRACHZOPHYTA. Plants with conducung trssues (sylem and phloem)
psiLOPSIDA. Mostly fosuls few living specres.
Lycopsma. Lycopods and quillworts living speoses and fossila,



sprnopsmA. Horerils extinct Sphenophyliales and Calamites.
FTTROPSIDA.
TILCINEAL  Ferns
GYMNOSPIRMAL.  Gymoosperms (naked sced plant)
ANGIOSPERMAL.  Angsosperms ( flowermp plants)

. ot

gus virginlana) o flowerl) that doe.
the fungl whidnum m%ﬂryﬂau,
such planty must Hpont &n external sotrce of energy-containin,
orgaric compounds. hbpaﬂadavnoagv«np&wbnpwnﬂ:onbe«fu
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The mapority of fung: are small and 1nconspicuous However o few
types such as the mushrooms, shelf fungr, and puffballs, have lacge and”
promupent reproductive structures. Most of the members of the Sub-
hingdom Embrpophyta and all algac of the Sublingdom Thallophyta
contan chlorophyl! and bence, unlike the fungs, are capable of yo-
thesoring sugar from carbon dioxide end water Because of therr lack of
chlorophyll all fungt ace dependent upon some external source of sugar
ot other utihizsble carbon-containing compound as @ source of eoergy
and assimdable carboa.

The great majoruty of fung: obaun thewr food from dead organtc ma
terial and hence are Lnown as sapropbyses a relatvely small percentage
derrve ther food drectly from othet Living organusms and are Lnown
as parasises Some fungt are able to live erther as saprophyres of as
parsices, some live only as saprophyres, and others, known as ob/igare
parasties grow only on other lving organsms. The lacter cannot be
culeured on artrficral media 1n the laborarory but since mose {1f not all)
of the plant parastie fungt stadied are incapable of synthesiag ooe
of mofe Vieamint or essential amuno aads, It & quite possible thae ways
of culruring them will eventuslly be found and they will drop out of
the aaregory of obligate parasites.

Int thesr parmyrtism the fung are not restricted o the higher plants,
snce man domesacsted anumals, and insects may be prrauized by
various fungy, and there are oumerous mstances of fung: being par
sitzed by other (sometimes closely related) fungi The great emphasts
1n comparatively recent years on the relation of fung: ro the diseuses of
econamic plants has served to focus attention on the species that pam
stuze plana, which, as stared previously are not representauve of the
maority of fungr This emphass is of great value to the agrculwuris,
though 1t wually results 10 a somew hat one-sded concept of the funge
A specrecular discovery such as pentallin calls immedumee atrentron
another type of fung, although there are many less dramacc ways 10
which the actrvinies of fungt can be successfully directed toward mans
berefit.

A few of the many species of bacterm (whuch, like the fangi conmun
nio chlocophyll) are able to owdize reduced morganic compounds such
as hydrogen sulphide or ferrous oxide The encrgy denved from the
oxsdavon 15 utihized n the reduction of carbon droxide with the result
ant formanon of suger—e process known as chemosymebests Thus the
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chemosynthedc bacrerm are completely independent of the photosyn-
thetic process of green plants, A few bacteria postessing 2 pigment
known 23 bacterial chlorophyll are also independent of green plants 23
the ulumate source of their food. Becawse of the great number of bio-
chemical sumilaritics betw cen bactena and fungt 1t might be suspected
that there are connterpars of the chemosynthetic and photosynthetic
bactersa among the fungi. No such fungl have yet been described ac
cordingly st may be sard that all known fungt obtain their energy and
smumilable carbon from some external source.

Some fung have the apacty w otiloe 2 great vanety of organic
compounds, whereas others are restricted to & ratber mited pumber
Several attempat have been made to correlate the chemiaal strocrure of
organkc compounds wrth their unlk by fungi (Nageli, 1681
Tamiys, 1932) but po clear pactare has resuleed, sldhough it bas been
found that some compounds may be fespired yet not be used in assmila
oo

In wiew of the great variety of organx compounds that fungl unlee
oc synthestze, 1t B8 ot surpesing that many enzyme syseems are found
amoag the fungt In the past the resprratory sctvites of fung bave all
w0 often been viewed primarily a3 umple oxsdanons m which & wide
vanety of carbon compounds are oxidred completely to carbon dsoxsde
and water Such oversimplificanon iy apt to be quite mnleading in that
2 allows for 0o recognimon of the rraly complex synthenc capacies of
these organums. Rastd, Birkimbaw Clurterbuck, and other Engluh
researchers bave solated aod wdentificd a large number of complex
syothenc substances of fungl In view of the paucity of workers in the
field of fungas blochemisiry a0d the telatively few fungus speccs that
bave been studwed, st f3 reasonable to expect that many more such
maternls will be found. Mot of these metabolic prodocts of fongt are
now regarded as of academic wterest oaly It must be remembered,
bowever that over a decade had w elapse before the full implicanons

of the dicovery of peniaillin beceme generally apparent,

Morphology of Fungl

Although in certaln features of thetr nutrivon the fung: are
remarkably uniform, there b considerable morphological diversty m
the group. The vegetatrve body of most specses s composed of many



6 Introduction

filamenns (byphas) which for s sngle indmdual are referred o ool
lecuvely as the mycslixm. Although it 1s sometimes possible to deter
mmctbchrgegroupmwhxchltpccmbdong:mcmlybymzlmg
1 muCroscopic examnanon of the mycelmm, most mycelia are so sumilar
i appeanance thar therr characrenstcs are of lirde dugnostie value,
Certun wood-rorng fang: form an exception m this and can be den
ufied by keys based solely on myceliat charscrers.

The prmcipal dfferentatmg chamcrersucs of these organisms are
found in their reproducuve structures. Unlike seed-bearmng green
plants, most speaes of fungi reproduce by means of migute structures
known a8 spores Many fungus species may nevertheless, be propagated
10 culture by transplanung & pornon of the mycelum to 2 swuble
substratum  Although 1 great many spores consist of burt one cell, seme
species develop spores consisting of two or more cells, The sire, shape
color wall markings, and number of cells of spares are charecteristc
features that are commonly used 10 making an dennficaton. Some
spores ace vegemtve chae o, developng from vegemeve hyphac
without the edvent of any sexual process. Others are sexual spoces,
developing only as part of @ sexual process.

The nature of the spore-bearing structures must also be determuned
10 order to wentify fungus specics. Spores may be borne esther sagly
0 chuns 1n clusters, within spore cises (sporengss) in sacy (45¢) o
on speca] club-shaped hyphal cells (basdss) These sructures may oc
cur singly on the mycehum or clustered together 1 « fruung body
whuch 1 often characterssuc for  parncular type of fungus. The com-
mon cultivated mushroom 15 representuerve of fung: whose spore-bear
ng hyphae are grouped together 1 a defiarre funng body Even
though & mushroom appears w be & complex structure with & high de
gree of organanon, 1t 8 basscally filamentous. If & bir of mushroom
tssue 15 duseceed under a Jens s will be found t coasst of incerlaced,

compacted hyphae.

Classification of Fungi

The clasuficenon of a group of organssms as large and drvesse
as the fungt 9 naturally the occesion for differences of opinron. An
examunstyon of several textbooks of mycology will reveal that such
differences do exst; however the present work makes no atrempt 0
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discuss the merlts of the varous systems of clamfication. The fungl are
bere consdered to consust of four large natural classes plus a fifth large
wofieral group containmg & more or less heterogenous moxture of
forms, whose complete life histories are 1n some cases unknown. For
the mast part, the four natural dasses pomscss well marked character
s which set off each a3 & distnct endty whereas the fifth group, the
Fang Imperfecti, conmbsts of a large aggregadon of unrelaeed forms
grouped together under & common heading sumply because thelr perfect
(sexual) stages are elther unknown of infrequently encountered. The
classificanon of the imperfect fungs meo o single large group s hughly
arbitrary the exotence of such a classificanon being jusfied only on
the gronnds that 1t serves o provide some type of ocganmation 10 an
otherwise extremely unwicldy mas of materal. The fire large groops
of fungr arc

MYXOMYCETES (Mycetozoa)  Slime fung or slune molds.
PHYCOMYCLTTS. Spocanghum fongi of algallke fungy
ASCOMYCETTS.  Ascus, oc 8¢, fungs

BASDIOMYCETES.  Bandm or club fumgl

runat PERrLCT! (Deuteromycetes)  Imperfecy fungl,

MYXOMYCETES.  The principal fearare tiat dsuinguishes the
mote than three hundred species of Myxomycetes from all other groups
of fung:  the vegemtive phase, although the reproductive structures
are also quite doaincurve. Durmg the vegetanve phase represemanves
of this class consist of naked multinocleate maswes of protoplasm called
plnudhmplnmodiummaybcvurmmlycnb:cd.bmdrmzpﬁxy
of slime molds heve yellow pig The ete
phnmdlumcxhhu-vuyn;nd,mmbmdrypeofmmcmcm,mn-
suntly changing thape and mgesting small food particles such as
bumn,lporu.mdbmofthcmycelmufodufungtﬂwcphmodnm
mry be quue small or it mey spread 1n o thin f
orer an arca of several square inches (Fig. 2) irmxybertacu!m:
oc it may form a coatinuous sheet over the sabsrate. Littde exect in
formaton b avmleble concerming the notriticn of Myxonrpeetes, be-
cawe scxnt soccen has been achueved in muntlning these organsms
1 pare culmre.

After an actrve vegetative period (the duraton depending o the
specses o3 well a3 on environmental condinoos) 1o whach the plesmo-
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mann (1926) Oﬂthcodrcrhznd,chmﬁcsthcArdleycrmtul
ltparmgmupco—orduummd:tbcPhycomytctﬂ,Asmm)muwd
Basrdiwmycetes. For the purpases of this besef duscussion Fischers ar
mngtmcntwmbemd,ddmgb,nbetrmdamongmmymymbgm
today 15 to subdivide the Phycomycetes o developmental serses based
upon the flagellation of thewr spores. In accordance with ths more mod-
ern view three serses are recognized

Series Umflagellazes motile sporangsspores posteriocly uniflagellate.
Series Biflagellates ruotile spocanguospores biflagellare
Serres Aplamases motile spocangsasporss lackung

The larger more conspicuous Phycomycetes are to be found m the
Oomycetes and Zygamyretes (oc 1n the Series Bifingellatse and Series
Aplananae, if the newer classficanon o preferred)

The Arclumycetes are typicelly quite small, and meny are aquanc.
Some are saprophync, others growing a3 parasites on other fungy, algse
and insecrs. A number of diseases of economsc plants, such 5 dubroot
of cabbage and brown spot of cotn, are caused by members of this sab-
class

The Obmycetes typically have & well-developed mycelium and 10
generul are much larger than members of the Archimyretes. Many of
them are aquanc. Typial of this subclass 18 the development of well
differentinted sexusl organs. The ovbendia (make gametangu) and
oogonta (female gametangm) ate morphologscally quire disunct, and
30, also, are the male end female gametes (sperms wnd ofipheres)
which develop in these argeas. This sexual differentiation, 2 condition
known as bererogamy makes the two sexes eanly dutinguishable in
the Qomyoctes. The ygotes which form as the result of the fusron of
sperms and odspheres are hoown as ofspores Ascxual spoces are
formed 1n many Odmycetes. These spores are commonly motile and are
Lnown s zoospores the sporangia i which such spores develop are
called soosporengse Both smprophytic and parasine species are found
in ths subcisss. The cumal agenn of such well known dseasss 3
white blister of crucifers and downy mildew of grapes are Comyreres.

The Zygomycetes are commonly rerrestrisl. Extenstve mycela arc
mmﬂydﬂelopcdbymcmbcnofdmmhdm.Bo&nu:lmd-xxwl
cpotumformcd.butm-llmnmcutheyurno«mde (hence the
series name Aplanatze) Sexuality exsn m the Zygomyceses, b, (@
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contrast to the Ooaryeetes, it ts impossible o dutinguish the gametang
s male and female on morphological grounds; the gametes also are

phologrcally indistngushabl condinon usually referred to as
ssogamy The sexual spore (zygospore) charsctersuc of this subclass
forms a3 the result of the fuson of o gamemanga and therr mutn
nucleate protoplasmic conteno.

Sitce make and femalke sexual structures cannot be destingouhed, bat
sexuality obviously exists, the sexes are usually referred to as plus
and rmunos. Some speocs are bomorballic (both sexes occurnag on
the :ame mycelium) others are beterothallrc (different aexes occurnng
on different mycelm) Asexual spores are borne in small sporangs that
develop at the ends of spectal hyphae known as sporangiophores. The
common black molds, such ns species of Rbrzopas and Macor are
Zygormyeetes w3 are members of the penets Estomopbtbora and
Empasa—organtsms that occur almost exclusrvely as parautes of maects,

AscoMycETES.  Although mycologists differ widely 1o therr
estimates of the number of specics of Ascomyretss, they are generslly
agreed that this s the larges: natural class of fungr. With the exception
of such organmmu s the yeasts, Ascomycetes have well-developed
myvelia, which, however differ from those of the Phycomyceres in that
the hyphae are regularly sepate cach cell usnally having bur a nngle
mucheus. There 15 great divernicy within the dass m both size end com-
plexiry of strucrare  some members such as the yeasss are one-celled,
others develop an extensive mycelium from which a reproducrrve strac
ture weighlng several pounds may be derrved. ALl members of ths class
develop sexual spores (ascospores) n a sacike strocure, the wsesr
(Fig 5) The usmal number of ascospores per ascus 1 eight, bat there
are species In which excepuons to ths number occor In some Asco-
myeetes the sexcal organs (antherida and ascogonh) which de
velop prioc to ascus formation are well differentiated and esuly de-
tngushable one from the other m ochers they ase moephologucally
nmiter and in siill othen one of the sex ocgans may be shoruve.

The comsdism the asexual spore of the Ascomyoetes, 1 developed by
 great many speascs. Conldia are formed by abstriction at the ends of
specialezed hyphae called consdropbores

The Ascomycetes may be divaded into two subclasses on the basus of
whether or not the ascs are aggregatd in specual structnres. In the sub-



14 Introduction

&

@ o

Fic 5§ Asci and ascospores A Hrpoxyionoocdncum B

cey C H. bormgq (. from Jamp 1937) D
tisme acermum. B lelmponPhJqu (redrawn from Wingard 1925)
F Sph tllbe from Luttrell 1944) G Rhy‘Em-
bius sc.wedmsporm (rfdrm from Seaver 1947) H Taphrina

mans (redrawn from Martin 1540) 1 Ascodesmiy microscopsca (redrnen
from Seaver 1942) J Undnula fraxini (redrawn from Salmon 1900)
K T potentillac (redrawn from Martin 1936) L ascus stage of Penicl-
lum brefeldianum (redrawn jrom Dodge 1933)

class Hemuscomycetae (also called Protoascomyceme) the asa may
develop singly or 10 groups but are never aggregated (o speaal s
tures, 10 the larger subclags Evascompertae the ascr ace slways ag-
gregated 10 or on speasl swructures called ascocarps (Fig 6) Welk
known members of the Hemmscomycetes are the yeasss and the parasax
fungt (Tapbrena spp ) which cause leaf curl in vanous green plants

In some speaes of the subclass Eusscomycetse the ascocarps are
unique, with characterisucs thar alone may be suffiaent for speoes
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idennfication. On the basus of the form of the axcocarp developed, the
Eusscomyeetac may be divided into three serics

Scries Plecsomycetes sscocarp a clelstochecium,

Serles Discomycetes uscocarp an apothectum.

Senes Pyrewomyceres axcocarp a penthecrurm.

The dewstothecivm type of ascocarp, found in the Plectomyretes, 19
completely closed, with the ascr sometimes irregularly arranged within,
Fung that develop cleistotheaa are the common blue and green molds,
Penicilliem and Aspergilivs and the parasinic fungi that are the causal
agents of the planc discases known s powdery mildews—a common
example b Microspbacra alw: the aoal sgent of powdery mildew of
lilsc,

An spothecssm b a disllle or cop-shaped sscocarp (o6 one derved
from & fundamentully cup-thaped stroctare) which may or may not be
salked the asa are armanged in & palitade within the cop. ‘The Du-
comycetes include a large number of specscet. [ some the ascocarps are
small (10 mm. or less) in others, such as Urnals cratersam and vari
ous speccs of Morchelle and Heleslla they are large (10-15 em.) and
conspicuous, There are boch saprophytc and parasitkc speaes of Du-

Fx. 6  Disgrammatic representation of types of awcocarps  shown In
surface view end In vertical section. (From Wolf and Wolf 1947 )
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Fia 8 Herlclum coralloldes, a Basidiontycete in which the basidiocarp is
a spirty structure with the kymental layers covering the spines

o 5

H ST S TR
L0 _f-,e\f‘

Fio 9 Stercum sp o Basidiomyeete in which the hymenial loyer covers
a plane surface

clags, which wcludes the jelly or trembling fungy, the nusts, and
the smuts. The last two types of fungr taclude some of the most 1mpox
tant paresites of man s cconomsc plants.

In the Homobasidsomyvcetes the basidra, which develop from vegets-
tve cells, are ponseptate and wnlly clubshaped. Jo th subclass are
found the largest of all the fungy. Typieally these fung: develop special-
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Fio. 10 Catratla cranlformls. This puffball is a Basidiomycete in whick
the kymendal layers remain enclosed sntll maturity

Fo 11 thmupldm.aﬂaddlmmlnwhkhmth}nmd
kayer covers the nafaces of the lamellae (gills)
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12 Clavarla sp This coral jungus is a Basidiomycete Int which the

Fra
hymenial lgy er covers the corallike branches of the basidiocarp

Fra. 13 Fomes app a Basidiomycete in which the k lal layer
lines small tubes (pores) (Courtesy C E Taft)
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szed frarung stractures (bassdiocarps) on or 10 which the basidm and
basidospores form. With few exceprons the baudla are grouped m
definute layers (bymenial Leyers) that cover plane surfaces, lamellee
or gills (as 10 the mushrooms) of corallod (spiny) structures (as m
Clararia ot Hydmams) or that scrve as inmg of small tubes (as 1n the
pore fung1) or of closed frurting structures, a3 in the paffballs (Figs.
8-13) ’n\cmostcomptuompnnof-qtouofdmsuhdn:udt

Generally an extensive mycelrum 13 formed which devel
ops largely wrthin the substrate (sod wood, organs debrss) and bhence
1 commonly not seen. Both saprophytes and parasiees oceur 10 dhus sub-
dass; some of the most destructve parasites of umber trees are Homo-
basdiomycetes.

FUNG! IMPERFECTL  In ths group are included the asex
! sages of ceroun speoes known o have perfect (sexual) sages and
those fungs 1n which the perfect stage has not been observed. In some
clasuficatsons the Fungr Imperfect: are conndered 2 class coordinate
with the Phycomyeetes, Ascomycetes, Bassdomyceres, and Myxomy
cetes. This clasuficanca o obviowly unsound becamse the only charsc
terstic common to all speaes of Fung Imperfec 1 the apperent ab-
sence or rarity of therr sexual stages. But smce the majorrty of the fung:
once clastufied a3 Pung: Imperfect: a5d now reclasufied on the bans of
observed sexual stages have proved to be Ascomycetes, 5t would seem
peefersble  place them in & axtegory ddose 1 the Ascomyeetes. The
clasufianon of the Imperfect Fungt, based s it must be on the charac
wrsucs of the asexual stapes, o highly arufical, and the fact that two
speacs are placed in the mame genuos does not necessantly mean thar
they are closely related. Discovery of thelr perfeat stages may resule 1n
their bemg properly redlasufied in widely separated genera. Becuuse the
mycologist must denl with a great many Imperfect Fungi, & convensent
syseem of clemficanoa has been developed. In a patuml class sich as
the Ascomyretes, the spedes are grouped mro orders, families, geners,
and species. A nmaber choefianon 18 employed for the Fongt Im-
petfect. In thus group, however they sre referred to a3 form orders
form familss and o forth. Ths convennon provides & workable syseem,
bat one shonld bear in miod that the members of Fungi Imperfecu
are oot specses but merely asexual phases of specics, and thet the dass.
ficmnion of two form species m the same genus, famuly o order does not
necessarily denoee dose relanoaship
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theN»::xﬂy all of the Fungt Imperfects develop consdia (Fig, 14) and
arrangement of the consdm-beanng hyphae (ronsdiophores) serves
a1 2 wsehul charecrersuc 1n determuning the otder 1o Which = speces be
longs
Sphatropsddss conxdk developed m variously sha
Melancomales consdua developed on tmwlz.] e premdie
Mowslules condia developed on separate conidiophoces o o0 consdio-
phoces are compacted in
P which . pa 10 Sywnemata oc Sporodockss,

Fia 14 Sporuad:pove-bcw-lngnmcnuﬂolfun i Imperfecti A Py¢
nidium of Ascochyta pial. B Acervulus of Colletotrc um cereake C Spo-
rodochium of Tu D Coremium of Stysangs. E. Aliernaria. P
Stachybotrys. G Trichosporium H Verticillium 1 Spondylociadiom J
Fusarum K Cephalosporum. L Macrosport M Monilin N Trk
choderma, O Fusiditm. (A redrown from Woll and Wolf 1947 B re-
drawn from Stevens 1913 remainder redrawn Jrom Gliman 1945)




Introducilion 23

The Sphacropsadales and Monilukes each conmin four form families
the Melanconuks, ooc form family The Myceln Stenla are not
drvided tnto families. Within each form famuly further subdivsions
ere made oa the basis of consdial color conwdral shape, and number of
cells per conldrum, Some chamcrerisac frustng body cypes are shown
n Figure 14

As we have scen the Fungr Imperfecd coastrtate & large group.
Bender (1931) repocted that chere are 1331 form genera, and Wolf
and Wolf (1947) sate that between 15,000 and 20 000 form speccs
have been pamed. Both saprophytes and parasiees occur 1n thes group,

Identification of Fungi

Unfortunately there 15 no single volume chat can be used m
sdentfymg fungus gpeces. Before the sdentines of some fungl can be
determuned, It 18 often necessary o consult several different works. Be-
ause many funges groups are quite large, 16 5 noc uncommon o find
s lengthy taxonomic treattse devored to 2 ungle penes of family Once
the famuly or geaus has been derermined for a partculas ocganism,
the more highly speaalized treatise must be used for species dennfica
oo,

To idenufy the family wo which an unknown fungus belongs, the
key of Martin (1936) will be found qurte wefol, and Clements and
Shewr 8 Gemera of Famgi (1931) may be used for denaficanon of gens.
Foc an excellent gusde to the ltcrarure dealing speafially with the
dentfication of fung: the work of Bessey (1930) which contuns an
entire chapter devored to this phase of mycology should be coasulted.
Specres determination i3 in many insances & ume-onsummg and
ddficult trsk, often requining the advice and opinion of the specralise,

Number of Fungl

Esttnates of the number of funges species have been made
from tme o tume About seventy-eight thousand species arc Lseed m
Seccaardo s Sylloge Famgorem bat Buby and Awarwocth (1943) have
suggested & much lower figure. These and the csumates of Walf end
Wolf (1947) Gwynoe-Vaughan sod Barmes (1927) and Bessey
(1935) are listed 10 Table 1
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Table I —Some estimates of the number of speciex of fungl

Gurene
Buly  Va ghax
o~d and Welf and
Savands  Ainswerth  Berses Be wy I af
Myxomycetes
(and related
forms) 750 430 450
Phycomycetes 1500 1000 800 1500
Ascomycetes 26150 12,120 15000 35000 25 000-35,000

Basidiomycetes 24700 13460 13000 24300 20 000-25 00
Fungilmperfecti 24200 10,500 many 25000 1S 000-20000
thousands

Of the esumates listed 1o Table 1 the highest (Bessey) u only
84,500 Marun (1951) has suggested thar #n esamate of 100 000 5
excesstvely conservative and that the total pumber oy be s hugh 13
the number of specwes of vascular plans—approximarely 205 000,
He hases huis suggesnon 10 part on anlyses of lists of host planss and
m part on the specses of fungt ated i Seymour s Host Index (1929)
s parasttes of these partrcular plants. Merun further substantiates hs
view by pointing out that at least some of Saccardo s species have been
shown o embrace two or more dearly defined species. He adds that
many economucally unimportane vascular plants have recerved Itk
study wrth regard to the fungr that pecasitize them, aad thar our keowl
edge of nonparasitic fung: 1s grossly mcomplete It seems reasonable to
prcdmdmgumorcflmmlcauuuhxtd,}vhmnnvmwﬂlpmbnbly
be substanciated and that the fungi will eventually be recognized a1
bearing the stme relatonshup to the plant kingdom (on the bass of
numbers of specics) as insects bear o die anumal hingdom.

Isolation and Laboratory Culiivation of Fungi

Most mycologrcal work of an apphed or physiologecal aature
snvolves the tsolaton of fungr and their mamtenance n pure culture
Far this work the pure-culrore rechniques of the bacrerologsts are em-
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plo;td,butwﬁhd:ﬂermzmcdufmnthmecmnnmlymcdforb@(
tenal cultures. A very common method of molaung fungi o co place,
with srenile forceps of needle, a bit of mfecred  materal on the surface
of sterile agar mediom In a petr dush and to allow the fangus o grow
on the surface of the medrum. With this method & mixed culture of
several fungr and bacteria 18 most frequendy obeained. The compo-
nents of the mixed culrure can then be sepacared by removing spores
from ducrete clusters, by removing bits of hyphae from the edges of
colonxes, or by making spore suspensions in stenle water and then
making streak or dilutioa plate coltures m order w obuin descrete
colonies of the varions organusms. Since all fungt do poc grow equally
well on the 1ame type of medium, several types of media are commonly
wed in holason work, Culoares of fungl which develop large, fleshy
frutting structures can frequently be obtuned 1 pure culture by
eransfernag & bit of materal from the exposed tissue of 4 freshly broken
sporophoce o 2 suitable mediom. For the solanon of wnscellular organ-
nms such a8 yeasss, the dilunoa method 1 generally sasfacrory

Sometimes 1t 13 necessary to obaain calrures detived from a ungle
spore. Indeed, Hagem (1908)* carly expressed the opinion that pare
cultures from nagle spores wre prerequuistes for any mvestganon. The
mott satufactoey method of obtakning single spores involves the use of
a mucromanrpolator although scveral other methods have proved
successful. The demils and mens of the vanous smgle spore solaon

hods are 1 by Huldebrand (1938)

Once a fungus has been obeamned in pure caleure it can usually be kepe
pare by the transfer of spores of bes of mycelis w fresh, stenle medum
at regulac untervals. Stock caltures are generally malnamed on agar
slants m ¢est tbey, the type of nutrenss in the medium depending on
the fungus that 1 being cultnred and also ro & coauderable extent on the
persooal choece of the 1avesugator For the maintenance of yeasn and
many filamentout fongt a smple medrum such s the following o
udisfactory  dextrose, 20 gramy KH:PO,, 9 grams; Diico Yeaw Ex
tracy, 7 grams; agec 20 grams; disilled water 1000 milliliners. Bedia
are often made from froit or vegetable decoctsons (grape agar prune
decoction agar currot agar pomato dextrose agar) There are also a
great many synthenc medie, such as Crapek s agar

O Huldchesnd, 1938,
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How often fresh cultures of a fungus should be made depends on the
udrvidual organsm Some fungt reman viable even when the tgar
has dried to & horny mass others must be transferred frequently 1n order
to keep them alive The characreristics of some fungi change markedly
with prolonged mamntenance 1n the vegetrrve smie with such fungt it
18 often denrable to matnmn the culture by other means than the sm
ple subcultuning described above. The more commoaly used methods
for the conservaton of stodh cultures are discussed m Chapter &
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and someumes es many 25 7 000 000 If fung: end bactenie were not
acuvemd:edcstrmnofluvaaxdxmdofdxgmwmgmouthe
dead leaves would fall to the ground and eventually would sccamnlsee
to such an extent that the tree might be completely covered. The harm-
ful effect of completely covering a chlosophyll-contuming plane with
dead leaves 13 self-evident.

An ncalculable amount of organic matersal 15 decomposed anmally
through the activities of nonchlorophyllous plants. Esumates may serve
to grve some notion of the magnitude of thus decaying acoon. If we
mLzTrnnsuuscomcrvwvcﬁgum (1000 000 leaves per large elm
tree) and then clculate the weight of & ungle leaf crop we find that
mote thag 400 pounds of leaves are formed annually Thuos the toal
destruction (by bactenis #0d fungt) of the annual crop of keaves from o
large elm tree 1nvolves the brological oxidation of over 200 pounds of
carbon. Thas figure may appear small #nd relatively unimpormat, bat
n ten years over 600 million pounds of leaves would be formed by
150 000 elm trees—the esumated number that have died 10 ooe dec
ade 10 Columbus, Chio as the result of the virus disense phloem
necrosu. The destrucson of 600 mullion pounds of waste organk ms-
terml by microorgenisms would seem to be a tremendous accomplush-
ment, yet ths figure almost fades nto innignificance when one conuders
the annusl leaf crop of all the trees on earth. Truly men 15 greaty
benefited by the unceasing decay activities of fung: and bacrer. Were
1t not for these activities, all lrving things mught be suffocated at best
the human race would become 2 group of rakers and burners, barely
sble to keep their heads above the accumulaning leaver

Equally poignant exemples might be drawn from agriculture, where
only & small portion of certain crops 15 harvested for use: an cven more
striking example = unculttvated vegetatoa where entire plant bodies
eventually become organic debrss. Another source of orgame debris 13
the decampostion of waste paper running 10to many thousands of tons
snnuslly and averaging aboat 150 pounds per square mile over che
entire land ares of the continental United States.

Hundreds of sumilar examples could be mennoned, pamtng # dismal
pxcrure of how a particular type of waste materl might accumulae,
muchtoourannOymc:mddmcomforLThnmnmmuhmno!dcbm
does not happen 13 due to the ubquity of fungy (Fige 15-17) and
bacterr, and to their capacities for tapidly destroymng organe

of all types.
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FX0 16  Hard ood forest litter with the loasely packed dry upper layer
;’de.NmLhtwhkhmgunyalhmthbamlnmiop:naga
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Fia 17 A piece of badly decayed hardwood Discarded during lumber
ing operatlons this piece of wood may now be easily crumbled with the
fingers The ruler measures 6 inches

Return of Carbon Dioxide 1o the Atmosphere

The importance of carboa dioxide to all living things cannoc
be overemphasized. The reduction of this ges (through photosynthess)
by the hydrogen of water in the chloroplasts of green plann resuls
wn the formavon of sugar which furnshes the immedmte energy
needs of all plants and amimals. Each growing seston tremendous
quantities of atmospherc aurbon dioxde diffuse into green plans,
making photosynthests possible. As 2 result, the carbon 1 chemically
bound, first 1n sugar and eventually mn other carbohydrates, proeeing,
fars, and 1n all of the myrad compounds of which living cells are com-
posed. Same of the curbon bound duning photosynthess returns (o the
atmosphere as 2 result of plant respiramon  however the annual
amount of carbon chemically boand 1n & green plant during photo-
synthesis far exceeds the quanty returned o the acmosphere. 1€ the
photosynthetic rate 15 1nrwally high, the atmosphere m the immediate
vicnity of the plant will become temporarily depleted of carbon dioxide
and photosynthesis will automancally slow down. Under such cond:
tions carbon dioxsde concentrrtion may become the hmring factor m
photosynthesss, but only wmporanly because the sapply 55 replensshed
by diffusson from other aress into the depleted regon.
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Orher than aanoyance and docomfort 0o senous effects would ac
company the accumulation of organic debris provaded that an unhm-
med quantty of carbon dioxde were avarlable. Bat the supply & defi
arely Lmited and coald be readily exhausted 1f not returned fo the
amospbere, Waksman and Stackey (1931) bave ponted out thar al
though carbon 13 one of the most imporaant elements 1n the Lfe of
plants end snimals, it comproses only a small frecton of the earth s sur
face (lithosphere bydrosphere, and atmosphere) Stnce the quantry is
Limsted & contnuous recirculanon of carbon 5 essennal to bfe.

Numerous mechennms are responsible for the return of carbon
dictsde to the atmosphere  rospirstion of planss and animals freemg
of carbon dionade 1n the erosion of rocks volanic eruptions combuas-
ton of coal, gas, and petrolenm, and combuston of plent and anumal
residoes. Althoagh st s impoasible 10 evaluste these processes accurarcly
it Is safe to assame that the major roke 13 played by fungt and bacteris.
Figore 18 dmgrammancally flostrates the principal features of the

Fu. 18 The carbon cycle in manure (From Transeau Sampson end
Tiflany 1940)
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crbon cycle and shows the most smpormant processes thee contribute
t0 the return of carbon t the semosphere for use in the synthess of
sugar

Schroeder (1919) esumared that the amount of carbon dioxide fn-
volved sonually 1n phomsynthesss (exclusve of photosynthens m dhe
ocean) 13 80 tnillion kilograms (88,105 726,872 tons) and thar of
this quannty 58 trilhon biograms (64,867,829 140 wns) are ocganr-
cully bound. Sice the stmosphere contains only sbout 003 per cent
carbon dioxxde, it 15 apparent that, on the basis of Schroeder s estmures,
considersble depletion of the world supply of carbon dioxide ocrurs
annually a3 a result of photosynthesss. Lundegirdh (1931) srates that
the figure estumated for the quantty of carbon diomsde snnually boend
organscally represents 45 of the total atmospheric carbon droxsde, and
believes thar if decay should cease Iife wo would cease in & short
ume Lundegirdh 13 cermatnly correct 1n his general concept, bur he does
nat take 1nto sccount the fact thae the ocean contains over one hondred
tumes more carbon (a5 dussolved carbon droxide and carbomates) than
the smnosphere: 1t n therefore doubtful thar the period of nume
would be a3 shoct as thae unplied. Lundegiedh further stares that
the actrvity of the cellulosedestroying organiims of the soil i one of
the most imporesat brologreal processes oa carth, and +f ahibiced would
endanger life ielf. In an eatlier publicanon (1924) Lundegirdh
ponted out thar durng the Carbonuferous Pertod the rate of formanoa
of organic material exceeded the rate of decay and thac the wocld's
supply of coal correspoads to four times the total carbon dumide content
of our present ammosphere. He adds that perhaps even today on moors,
where the rate of decay is slow there 5 & gradual sccumulanon of
ocganscally bound carbon st the expense of stmoepheric carbon droxade.

Without atempting to discount the importance of decay organsms
1 the return of carbon dsoxsde to the atmosphere Lundegirdhs ex
u‘cmcm:conr:mmgtbcumzpormnceanbenccepmdmly\mh
some reservacon, Before such vicws can be fully evaloared, one peeds
mmeknoulcdgcufﬂxm:gnmnkofdrwrmodwpmmﬁnt
resule m an ncresse 1 atmospherre carbon dioxde. For example,
Maron (1930) stares that the average amount of carbon dioxide ex
u:t:dbyhuwbemg:dadyunbom%mncu,oubout)%po\m&
annually \Vuh:woﬂdpo;xxhuouonbiﬂm,tbcml eanusl homan
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respiratory carboa droxde is 593 million roas,* o slightly less than 1
per cent of the amount organucally bound each year as o result of
photosynthens. 1f as Franck and Loomis (1949) have esnmated, the
total annuaf ansmal reapiratory carbon dioxide i3 lews than that of plants,
something dess than 23 bithon tons of carbon droxide would return to
the atmosphere annually et a cesult of respuation. Thu figure represents
oaly aboat 36 per ceot of the rmonnt of carbon dicxide bound anoually
m photosyathens.

Anather facror that might be expected (o contribure greatly o the
incresse of memosphene curboa dioxsde 18 the comburtion of coal, gas,
and petroleun produces. A few ankulanons, however reveal dhar this
contribution fs not too significant. The toal amount of coal (anthrsare
a0d beteminous) mioed in the Unaed States in 1947 was 673 milfion
tons. If the carbon coatent of coal 15 tmken ar 65 per cent, complete
combustion of alf of the coal mmed 1 the United States i 1947 would
resalt m the return of 1603,825 000 tons of carbon dsaxade o the
ammosphere—a mere 2.4 per cent of the amouat organscally bound an
oually The toaal world prodcuon of cosl 10 1945 (exclusove of
Cluoa, foc which there were no figures avadable) was 1470 420,000
tons—the equivalent of 3,379 179 180 was of carbon dwoude, or
shout 3.2 per cent of the quantzy organally bound annually n
phorosynthean, From such calculatrons ft becomes appacent that unless
the quanntes of carbon dioxde sonually retumed o the eemesphere
through such agencies as voleanic ernpoons, freeng of arboa diande
from rocks, and combuston of gas and petrolenrm are cquivalent to ar
Jeast 60 per cent of the quanety annually bound organscally the great
bualk of carbon dwxsde must be returned o the through
the respratron of mecroorganums. Pranck and Looms (1949) esnmate
thar abour 80 pet cent of the ennual plant synthests 1s beoken down by
oocavorganisms.

Ooe other pomt shoald be menooned. If there were 00 ofganums
of decay the earth s supply of mutrogen 1o a form avaslable w green
phnumﬂddlmm.uh,;manmogm\uﬂdbel:oundmmpmtummd

2 plant comy y with the bmding
dmboummoxgmkcompwmtlndtdcnyufnthxmhwmc

The cxanew of Franck aed Loomss (1549) of aboot 03 ballon toow 15 probably
mocr seacly cormct, asce Mot mesaremeoes  ace probebly made wih adaby
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of this nitrogen would bccomcpunofdvcl.mmdnmrypmdumoi&:
decay organums and hence be unavailable to green planty, However
mmcnmogcnmfmdulmmonumdcv:nnu]lymaybccmvmtd
to avaulable form (atrases) through the actrvites of the nutnfping bac
e,

Humus Formation

In the absence of decay-ceusing mucroorgrnssms, we could, of
course, a3 Thaysen and Bunker (1927) pointed out, bum the organx
debars that would accumulate. This burning would resule in the remaral
of debris and 2150 10 the return of carbon dioxrde to the atmasphere.
However xfmgamcwmwtren.cmaﬂydupcmcdofmthufaﬂm
man s agrrculrural pussurts would soon suffer since it is from waste o
gane marter that the mporaant soil consutvent bamas 13 formed
Waksman (1938) smees that hnmus 13 important 1 sail processes 1o
three ways (1) physscal 1n that it modifies so1l color texture, structure,
mossture-holding capacity and acranion (2) chemucal 10 that st m-
Huences the solubiicy of certatn soul munerals, forms compounds wah
certan elements (such as wron) which makes them more available o
plants, and incresses the buffering properties of the st (3) brologicel
1n that humus s & source of energy for microorganisms and makes the
soul & betrer medrum for the growth of hugher planes.

Humus 1 ot a single sumple chemual compoand but rather & mx
ture of many ocganic compounds thae are cc ly betng decom-
pased by soil microorgenums. As lisred by Waksman, the properoes of
humus ate as follows

1 Humus is dack brown to black, #nd pracncally msoluble in water

although @ part may form a collosdal suspension 1 pure water Humms
dissolves 1n dilute alkali solonons, espeaally oo borkiag, grvug @ dark
colored extruct 2 large part of this extract precipiares whea the sole-
tton s neurraleeed wich mmeral sads. Certawn bomus constituents may
2o dissobye m scd solumons and be preaprared at sbout pH 48

Z_Hummcuuwmnlugcr-mamto{arbonzhmplanz,mmLmd

microbeal bodses, the carboa cootent frequendly being as high as 58 per

cent,
3 Thcmcrogmcmrmrdhmumum:lly3m6pcrcm(,bmmh1:h—
mooryatmybeulcquﬁtoO.chrcmmdmmbnhuhty\

2¢ 10 to 12 per cent.
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4. Humus of many soils and humn of sea botroms contin carbon and
okrogen in & rz00 of about 10 | Ths ratio, howerer may vary with
many facrors.

3 It & m a dynamic rather than a stane coodrtion, since It 18 constantly
being formed from ocganic residucy and consaantly bemg fusther de
composed by microorganisms.

6. It s 2 source of encrgy for varous microorganiums, and a8 fi 18 decom
posed, carbon dicxde and ammonks are contnuously evolved.

7 It has = high capaciy of base exchange: 1t combines with vanons in-
organke seil consuruents, it absorbs water and swellss fe possesses
other properties dat make 1t # yaluable consateent of substrates that
support plant and enimal hife

Although the chemial nature and ocigin of the constituents of humus
has by no means been eluadared 165 tmportance 10 sol fertility 1 recog
nzed. Also recognired is the viml role played by muroorganisms
the formanon of humus through the decomponimon of organc me
terrals and throagh the synthesis of subsrances that also become part of
the humus,

Thos far bacterm and fung: have been discussed as the cansal agents
In the decay of organic waste although cur concern b primarily with
fungl and their activitees. It s dufficult eo evaluate the separtee roles of
bactersa and fungs in humus formation, since both organtsms are ubeg-
uftoos and unccaungly ectve Probably the snrerrelated acumines of
both organtms are essentml to humus formavon, since fung and bac
teri occur in great numbers wherever humus b formed. It would
therefore be pointless, 0 view of our present stare of knowledge, 0
ascribe greater oc lesser importance o the acuvities of either of these
organitms. Nonetheless 1t 13 posuble 0 make certam coapecrures re
gardmg their relatve roles under speafic condinans. For cxample, since
certam bacrersa are sble to live with Litle or no molecular oxygen, the
partial decomp of organx Is under these grcumstances o
usquestionably doe largely to the acuvites of such bacterts racher thea
o the presence of oxygen. The fungr, which m general are highly
acrobic ocganisms, are involved primarily in the partl decay of organk.
materals under conditions of adequate axygen supply although the
mc:nrwnrkof&nuno(l‘)@)}mdemonmmddnxl“mm}d,
Blastoclads laze glocose 10 an w
mﬂgcﬂmelyofcnrbondﬁodde.md:mghnhulmgbcmbdd
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EVOLUTION OF CARBON DIOXIDE
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Fio 19 Comparative growth of cellulose-decomposing bacteria (——)
fungl (- _ ) and actinomycetes ( ) in neutrol soil Curves show

growth at 30 per cent of the molsture-holding cupacity of the soil (kfl)
and at 50 per cent (nght) (After Dubosr redrawn from Wakiman and
Starkey 1931 )

that the destructian of submerged organxc waste was doe enurely 1
apacrobic bacrenia, further invesngaoons may well demonstrace that
a number of fungs also contribute to this procens. The work of Dubos *
dlustrates the fact that different org; may be responsible et differ
ent times and ander different conditions for the decay proceases of
curring 1a the soil. Dubos resules, preseared graphicsily tn Figare 19
show the relatson of so1l moisture content ro the type of microorgantsm
most actve 1o the deony process.

Present knowledge of the oxygen relavons of fungi indscutes that
the destraction (erther complete or partl) of organxc waste by the
majorrty of fungs occurs prmarily under more or lexs wellacrated coo-
ditons such a1 cxist on the surface or 1n the uppermost layers of the soil.
That there are greae numbers of fuags i the soil 15 qure evsdent 10

Ser Walkasnan aod Stackey (1931)
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anyone who has plaeed out » small sample and bolated the varioas
fang that eppear Gilman (1945) In his Alewsal of Soif Frngi lsted
more than 300 species dmribured through 139 genera of Phycomy
cetes, Ascomyertes, and Fung: Imperfeai and In a later cdidon
(1937) bas increased chis list maternlly As Gilman points our, the
question aruses whether a fangus ssolated from a soil sample i m reality
# 3oil inhabltant or merely the result of the acadental lodgement of «
spote in the sample. Ths question, however pertinent 1 Gilmans
studies, o5 of Ile significance w our discussion 1 vew of dhe over
whelming evidence that a great many speaes of fungi are soul-nbabiring,

Types of Organic Compotinds Decomposed

The role of fungt as active agents in the destruction of oeganic
debrys—whether in connection with the removal of ocganic waste,
the return of carbon diaxide to the stmosphere, oe the formatan of
hurss—nvolves the biologxal degmdation of plant maccrials, Of
these, cellalose o5 the most sbusdane. Constrtuang 50 per ceat of more
of the cell wall marerial of planss, it represents the majo pocton of all
vegeuble debers.

Like starch, cellulose 1 & complex carbohydrate known &3 2 polymc
chande, consisting of & large number of glucose molecules unlike
suarch, cellulose eannot be digested by the green plans in which it ks
syntheszed. Thoogh many fungs are abke to digest cellulose, great diffi-
calty has been en d m the aton m sitro of a cellulose
digestmg enzyme system. As a result, relatvely lrte B8 known sbout
the collulose-digestng enzyme (or enzymes) commoaly referred o as
allulase of cymse although 1y exstence is beyond queston. Firet de
scribed by De Bary (1886) ths enzyme was reported to be capable of
desatving plant cell walls. Ward (1888) and Behrens (1898) con-
firmed De Bary s findings. Latee voa Baler (1912) studied the enzyme
more th ghly and of { hy enzyme p by extracting
'ldlmthemytellumofﬁlmlulw 2
fungm commonly sssocared with dry roc of timber Pringaheim
(1932) belicves thar the enzymuc digestion of cellulose mavolves two
enzymes (1) cytase wiach bangs aboat the hydrolysis of cellulose ro
s disccharide (cellobmse) and (2) cellobiass which canlyres the
hydrolysss of the cellobiose molecule © owo molecties of glocose. If
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Pringsheim 15 correct, there 15 2 remarkable parallelsm between
enzymic hydrolyns of cetlulose and enzymsc hydrolysis of smarch, since
the fatter polysacchande 15 enzymanally degraded through a senes of
dextrin intermedrares 1o s disaceharide (maltase) which ta tun may
be hydrolyred to glucose. Other mvestgators do not belteve that celly-
mgmoupmcwdzmqmmdmordﬁlyfuhmdam'bcdbyﬁmg

As noted 1n # later chaprer 1t 15 possible to prepare coacentrates of
cermun fangus enzymes on » large scale, notable examples being wmy!
ase (obtuned from vartous species of Aspergil/us) and svertass (uso-
ally obtuned from yeast) Thus far lerge-scale producuoa has not been
eccomplished with cellulose-digesting enzymes, which would pave the
way for mther spectacular developments 1n the utilizatron of cellalosc
wastes, most of which are now left to decay Thus 1t would seem that
research on the production and concentration of enzymes for large
scele industrml nse could well be ported 1n the directron of a cellulose
digesting enzyme. In recent years at least ooe U S. manufacturer hay
successfully prepared a concentrare of this enryme, but the worl i
stll on an experiments} basts 1nd large scale production does not ap-
pear mmmunent. Galloway 2od Burgess (1937) s that with ths
enzyme some type of linkage with the Irving organum that syntheszed
1t 13 essental. Although it may be true that s# erro the enzyme 1 opera
trve oaly 1o close proxumtty with the living organum, « does, like
amylase, diffuse ocut of the orgeausm and hence under proper condr-
trans should yseld to uolston m slmast pure form, Aside froam fts ua-
questioned econamic implicenons, such an enzyme would also provide
a valuable tool for further studies on the nature of cellulose concernmg
which there 15 yet moch to be learned.

Despute the many faslures encoantered 1 the solatron of cellulase
1ts occurrence 10 many fungt 18 an established fact and can be readily
demonstrated by culturing the proper fangus on a stenile prece of filter
Paperorcouondoch.GnJlomymdBurgcnmdmnbmthalfoldx

commonly occursing fungt possexs the capacity for digesung cellufose.
In therr sarvey of the cellulolyac acuvrty of 433 cultures of fungi (the
majorrty of which were Fungt Imperfecn) White and others (1948)
obrained similar findings. From the tabular data presented by the fater
investgators 1t 18 difficult o judge i coram insances @ hether or pot
cellulose was scrually destroyed, bur these instances are represented
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dxfotmmmofhumm,pmbablybcamchgnmndccnycdmdmlm
rapidly than cermin other of the common plant consuents. Figure 20
tllustrates dugrammatcally the factors mvolved in humas formaton.
Ligoun o undoubtedly quite impartane, yet 1t would seem thar che
other plant materals which are decomposed are probably 0o feas e

portant

Tabdle 2 —Principal constituents of
coniferous wood
Coustismens PrCus
Celtalose 3410
Hemucelluloses
Hexosans 306
Pentosans 12.28

Ligmn (1ocluding acety) groups) 3oso

Afeer vou Ealer (1523).

Although cellulose apd Lignin are the most sbundane maternls 1n
plant waste (Table 2) there are many other substances occurrmg 10
smaller smounts which may also be destroyed by fungi. Among such
roaerals are subenn, cutin, swrch, suger the bemicelluloses and
pectins, #nd certun nrtrogenous compounds that are consutuents of
protoplasm, Fungal degradanion of all these materials, except cunn sod
suberin, can be exsily demonstrated. Meay different species fave been
reported to be capable of formung bemicellnlases and pectmases the
formawoa of amylases (smrch-digesting enzymes) by fung: has Jong
been Lnown and otilzed. Commercal production of fungal amylascs
has been conducted on & large scale for many years, especmlly m
Osseatal countries (Chep. 14) The apacty to digest a vanery of
futrogen-ceamuning organk compounds is probably possessed by all
fungr. Robbins (1937) 1 hus clesuficanen of fungs wnto four groops
based upon che types of nitrogen compounds they may unlze com
bines 1n one group a large number of specres that obmun thelr nurogen
only from organx sources However members of the other dhree
gmpsmynbounlmmnyorgimcmcmgmommpound&

The problem of the naturaj dsappesnance of subetm and espeaially
cuuuuupunhngme,foubccnzyvmcdxgcmono{dmenmrmhbn
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newer been clearly demonstrased This fact has ofren been nsed as 2a
argument tn gupport of the mechanycal theoty of cuticular mvason of
plants by pathogens. Priestley (1921) has reporred that certain peat
deposits consut largely of cunkular endodermal, snd corky matersals
of heath-obabuing plaats. In hus study of the bogs of the Huron River
Valley Transeau (1905) smtes “The pear formed through the
ugency of the bog sedges and their artendsnr planes has a fibroas and
matted appearance. The structures of the various stems, roots, and
leaves have suffered bat slight alteration. They were ongmally strongly
cutcularized and thes has aided in their preservanon. * Soch reports
a3 these might ndicare that subertn and cutin are not digested at all by
mycroorganisms on the other hand, the accumulanon of these matenals
1 peat deposies may mean that, under the conditions peculiar to peat
formation otganusms capable of digesting cutin 20d subenn coald nax
survive. Sice fuagr grow on such & seemingly resurane marenal &5
asphalt (Gray and Marua, 1947) a0d since suberin and cutin even-
tually dusappesr 1t scems hughly probable thar fungl are capable of
destroying sach componnds. Cutm and suberin are wetted e readily
than materials such as cellulose and lignin which may sccount for
therr slow ratre of decay At this stage of our knowledge one cn
scarcely do more than speculate, but the problem 15 importent both
scademaally and practically warrannng considerably more sttenton
than 1c bas recerved.
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be prevalent among crop plant, Thus the evidence potats over
whelmingly to the fact that fangus-root formation 1 ot an exceptional
occurrence but, on the contrary may well prove (o be the rule. Yer
we sull do nor know whether ceraun planes are mycochual, and Relky
(1950) nightly ponts out that there should be more mvestigations
like those conducted by Jense.

Actually we possess relauvely Lrtle exact information sbout the
strucrure and activites of oot ther patura! enviconments. Most
physiological surdies of roos are conducted wrth plants that have been
reased 10 sand of water or perhaps in stenlized sosl. Stnce these coads-
o0y may not even gpproxumate the natarl environment of the vast
majority of roots, botanists may be less aware of root processes than b
generally supposed. For example, there 13 no real evidence that rooc
hairs commoaly occur on young roots growing in therr fypucal habiare
Our currenc ideas abone the phystologiaal processes of roots—iocled.
1ng those concerned with the relatrre frequency of root hairs xnd my
carhirae—may undergo considersble revision after further research,

Fungi Involved ln the Formation of Mycorhizae

In vicw of the great prevakence of fungr of all clesses 1 the
soil, 1t 1s not surprising that fungr capable of entering o the my
corhizal relatronship are found in several groups—the Phycomyeetes,
Ascomycetes, Bandiomycetes, and Fungs Imperfect In sddiron ©
species that can be placed wath certamty o one or another of the groups
sbove, certuin fungr have been demgpared by the pame Afycelom
radscis Thus Melin (1921) named 2 mycothuzal fungus from Scocch
pine Myceluam radsors sylvessris and Harch (1934) named a fungus
with black hyphae AMycelisrn radices strovirons

So far a much greater number of species of Basdsomyretes (chuefly
10 the famuly Agaricaceac) are reported to be mycorhuzal than any of
Lhcothctgmupdofﬁmgt.txnthuwaghro{cpmmmmsfmmcbt
fmth:tmycothmcofcccsh:vemdmoremmnmmmdmo\‘
hsznctmuphﬂu.u“tﬂuﬁunnbefmdmttbcm}tcluofw
mtpmolAgmcncrummmonlymndmdxmrm
Mycorhmal fungt assocrared with varrous species of orchids sre mem-
bers of the genus Rbszoctowse (Fungt Imperfect) while those #830-
crated with members of the Ericacese (heath famiy) have been iden
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established 1noculum from a pure culture of the fangus nnder test u
ntroduced mto the flash, employing the usual pure-culture

The weakness of thus method 15 that even though a fungus may foem
mycorhizee with a certain specses of seed-bearing plant under Iaboratory
condittons, described above, there 15 no proof chat the same species of
fuagus wil! form mycarhizae under natural condioons.

Types of Mycorhi.ae

Two general types of mycorhume, based upon structure, are
recogawzed (1) those 10 which the hyphae of the fungus member are
mntracellular with respect to the othet member and (2) those 1
whuch the greater part of the fungus mycehum occurs as a mande
around the root tps, with wacercellular hyphae growing between the
cells of the outer root ussues. Mycorhmzse in which the hyphae are in
tracellular are known as endosropic mycorbrzae Figure 21 a photo-
mcrograph of a longitudinal sectron of an endotropic mycorhiza of the
tulip poplar (Lerrodendron txlipifers) shows the coils of wtracelluber
hyphae within the Living cells of the root. The second gpe 15 the
ectotropic tmycorbrza 1 which the hyphae wrthin the roor are pever
mnde the cells bur are always wmtercelluler In the laner type the
greater part of the mycelium invests the oot tp with & covering sheath
oc mantle hyphse from the mante penetrate ¢he root centripedally to

e —— -y
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Fic 21 Longitudinal sectron of an endotropic mycorki.a of U@z
dron tubipifera shon ing colled /nlmrrlluol‘;rmh;(lw that are nonseptae
thus phycorycetous In character (Phot by K D Doak)
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Fra. 222 Highly magnified crass sectionad view of an ecrotropéc mycorhiza
of Pinus tatda. Note the fungus martle {rom which the hyphae of the Harllg
nei penetrate a3 far as the endodermls (Photograph by K D Doal )

Ya

- - > —
Fro 23 Pornom of o crose-sectional view of an ectotropkc mycorilza of
Betuls lutea, Nose that the eprdermal cells are radially and that
the kyphoe of the Hartlg net sxzend ianard only a3 far as the imner limity
of the eprdermal cells (Photograph by K. D Daak )
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Castanea

Fxo. 25 Cross sectional view of an ectofroplc mycorhia of Tauga capa-
densis, (Photograph by K D Doalk )}

varying depths between the cortical cells depending on the speact -
volved. The thichness of the mantle vares with the mycothuza. In 2
cross-secoonal view of an ectocropsc mycothiza the meercellular hyphse
that exrend 1nward from the mantle frequently have the appearance
of a network, commoaly referred to a3 the Hartig wer The depth
which these hyphae penctrare apparently vaties with the speacs of
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Fto. 6. Above Small roots of Pimn tseda with mumerous dichoto-
moisly branched mycorhirae (Cowrtesy P J Kromer ) Bedow Cormiiord

compound prycoriizee {Rootkmolien) of Alnus incama X 1.5 (Cowrtesy
G W Blaydesond A Heflman.)
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planc sud fangus wvolved. A very highly magnified cros-secoonad
view of a portron of an ectotropic mycorhiza of loblally pune (Praas
taeda) 13 shown 1a Figure 22 Cross-secuonal views of eCtOtDpac my
cochizae of Betwla latea Castanea japossca, and Tinga canadenus ase
shown 1a Figs. 23 24 and 25

Varions mycochtzae that appeas to be intermediste beroeen the
ecrotropic and endotropic types have been described. Often called
ectendotropnc mycothmee they are sometunes consdered ro be 2 third
caregory of fungus roots. But Harch and Doal (1933 ) concluded that
such forms were transtions! between the true endotropic and ectotropic
types and mcluded them with the latter

Siace the presence of the fungus mantle causes the root ips o appear
swollen, ectotropic mycorhizee can usually be recognized by matro-
scopic examinanon of the roat system. Such mycorhszae are often dichot
omously branched 2nd sometimes are so profusely branched that the re
sultant structure iy corallod (Fig 26) these fearares, of course slo
ad 10 identrficasson. The endotropic forms are not 20 easily dsunguished,
unless they are quite swollen, and thus fact may sccount for some of the
exclier optasons that mycorhizae are of infrequent ocrurrence. Endo-
troptc mycorhizae are formed on many herbaceous plans, both gpe
are formed on woody plants.

The invasion of small roors by the hyphae of soil ishabruing fungl
doer 0ot always result 1 the formavon of mycorhuzae: occasonally
structutes that only superficually rescmble mycothuzae may be formed.
Such roots often referred to as psexdom)corbszee bave been encoun-
tered by vanous mvesugators. Apparently these roon resuls from e
parastsm and siace more and more evidence 13 accumulating that e
mycothime represent 8 musualistec relationship between fungus and
roor, 1t would be advisable to drop this term from usage.

In some mstances fungs may be ssoaared with churomes (undef
ground sems) 10 much the same manaer as they are with roots. The
resulant srocrure 15 obviously pot & mycorhza but s refesred 1o s
a mycorbrome

Nature of the Mycorhi_al Relationship
Of the many scenufic costroversks mvolving mycochizac,
Lbegfenltﬂnumbcthavemﬂncd‘hechﬂofnotdtfu.ngm—m
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of compound structures, as pothing more than parasmic aetacky, One
afdxﬁmpruponcnnofdustbcory\\’ullobﬂtl-{uﬁg(lﬁsﬂ) wha
regarded mycorhizae #s being more of Jess of excepronal occurrence
aad sud, [ sec in mycosthizml fungt nothmg more than parasites
which live an & tree bat do not bl s Various mvestigarons have
supported dus theory among them McDougal (1914 1922) and
Burges (1936) the faer 1n hus discosmon of the ngmficance of
riycorhezae states “The presence of the fangus 1 & mycorhizal assocn
ton 5 o be cegarded as aa exzmple of controlled parssine ansck. The
fungt concerned are weak pathogens whose activty 3 cusbed by the
reactions of the host cells.”

Any attempe w duprove erther Hartgs or Barges statement re
garding the parasic nature of thete fungy 1s quite pamtless s these
fungal activines obviomly fit rather well rto che usmal concept of
parassism. However mesely to call them parasiees evadey the smmpor
oot question of ther signiftoce and fails o establsh whether the
harmful effeces of @ weak parsunc attack outwergh some of the bene
fits accrung from a mycorhizal relavonship, The larter pomne cnnot
fully be sertled for all such assocstions until we have moch more 1n
formation on the possible bencfictal effects on the nonfungal reember
A situstion 10 which the hose 15 more benefited than hermed by # pars
sste 13 coetainly noc wichout precedent; for example, cermatn planes that
are 1nfected with one virus are known to be more resistant to other
more barmful viruses & human patient tnfecred wrth syphibs 13 more
benefited than harmed when inveded by an artenusted malaral
parsure.

Hartgs endorsement of the parsitism theory andoubtedly cuned
connderable weight among his contemporanes becanse of hss high
standing 1n the developmg field of plant pathology Bur his reputanon
and dogmane positron pocwithstanding, relatwely few snvesugatocs &
cepnbcpamsrmmtbcorymmmmmofmludmgmpwibk
benefits o the nonfungal associate. heliey (1950) consuleed 118
pasmwh\chmcnu:honcxprwod-dcﬁmmopmmmdfounddﬂl
only 14 favored the parasinem theory Most tnvestigators accept the
wiew that mycorhizme are 10 some way beneficial o the rootbeasig
member of the assoctatron the pripapal differences of oputon ot
cern the nature of the beneficml action. A number of theanes purport
e perlain thie it have been advanced.
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HUMUS THEORY Franl (1883, 1883b 1888) observed
that the abandance of mycothizse was direatly related (o che quantity
of humaos 1n the soul. His observauons ed him o beleve that myco-
rthize are organs which arc concerned wath the ptilization of forent
s and resulted in his proposal of twe humus dwory © explain the
ngntficance of the myeothual relatonship. Frank found that when
beech seedlings were placed in pot cultures in meadow solls, garden
sols, humaos, merilzed humus, snd sand, development of mycochuzae
erther was pot profuse or did nor occur ac all except in cultures con-
tamog forewt hurnos, From the humw theoty has ansen the vew that
make possible the absorption knd utilzation of the organic
compounds (especally organic compounds of nitrogen) present 18 ha
mus. The mutrogen-nutrinoa theory has been accepted by many invesu
gatoes, especully Mclin, whose woek on mycochime m Sweden has ex
tended over a conuderable period.

The wock of Rayner (1922) also scems to present evidence that my
cochrrae may be smvolved m nurogen nutmtion, but not in the sense thae
they make organs mitrogen compounds availsble to the sced beaning s
socae. Tha anvesngator reported thae secedlings of Callma vwlgaris
{famuly Erlcaceac) thrived on silma gel medmum conmamung no nicaze
sod were, on the average bealthier than the controls—s result acerib-
uted 10 the ability of the endophyte (a member of the genus Phoma
Fungi Imperfectd) o fix atmosphersc mitrogen, Ternetz (1907) who
worked with five varsenes of Phoma radicss that form mycochmae with
mmrpaoua{ﬁrnmc(lndu) claimed that dhese fungl could fix

Regardmg the various species of Encacene with
rhxduhcmlcad,Rnrntrmdm'AlhdtOfd:dme roox for
mznoa by seedlings 1 dependent apoa early mfection by the endophyte,
tailmg which, development ceases and the plant persshes in the sced
lmg stage  The claums of Rayoer and Tetnetz coocerning the fxaton
of nitrogen by these endophytic fungy must be acrepted with some aru-
non,lldx)ughnuugmﬁumthnDuggumdDam(lQlG)mpofmd
amrogen fixanon wih Phomae beter and Jooes and South (1929) wich
Phoma radicss callanae In all reposted instances of arempes to deter
mme whether or oot 8 particolar fungus s capable of fixing stmospheric
nitrogen, oavestigrrors have worked with the fungus m pure cnlrore and,
ca che bass of results obramed with such ¢ method, hare aften reported
zb:tmgmmbempubkolﬁxmgnmngmMuqum
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whcmdthumctbodund:qmmfordﬂ:munmglfnm;twlumjfungm
Qun fix anrogen since pure-culture condrons are obviowsly deffesent
from symbiotic relanonship with another organum, In general when
dczlmgmthpnmnnsm,ompnmrycmcemwnhthccﬁmofche
parasite on the host may prevent consideration of the reverse relanon-
ship Moreover two organums Living together may have certun aapa
biltles which nesther possesses alone.

The findings of McArdle (1932) do not indicate that mycorhizae
phymypanintbeuuhntronoforglnxumogmbywim:pwof
Narway spruce. He reporred thar when seedlings were grown under
condrtions where the only nuitrogen source was organsc, the presence of
mycothase did not alleviate the nitrogen deficency

MINERAL SALT THEORY Thus theory was first advanced
by Stahl (1900) who muntuned that trees growmg 10 solls deficent
1n muoeral element are somebow suded by mycorhaae in che ab-
sorption of these elements. Stahl s theory has been extended by Hatch
(1937) who expluned sale sbsorpnon by mycorhme chiefly on the
basis of the increased absorbung surface afforded by such structures.
Kelley (1950) stares that Stahl s theory has not met with favor among
modern invesugators, powntng out that Stehl believed the signficance
of mycorhzse lay 1n their relatsonship to trapspuation. Sahl (lke
mast of the phynologuts of his tme) held that the entry of muneral
salt into & plant was directly related to the plant s rate of rranspiranoa,
and thar establshment of the mycorhizal relaronstup was most neces-
sary to planu having & limrted eransprration stream. It 18 now generally
believed that mmersl sale entry occurs qurte independently of waser
eotry and that Sahl s deas regarding mycorhizae and anspiration ceo-
not be accepred.

Although Stahl s concept of the means by which mycochuzae might
2:d 10 & greater entry of muneral salt 1nto the plant may be erroneou,
th:dwoqofnml-mnxhprctwwntbetwoxhoulduotbcdm:ﬂcd—
Wocking with Prass echinata growsng in souls with different base-
exchange capacities, Routien and Dawson (1943) suggested that myco-
rh:n:maymcrmsctbeulubmrbmgcnpﬂcﬂyofmoupnmud;by-dda
1ng to the supply of exchangeable hydrogen sons denved, i pare, from
the aurbonsc aad formed dunngtberctpmtoq-ccm‘n:dohbcfung\:
Finn (1942) found 8 greater quantity of mierogen pormssium
whte pioe seedlings having mycothzae than 10 scedlings without chem,
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and McComb (1943) states "Without mycorthizac pmes acqulred
pbosphorus with difficalty  hramer and Wilbur (1949) using a min
eral salc solation contwning radicactive phosphotus, present good ev:
dence that grester amounts of thus element enter roots of loblolly pine
(Prass teede) and red proc (P rennose) with mycothizee than enter
umilar roots without them (Fig 27)

;‘ f ‘
Fi. 27 Rnd!ogmplu of pine ropt systemy showing greater sccumuls-
tion of radicoctive phospheate in roots with greater numberr of mcoriizoe

(Cowrtesy P J Kramer )

The wock of heamer and Wilbur might be crincized on the grounds
that they msde no atrempt to relate increased phosphate optake with
Increased absorbing surfece; the later work of Hatley and McCready
(1950) is pot subece to this crivasm, unce their date is presented as
phosphate uptke per unit of surface ares. The latter wotkers used
shott apical lengths of beech room thet were exclsed and sorted 1nto
mycothizal and nonmycorhirel groups. These excised tips were then
placed In en Inotgank mlt solution containing PP a3 phosphate, the
salution berng aerared throagh emtered glam When quastitstive meas-
orements of radioactrye phasphonus were made at suisble mrervals
with a Gelger connter, 1t was found that the rate of phosphotus nptake
of mycochizal rooty exceeded that of noamycochizal roots on the bass
of both sutface eres and fresh weight, Harley and McCready s dars are
presented graphically 1n Fig 28
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Fra 28  Comparison of the amounts of phasphorus absorbed per unit
atea by mycorhizal and nonm root tps ip solutions comaining
radloactive phosphate and buflered with phlha}:‘t at varfous pH velwer
Mycorhical tipr o——0 nonmycorhizal tips  —~——e (Redrawn from
Harley and McCready 1950 )

There seerns [ittle doubt that 1n some mnstances fungus roots are as-
socuted with sncreased uptake of mineral salts. Whether thrs increased
uptake 15 due simply © increased absoching surface or o some other
caose 15 not yet clear

J0

OTHER THOORIES, o addrtroa oo the theories discassed abore
various others have been advanced to explatn the ugnificance of fangus-
root relatonships. Thus the beneficial effects of mycorhuse have been
ascribed to the capaarty of the fungus to synthesze (from organe con-
stivents of the soil) various carbonaceows materals which then be
come 2vailable to the ponfungal member of the assocpon. The expla
nagon seems especnlly plausible for nongreen plants such as Indun
pipe (Monotropa sp ) where the entire oot system 15 involved m & my
corhizal relavonship

With the avadabilicy 1n recent years of an increanng amount of 1
formawon about growth-promoing substances, 1t s not SurprIng that
atbcoryhubccupmpt)sodv.luchlmrhmd)ch:ncﬁtmlmd
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mycorhize to the production of such substances by fungt A discusuon
of this and ocher theoces may be found 1n the wotk of helley

Known and Suspected Beneficlal Effects of Mycorki ae

Despue the defferences of opunion sbout the nature of the
benefits oo the seed-plant member of the mycorhizal assocanon, moce
and moce evidence i accumulatmg that some sort of benefit s detived.
Crrtscrsmm of the disproportronate amount of research oa fungus roos
of tree mycothese, pamarily dose of conifers Is jusufable, espeaatty
when the apparent benefical effects of certun tree mycorhizae are
axcribed to all mycochizae. On the other hand, it should be boene in
mmd that the eantropkc fype of mycothiza commenly formed oa proes
and other conufers 1 peculiarly well adapted t srudics on the nzeure
of the mycochual relsoonship, In sach stodies it is ot difficule o
malatain gmall confer trees 10 pure culture for scveral years, whereas
faser-growmg, bulkier plants such ss hardwood trees and many herba

Fio. 29 Indian pipe & seed plant that has no chlorophyil.

id::’dﬂfmym this plans it actually a paradte on o fumgus (Cowrtesy
it )
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ceous plsats, are difficult to mamnmun for a0y prolon of tume.
Another explenation of the great preponderance of midamm
mycorhizae is that much of the modern afforestation and reforeymnca
effort 1s concerned wath consfers.

An outstanding example of benefits to 2 seed-beaning plant from the
presence of 2 fungus 1n 1ts root system 18 provided by the Tndian prpe &
plant devoud of chlorophyll (Fig 29) Unless we are completely o
revise our present sdess abour the phymological processes of seed
plants and postulate a new set of processes for Indea pipe, we must as-
sume that under pormal growth condisons thrs plant 1 almost com-
pletely dependent on the fungus assocuated with s roots, Since the en
tire root system 15 wvolved, aaything that enters the roots of Indun
pipe must do 50 by way of the fungus hyphae that envelop the roou.
In this paruculsr mstace proponents of the pargsinsm theory would
have a difficult problem, for they could not argue that the plant might
grow more vigorously wrthout such root infectioa, since without chloro-
phyll 1t could not synthesize the sugar essentnl for growth. Commoaly
called a saprophyre, Indisn pipe woald be mare corsectly termed & pars-
site—on the fungus infesting s root system.

A curtous relationship exusts berween the tuber of Gustrodas elats
& Jepenese orchid, and Armdleris melles 2 common parasiic gill
fungus (Rayner 1945) Apparently the erratic production of flower
1ng shoots by thus orchid was not understood undil it was discovered that
they are formed only by tubers chec are mvaded by thuomocpls of
A nelles. Thos the completon of the life cycle of G elata 3 depend-
ent on fungus mnvesson. Though the relationship 15 not understood the
beneficral effects are obvious, e s possible thar mechanisms sanilar ©
those of mycorhizae are wavolved.

Byﬁrd}egrmmanmnzdcvrdmmwppondmvwwdmmy
cothizae are benefical 13 derrved from studses of contferous trees, espe
cmﬂylpccldofpme.MuchofdmCVdarccuammmnmemlul
number of msmances 15 supported by experimental results that are
difficult to sscribe © any source other than the beneficul cffects of
mycorhime—though 1t muse be admitted that a causal relationship
has oot been demonstrated. Thus Samuel (1926) repotred that when
Punas mmsigmss was planted 1n recently cleared ground, plana thar were
healthy had mycorhizae whereas these seructures were enther ladking of
pootly developed 1n stunted speaunens.
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On the bass of expenence with an exterrve planting of trees in the
Great Plains region, Chester (1942) staved that it 13 necessary to sap-
ply nunble mycothual fungr on praine sous that usually lack soch or
gannms, Hs viewpoint possibly derived 1n part from expenimental re
sules such as those obearned by Hatch (1937) who astempred to culture
white prme (Prwas strobas) 10 soil taken from & treckess prane region
1n Wyoming Pmlnenodtumu::dwﬂnnd,dupcnscdmmpou,
and sterilired, after sterilianon twenty germinaced white proe seeds
were placed 1n each pot. The pots were then protected from contamina-
won by fungus spoces. The seeds were planted i August. By November
ull secdlings were xmall, yellow #ad without mycorhizae. Half the pos
were then inoculated from pare cultures of four fungt known to form
mycothaae. By the following spring the scedlings 1n the woculswd
and the control pos were markedly different. All plants were harveseed
and exumuined 1n late May of early June scedlmgs from wnoculated pos
possessed abandant mycorhizac were larger and more vigorous, end had
Jooger and greener needles than the control seedlmgs. The larer had
no mycorhizae, Comparsuve data from the rwo series are peesented 1n
Table 3 they show thet seedlings with mycochzae weighed more, had &
smaller root-shoot ranq, and contaned greater quantites of nuitrogen,

Table 3 —Comparison of mycorhlal and nonmycorhial
seedlings of Pinus strobus csdtured In prairie soll

Dy | Nergw | Fhurpbens Petsssive
Perghe | Rowt T _—
./.w. .u.« (-;/‘ Vs | Cmg /|
dy | owed | Ay | ek | &
(-:) t-x)\-v) | ) [t | e
}
Armgu
ol
40460782 500 | 1241 | 0789 1 01957 | 302 | 0744
Avmgu
dn-c:pouuf
noonmycorht
xlseedlings | 3207 [ 1138 | 264 | 0849 | 0236 | 00735 | 138 | 0425

From Heach (1937)
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phosphorous, and pomssium than the control seedhings without myco-
tuzae. In connection with Harch s experiment, the works of hramer
and Wilbur and of Hzrley and McCready already aited (see Fig. 28)
should be re-emphastzed, since they afford sdditonal evidence that the
presence of mycorhmas results 1o the movement of greater smonnts of
phosphate into the plant.

Rayner (1934) pornted out chat the introduction of small quanmics
of suitable matrrial (inoculum) 1nto seedbeds of pine induces formavoa
of mycorhuse sumjlar 1o those 10 the inoculum, resulting 10 stirmolas
ton of the seedlings 1o vegetanve growth. Where mycothiza develop-
ment i defective, Rayner added, the condrtion can be relreved and
growth of rrees sumulated by 1noculeong seedbeds wich small smouas
of matenial contaming actrve mycorhizae of the speoes. In o larer pob-
lication (1938) thos wvesagaror reported a number of observanoas
made in vasious party of the world which strongly indicate that myco-
chirae sre notceably beneficul to cermun confers

NORTHERN RHODESIA, In attempts ro esteblsh plaoungs
of a number of species of pine exotc to Northern Rhodests, suoren
wis encouncered with only one tpecies when the soud was not inoct-
lated. Of the species observed (Prmas camarrensis P carbea P bat-
pensse P punaster P palusins P patwla P tacds, and P zeocote) P
balepensis was the only one that grew beyond the scedling stage withoat
the sdditoa of so1l woculs. When soil from an establushed plantanon
of P redicta & thousand rules sway 1n Southern Rhodess was trunsv

to Northern Rhodests and used (o 1noculare nursery beds of
P longsfolia and expenimentul ploss of P cenbea P balepensu and
P taeds temarksble sumulaton of growth occurred.

BUITENZORG, JAVA.  From the Forest Research Insurue
1t was reported that Prass busts 3 completely dependent on the
presence of mycorrhuzal infecton  for nofmal development. Inocula
tan with roos, with humus obtained beneath pines, or with puse cul
wres of the peoper fungus produced vigorous growth tn plants pearest
the powt where wotulation was made. Infection spread rapidly fmnz
plaat w plant after the mycorhizal fongus was establshed i the 04
Bolerns granslasns or # closely related species, was considered the most
smportant mycorhuml fungus for P merknss,
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NYASALAND. The Forestry Department of Nywsaland re-

corded that in many speacs portrve resalts followed s0il 1noculston

from old, thrving stands of P petals and P rediats. OF the specses ob-
scrved, only P longifolia grew without soul inoculanon.

NTW ZEALAND. Posive resuls were obained with P ore-
diete when seedbeds were moculsted with spocophoces of Boletar In-
teas Seleroderma boritte, and Rbizopogon rabescens aod Boletssin-
fested 20l from a bealthy stand of trees. There were no mycorhuizse oo
plants from control (oalnoculated) plocs

clilar to those of Rayuer have been recorded from other
regions. Melin (1917) studying whar appears to be & case of seedling
dependence on mycochrree, found thar pine #nd spruce seedlings that
sourted from wind-distribared seeds In recently dramed peat bogs grew
notmally only when mfecied wnh mycothzs! fungl. Those seedlmgs
0ot 5o nfected showed symp of gen deficiency and Uy
dred. hessell (1927) reported several pine norsery failures m western
Australia that were srerlbured o the sbaence of proper mycochual
fungr in the 20l Sceds germinated and seedlings e first appeared
bealthy bat 3000 cessed o grow turned yellow, wnd fipally dsed. Ex
aminstion of the roots revealed that mycochizee were absent. When
small porticas of soul from establshed nurserses were mtroduced into
the scedbeds of unbealthy pines, recovery sccompanued by develop-
ment of mycorhizae, wok place.

But tests with moce than ooe speces of tree do not always yeld resuls
like those reported by Rayner Foc example, Morron (1956) con
ducted experiments with Notbofagus mentieri (ulver beech) and
Praws radiste (Moaterey pane) 0 which mycorhinl eod noamyco-
rhizal indivaduals were caltured in & umilar sertes of sofls. He foand
that in mfertle soils the growth of P radists was increased when my
cochizae were present, whereas their presence on the roos of N men-
nen dd not prodoce any beneficul resules.

Mome (1937) o the other hand, compared the growth of myco-
Lhmlmdnmmymchmltpplemmfmnd.hﬁv:::pmmmu
extending over & three-year period, that mycochize were beneficl 1o
apple treen. Scedlings whose roots were associared with an endophytc
fungus were lasger sturdier, and greencr and had o higher potassm,
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ron and copper content but considerably Jower magnesium con
than seedlings wrthout mycorherae. ! o

Oliveros * (1932) reported that Psmas snswlerss which 1 nave o
the hughlands of the Philippines, could not be establisbed in the
Philippine lowlands from seeds, but that if scedlings were trapsplaored
from nurserses located 10 the hughlands (the natural hebrrat of the
trees) they grew more luxurantly in the lowlands than 1n their patve
environment. It wus impossible w rase P insaleres from seeds at Jow
altitudes until the seedbeds were woculaced.

The findings of Otrveros rasse the quesnon whether distributon of
cerrain plant speoes might not be governed m part by the dstribaton
of fungt capable of forming mycorhuzac with those specres. According
to Haech (1937)  Every afforesmnon project involving the esoablrh
ment of members of the Abretineas Fagaceae Betulaceae, Salie
cese, the genus Hickorss (Carys) and & fow other trees by seeds m
new nursenes 1s predestined to fadlure unless provisron 1 made for the
1atroduction of suitable mycorrhizal fung: along with the trees. Whre
(1929) suggested that mycorhmrse might be o facror in the distribe-
ton of species of strawberry Although be affered no evidence In sup-
port of this statement, he did point out thet strawberry roots contn
an endophyuc fungus of the Pborma type, and that Fragaris chidoeniss
one of the parent speaes from which all culervated strawbernes are de-
fived has & sharply restrcred dustribunion,

Bur 1f mycothizze are 1n any way assocsared with the dseribunioa of
certin higher planss, the absence of such plants 1 a parucular sre2
may not be entirely attributable to the lack of proper fungt. For e
ample, sccording to Pramer (1956) scveral mvestgators have pre
sented evidence of the failure of a number of pine speaies to develop 10
Warchem Henth soil because of antagotnsm berween sotl muroot
ganum:mdmymrhmlfungn,idlﬂusﬂ)kmxxhcwrapabkd
preventing the establuhment of the mycorhual relationship was shown
to be present In the soil.

Summary

From the focegaing brief sccount chree facs arc apparent”
(1) the mycorhural habrt 5 prevalent throughout the plant kiog
dom, (2) mycochzae ace wocld-wide 1 doribution, and (3) in manf

Cf. Hach, 1937
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instances the possession of mycorhizae benefits the seed beanng mem
ber of the association, Yer we know very littke concerning the manner
1n which the fungus brings sbout the benefical acvon. If ths acuon
were doc sumply to artrogen fixaton ntuggactdbytheﬁnd.mpo{
nyu:rmdmhen,drnrdnnhmwuuldbccunlymdcmood
ever results such as those obtmined by Hatch Indicate that & more com-
Plumcdmnnmnhm}wd,ﬂncegrummuufpoummmd

phorus, e well a3 nitrogen, sccumulare 10 mycorhizal pine seed
hngidnnmnoumycorhmln:cdlmgt.“m n Is difficale to un-
dersrand how a ponchiorophyiious plant such sy Indlan ppe could
exust and grow unlem ft obtained certun energy<ontaming componnds
from the fungns associated with ft3 roots. The theory that the higher
plant benefits from the synthess of growth-promodag subsances by
the fungus © pot wathout merr, unce & oumber of fungt have been
found to synthesze such substances.

In the pretent state of our knowledge no single theoty that purports
to exphain the beneficil effects of mycochizse is completely scceptable,
and thus the significance of mycothize cnnot be fully explamed. This
problem will be clucidated only after much careful cxperimental work
and further mvestiganon of the mycothime. In the Interim & would
scem advisable on porely practcal grounds o diseminate and apply
the informaton galned thus far to afforestanon and reforestation ef
form.
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4 Industrial Mycology

FERMENTATION METHODS
SELECTION OF THE ORGANISM

MAINTENANCE OF STOCK CULTURES
INOCULUM FOR LARGE SCALE FERMENTATIONS
RAW MATIRIALY

EXCEPT PERHAPS IN AFFORESTATION EFTORTS, in which
the desired mycorhuze formung species of fungus may be ntroduced with
the tree species, man ordinanly does not control the conditions under
which the activities of fungt occur It 15 obvious that nnder pamral con-
ditrons pure cultures of fang: are not found, and that changes m both
quality and quantity of the fungas flora may occur with changes m
eavironment. As a result of these changes, the rates of deaty and forma
won of mycorhuza #nd curbon dioxsde are subyect to considerable foc
tuarion, In conteast to the fungus activies thar result 1n these natoral
and uncontrolled processes, & number of ocher fungus activives, if k-
lowed to take place under properly controlled condruons, can be profit
ably ditected toward man s benefic

The dermaad foe seversl fuagos metabolic products, as well as for the
entire fungus body has warranted therr producnon on # large scale. Ex
amplaueatmmd,giucomslcd.pcmalhn,gnﬂxcutd,ahylnkubﬂl
mold amylase, yeast invertase and wradiated yeast produca. In sdditoe,
Iacge-scale production of raconic aad and hojic aad has recently becn
mstated. With ench important discovery 1 the field of fungus bochem-
sty addrions (o the above list will doubtless be made

Mast of the sndustnal processes mvolving the Jarge scole producnon
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of fungus materials may be referred o 3 fermentations.  The establish-
mtofmchp«xtwmtpwdmnkﬁcqmntlymﬂpmb
s oot i n the sy
pmnd.nNotdrkmof&mpfubhmuthro!pmvadngthc
mtroducnon of nrdetired mbroocganhims, Sice the entmace of coo-

g must be pr d, oc at least held 0 a minimum,
pwumhrwcumnmlmbcgmmdrcdmgnmdmmmnmmuf
plant and equpment. A small bessk m o pgeline or other prees of
equipment, an moproperly packed vabve, s sough spot in ¢ pipeline
where autrrent mazerals from a previous fermenteton may todge o
a short Jength of ussoerilized pipe—all sdd t the chances for conttm-
nanoa by undeursble mrcroocgaazsms.

Wath few excepuons, yields of desired cad prodocs of ingus fermen-
tanons ouy be mbsteatlly decreased oc even desayed sf conteenimac
mg og cater the fr smedmm and wtilze part or all of
the rew I (nsmally carbohydrates) ded for use by the de
wred orgram. o exwrerne cuses 4 contsmumant may grow 80 rapedly
that the growth of the prefesred ocgrossm 1 aimost completely sap-
pressed. Even of the yweld 1 nox 100 senowly affected (33 m akeoholic
fermentanons) che peesence of may fmpart undesrebl
chasacrermucs to the end peoduct, # m akoholc fermenmoons con
dna:dfmth:pxtpanwno(bnnnge:kohnl.

of srerile cond, mp employing a tingle
lpeouammoifmgmdimptamugrwdxﬁmluu_&nm&dd
fieuloes are slw encountered m such bacrernf fermennnons s the ace
wone-burylaloohol f and the 2,35 dio] f It
8 & relarreely sunple maner o keep contamisants our of 8 corton-op-
pered flask or & resr cwbe cufture, but 1a 4 50 000-gallon Bk the prob-
lemn amumes magnibed proporuons, sod . be salved only through
clone cooperanon of the mycologist and the engiocer nodenstandmg of
the detals of the process by the produciion operator careful lebocamey
contral, and rigd enforcement of i sanmary precantron.

The esublshment of & fermentation process 00 sn industsad scale o
gco:ﬂllylca:mp!nhodmfmrntpi

¥ f ar¢ made 1n test fubes oc
sl faks. They 4z oypecaly 1 writh the deter

Hew m o oy scites, the wim fmmaniotbe nlpp“bbuﬁmdk
e (e ferosencruon mm(m [Em——— 1
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ofmcdm.mr&mon,lmtxon,-l ip e conditions,
and concentration of curbon munersl salt, asd Ditrogen sousoes
wuhrcspectm:hcnmoffermcnmnonmdytcldofdndmrd
mdpmdmlhmngofdﬂmmﬁmgmmmmdqmuu
also commonly conducted with small scale laboratory ferments.
tons,

2. Large scale laboratory fermentations are usually the second step,
1ad employ large flasks or bottles or 1 some wmstances, specnl
metal contuners designed to smulare an a smafl scale the pro-
pased lacge scule plaat equipment. When the shuft is made from
the first step 1o the second, 1t 13 ofen discovered that opumm
condstions for small fermentations are not necessanly soltable for
large ones, and chese results may have much to do with mfoenc
tog the final design of plant equipment.

Pilot-plant fermentations follow pext. These are condurted on s

larger scale than the largest laboratory fermentarrons aod with ap-

parutus more closely approximanng plaat equpment. Piloc-plant

ts determune the feasibility of lasge-scale producnon,
anblsh some of the operating condmony, and extablush dara for
the design of large-saale plant equipment.

4. Plont scals fermentations represent the fnal step in the esablmb-

ment of & fermentaton on an ndustrial baps, the type of equip-

ment employed varying wich the particular fermentanon procest

w

Fermentation Methods

Four methods of obminng fungus fermentanons are uxed @
ndustry The cultures may be grown w bottes of flasks, shallow pant
oc trayt, deep vass, or rotanng droms.

BOTTLE METHOD Indnebo:tkfulmrem:f}mdlqurdﬂ:
fangus being used are tnroduced onto the surfaces of relanvely sma
amf:":n oflglqmdmcdmmmhommuﬂy p[acudcormn-noppcrtd&x
da(nnlkbaxkshavc(recpcndybcmmai) mdthcculmmd\cndu:
cubated et proper tempefarure After a surtable pesiod of Wm&
fungos mycelium that develops on the surface 15 fileered off and "
nrudedua:ccm-cmdfmmd\chqmdmed‘anhtdmdmnugﬂ
thu method are pamerous (l)fornnmm:dhrgevvlumcpmdm



SHALLOw FAN METHOD Thclbxuow-pu.nﬂrtﬁodfnmhu
thcgmwtbdtbedauedfuugmmdulbwlzymofmcdmmlub:ge

mnupmaurmyn'ﬂrmdnmmybc-lqmd,umdrudypmdm
Ure as
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Fia 30 Mycelial mat of Asperglilus terreus wAich formed on the surface
of liquid mediwon in a tray 8 x 8 inches

able for the growth of & vaety of common bactena, some of which sy
theswee the enzyme penscillmase which quichly destroys penscilln. Bat
contamination ceases to be much of & problem if a fermenmnon s coo
ducted under conditions (such as a highly scd reaction of the medum)
which prevent or inhibit the growth of ofganisms other than the de-
ured one

The advantage of this method 13 that & l2rge surface area of medium
may be exposed—a very desiable feature when the organism beng
used 15 highly aerobk.

DEEP VAT METHOD  Fermentanons mvolving the use of the
deep-vat method are conducted 10 large tanka or vars constructed of nie
wood, or metal of these matermls, metal (stunless steel copper-beartng
steel, ete.) seems ro be most satssfactory Depending on the type of fef
mentatron (1) the vaw may be open or covered (2) the medium @y
be unaserared or acraced during fermentation and (3) the medmm may
or may not be mechznically sgitared.



u.v"h!:'rl)rdoy Yod
The f umybe(‘md“tmd Loce for
Tanog "0 rapd e wrth Virtuglfy -Wﬁ%
dﬂebpcd‘lhn after 800 (thy, uding die[xxxflubtyo!
'ﬁbbicmﬂmmtn-nu bcmmmgﬂcnblﬂhcd) s Srowh
and Bty g 20 cayfy, by other
Bat o the mnbv%budlymnumwa-d,tbcmunmybc
fed, “Ddcxu‘abk%orﬂu'on( ueed by ‘n2neg)
rmybcPftlm;meemdedlxtFO:dm“‘uou%y'k‘nbo Plaay
15 Overeq 9l since (e hancey o, T th
“h-’kad]yn'dln:d_mdﬂﬂcr uubcmor:rcnd,lym-rdtzzd
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rbag fmlvuiingrutquan m locﬂfﬂa there |
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Prenrt.-midm:pmdnmaold (dey ree) lnlnl.uybfeq
&udnmbmdmfwmdmmgmmm%u%w
ey n:cdfurfurd:cr"“'b'ammu of the bk‘vcrlgc
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Nopeo Defoamer and Vegifat Y were the most effectrve although they
were also the most toxic to Pemsarlliam chrysogenam These investip.
tors stated that 3 per cent octadecanol i lard ol appeared to be most
ssusfacrory An rattfoam composed of lard and Vegifat bras proved of
fective 10 aad-hydrolyzed corn mash used 1n the 2,3-butanedio} fermen-
tatton conducted with Aerobacter adrogenes o bacermm. Soybean o
and lime muxtures may sometumes control excesstve foaming 1n the ok
coholic fermentation of maltconverted srmall grain mashes.

Not all fungus strains may be used n deep-vat fermentations, smce
the behavior of different sains of the same species of organsm may be
quite different when submerged in the medium than when 1a bortle or
shallow pan culture. Thus partcular problem was encountered m con-
nection with penscallin production, and many sraias were tested before
one surtable for submerged culture productian was found, This problem
wus for & long ume  source of difficulty 1n aric 2cd fermenanon re
cent ceports, however indicate that stramns have been found oc devel
oped which yreld well 1 submerged culture.

A filameatous fungus growing in shallow-pan o botrle culture forms
& mat on the surface of the medium. This mar 15 sornetimes very thek
and tough end the fungus commonly sporulates quie heantly By coo-
trast, filamentous fungs n wellecrared or aghated submerged cultures
usually grow es small, discrete, roughly spherica! colontes chat are oum-
bled abour by the movement of the medium. Burkholder and Sinnodt
(1945) have shown that the appearance of the submerged colones of
one specwes of fungus may differ markedly from suniacly submerged
olonses of enother speaes (Fig 31}

‘The advantages of the decp-vat method of conducung a fermentaton
are (1) & relauvely large amount of medrum may be fermented m ooc
contaner thus obviating the pecesuty for the extenuve plant lapouts
that would be tnevitable 10 large scale producnon operatons usmg eiher
the bottle or shaliow paa culture methad, (2) much expeasive and io-
efficent hand labor 18 elumnated (3) stenlmaton of the fermentanon

¢ 13 readily accomplesbed, especrally »hen covered vossels 17¢
wsed and (4) the raze of fermentanon 15 frequently more rapsd chan
shaliow-pan cultures, unce the fungus colontes are moved about through
the mediam (with the exceptwon of the elcoholic fermentanion, which 3
conducted anserobically and wrthout agieation) and henee the diflgeon
of nutnent matersals and metabolrc produces throagh the medium G
not retard the fermentanon process.
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Fo 31  Appearance of colonles of different s of fungl when grow-
md&ﬁnoﬂ

ing submerged in Uiquid medism. (From Bur 1945)

ROTATING-DRUM METHOD. The equipment used m thi
method coausts of 1 hocizontally moanted metal drum or tank which
rotared durmg fesmentation. Baffles on the 1noer wall of the ok serve
11 efiaent agrators of the medmum. As in the deep-vat method, the fun-
gus does not form a solid mar that Sosts on the surface of the medmm
bur consists of small, discrete colonues that are submerged. Diffusion
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gradienes are eliminated and a rapid fermentanon resuls, since the hae
gus colonses are moved about through the medmm conunvowsly Scerile
mmnybemtmduccdmmthcdmmnsnrmm,dm:mcrwmgd\ed:
gree of sernnion. In gluconsk acd fermentanon, which has been success-
fully conducred in romnng drum, e has been found rthat the rate of for
mentanon 1 greatly increased when aie 15 ntroduced mto the drum ats
rate suffiently rapid to build up pressure withun the drum The rows
ing-dram method has been used (with morstened wheas bean tnseead of
2 liquid medrum) 1n the producton of mold bran a source of amylne
and other cozymes, Lockwood and Moyer (1938) state that the rotatmg,
drum 15 the oaly type of fermentation equipment 1 which st s possible
to separate geration and agitaton effects.

Selection of the Organism

The selectran of a suitable organism for nse 10 an induseral fer
mentason 1 extremely important. Often the orgensm 1 chosen oaly
after extensive screenung tests wrth @ great number of different specxs
ot different strains of the same speckes. The hierature oa fungus fermen
tations reveals many widely dvergent reports on yields and fermenss
tion rates obeained by different investigators under essenpally denocel
environmentsl condstons with the same speaes of fungas. Maay of these
duscrepancies caa be actributed m the use of different strans, which are

Fia 32  Petn plate cultures of tnwo ;ﬁﬂm%rrdmma{’,Nemmvm

hough ¢ differentt in culture 1 are
2fgwﬂblquA‘fmn shonn at the lefi iy incapable of symihesizing the
amino acid lysine the one at the right canno! synthenze proline
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Gross differences in physiologicul sctvities between differen srams
ofrbcsamerpccm,comparnblcmtho@;lmdmmadmmum
with strans of § cerertssae have been recorded for almost every spenes
of microorgantsm used in an industrial process, Usually these differences
are merely concerned with degree or rate of complenon of & particulic

3

g

3

3

PERCENTAGE OF SUGAR UTILIZED

]

5 o 15
INITIAL ALCOHOL — PER CENT BY WEIGHT

Fro 33  Differencer in &lcokal toleramces of two strains of Saccharo-
myces cerevisiae  (Based on data of Gray 1941)

procest, but somettmes they sovolve the need for carcful resung of straus
to produce & high preld. Except for organisms used 1n closely guarded
mdustrial processes, strans of o particular organssm may be obtaned
from the tvestigator who isolated them or from an agency such as the
Amenicaa Type Culeure Collection (Washington, D C.) or the Ceneral
Burean voor Schummelcultures ( Baarn, Holland)
Although 1t was necessary in the past to ssolate many strains from thext
natural habieats to obtan & high yclding strain for & parucular process,
rocent work has demonsraeed the efficacy of other methods. It has been
showm, for example, that the mutanon rate of fung: and other organsas
can be greatly incrensed through the use of \-ray and ultrnvsolet radst
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spores or bux of mpeelium from each culture to fresh agar shnty (e
ploying standard pure-culture technques) at regular intervals—e tme
mmumngpmcmtbjtmnbemumpmbcdunlybylundhbof\vbcu
umanyuscvrmldmsmdaﬂmmshavcmbemm{emd{rcqumdy
mamrcnmccbymcbmcamcmcmdybemarafuﬂmphluddl-
ton d)cmm:frequmtlyculrmumhandleddzcgmmmdr
chances for contamunation and Joss of culrures. Swrge of fungus clk
tures on agar slants at room cemperature or m an incubator 1nvolves fre-
qucnrmsferbccnnsedmngumtdmmdncsomquxklrmamgly
when a new culture 15 growing well and 15 free of contamnang, 1t 5
sometumes stored 10 & reftigerator and thus Lkept vmble for a pruch
longer ume

Even when cultures are stored at low temperatures w reduce the fre-
quency of subculture, the method described above 13 relanvely nomns
factory snce 1t ofren results in the loss of one or more pocenaally
valuable organisms. Another disadvantage of the method s that fungt
mauntuped o tlus manpet frequently lose certam of thewe desimable
characrertistics. For exzmple, a fungus may with repeated subcalturmg
Jose 18 capacity to syathestre large quantses of a compound, wnd &
capeaty to sporulate,

Fortunately more satusfactory methods for the preservation of sock
cultures are comung mnto wider use. It has been found, for example rut
stock cultures of many fungt can be conserved for Jong perrods without
wansfer by completely covering the fangus growth on an sgar shuos
with sterile muneral o1l Originally developed by Ungermana (1918)
for use with bacterial cultures, this method has been emploped sucees>
fully by Sherf (1943) with cultures of filamentous fung. Fresh 2
tares are prepared on agar slano of sweble medum and afrer abodt
ten days (the ume depending on how rapudly the ocgannm coven the
:urfnmofthe-gnrslzm)mﬁiaemncnlernmcmloduaddcdmcmﬂ
nbempofmc:hnmdmrfam‘lbembautﬂmnmpluggcdmdnwrd
uramxmnpcmmmSubculmmmbcmdebypmngamk
needle of loop through the o1l laper scooping up burs of fungus txc,
withdrawing the loop from the od layer (allowing the excess ol @
dran agunse the side of the wbe) and then tansfernng the tussue ©
s fresh medum.

Buell snd Weston (1947) 1n reporting the resuls of studses 1avolY
ing storage of a varwety of fungs under orl, ststed s some Cultures wert
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have demonstated thar bacwria may be preserved 1 vuble fom
through employment of the lyophule technique and Wickerham and
Andressen (1942) have shown that yeasts may be 5o preserved. Raper
and Alexunder (1945) wvesngared the use of the lyophile process for
the preservanon of & large number of different microorganisms (1850
funga other than yeasts, more than 900 yeasts, and sbout 400 bacreral
cultures) and found that fungs preserved by lyophilraton retaiped ther
brochemical end physiological charecteristics in unaltered form, Thes ds-
covery 15 of parncular importance because of the difficulty of mamntm-
Ing cultures 10 a stable and hughly productive stare These srvestigators
reported thar strains of A4 terres preserved by the lyophile process pro-
duc:dundxmmuhcdynddiohmmmcaaddmfonymomhx.mddm
peniallin producing strans of Pemscslliam chrysogensm aod P wotatem
retuned at onginal fevels their aapacrty to produce penscillin. Raper
and Alexander described thew method of preparing spores for Iyophilt
rauon as follows
Cultures were grown, m the usual manner on Crspek s solenon agar
o malt extract agar in either tet tubes or Perri dishes for ooe week ot
days, oc unal a sufficient quantity of consdia wus produced. Apprommately
0.25 cc. of sterile beef serum was placed 1o an sgglutinanon tube, and
spares or conkdm were added from the culture to be Iyophilired unal the
resulung suspension was comparadvely dense. By means of 2
approxumarely 005 ce. of the suspenson was then dispensed into each of
four previously labelled, stenle Iyophil cubes (made of 4-each lengehs of
6 mm. Pyrex tubing sealed at oae end) The cocron plugs were replaced
end the excess cocran was burned off The remaning pornon of the plug
was then puthed down mro the tube to a depeh of about oae half inch
2 precaunon egunst possible contammanoa dunng procesning, end ©
prevent the cotton from bewng drawn inro the apparann dunag evecs
ooa.
ﬂnlyophdcmbamthmamcbcdbymmofmbbcnkﬂﬂ
10 2 mantfold which was conmected with & vacuum pump and g0
Jowered so that the ends of the rubes containing spore suspensions were
submerged 10 2 bath of dry scc and methy] cellasolve (temperatur®
40 w —350 C) When the Iqud m the bes had frozen, #¢
v:mumpumpwumncd-.ndmemndolduftcdwdmthcmbﬂ
mmstdubovtd:emdmoftbcb:d:m-kwlnnhrhdnmﬂ"

Ruper and Alezander (1943) p. 302
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Fio. 34 Lyophili.ed spore suspensions of Pentelliom chrysogy

persture was about —10 C, whete they were held duning the drymg
process (usually about 114 to 2 bours) When completely dry the
mats of serum and spoces formed & compact cylindocel peller (Fig 34)
ar this tune the tube was sealed off (still under redoced pressare) with
& gus-oxygen flame. For further details concerning the appecatus ased
in thuy peocess, coasult the report of Wickerham s0d Andrezsen or that
of Raper and Alexander Horse serum and slam rmulk are some of the
medsa that have been used for making spore suspensrons.

Alshough lyophilmaton of fungus cultures requires sppararms and
technsques pot wed in the older methods of maintaming stock cul-
tures, 1t hes several distinct adventages (1) stoeage of stock cultures
requures much kess space, since the tubes are much smaller (2) pos-
sibility of contaminanon durmg storage s climinaeed becanse the cal
ture tubes are sealed, (3) there b a3 yot no evidence thar beochenucal
chacucterstes chaoge when fungt are peeserved by thes method wnd
(4) a large number of replicate coltares can be prepared from 4 smgle
large smspension of spoces from the sme source a6d wed 23 inocultom
for srandard cultares over & long persod. The dusdvantage of the lyo-
phile process 13 that 1t cannot be used for all types of fungz, some file
mentous fungy, for exumple do noc spoculate and thus cannot be con-
serred by lyophilianoa.

A simpler technuqoe for the preservaton of fungus cultures, and one
that requires no specl apparans, i3 to sroce the fungus epores n fine,
dry sterile sod m test tubes. The soil 1n the mbe 15 steriloed esther by
dry heat of by autoclaving (Caunca becamse heat transfer through woil
i slow 1t may have to be heated for penods Joager than those used for
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the seerilizanon of medium etc.) A besvy spore suspennon s added and
moxed with the soul by shaking—Foster (1949) recommends that the
volume of the suspensson be sbout onetenth the valume of the soil. The
Inoculated cubes arc then dried 10 & vacuum destccaror and stored 10
cooldrypllcc.Am'ongrmommendlooufotthsmﬂhodudutumgk
culture can be used repeatedly since very Little soul need be removed
start & new culeure

Inoculum for Large-Scale Fermentations

Preperaton of inoculum for large scale bactenal and yeast fer
mentations, has never been a senous problem, since the active veget-
ave smges of these organums consut of single cells that can be used
durectly for 1oculation. Bur 1t 13 difficult to obean large amounes of in-
oculum for wedustrnl filamentous fungus fermentanrons becuse the
vegetarree stage of these fungt consust of mycelm whose srands are -
terlaced, forming a rather compact mass of tissue. Obviously the mocu-
Iatton of large volumes of medmm with a mar of this type would be
ineffizent, since the fungus tssue would come it contact with 4
relatvely small amount of medium. Consequently fungus spores hare
been wsed for oculam, smce they are ofren uniceliular and can be
duspersad throughout a large gmount of fermentaticn medrum, thes pro-
viding many potnts of moculatron The use of spores as inocutum implees
obtrizung them 1 large quanuty In the published reports concemning
the development of varrous fongus fermentations, considerble emphs
13 hias been placed on the conditions favoning spore development. Sev
ersl investigarors have devised specral sporulanon  medis which differ
10 compodition from those regularly employed for fermentanons. Lock
wood and Moyer (1938) make the general recommendation that hquid
medrmm defiaent m nutrrenes be employed for the producoon of sporcs
used for inoculum, since & thick mycelal mat o wsually formed if chere
18 an sbundance of nutnents.

mmofxporaummﬂumuordmarﬂymmlﬁoemnmhadlfl
fast fermentation 13 desired because the sporcs must germinate #d
growth of mycelun must start before any sigruficant amount of the d¢
sured membolic acavity can begm. Ths lag perrod tn the fermentaton
canbcchmmlmdbyd!owmgcbcrpm’umgcmumﬂemddrnmpb)'
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mg & suspention of pre-germinased spores as inoculum. Ths varaton
of procedure, bowever does pot solve the problems connected with the
prodoction of a large number of spores, for all too frequently & fungus
strun which 1 valuable becawse of some beightened blochemecal actr
iy docs pot sporulate well

A much betrer inoculanng technique inrvolves the use of 2 sospension
of paeces of vegemtre mycelm which have been fragmented under
sterile condrons m & Wanng Blendor Thus methad has numerous sd
vanmges over the spore-noculum techarque becrase 1t makes pomible
the we of fung: that sporulate pooely or pot ar all. Morcover it ehims-
nates the necestity for preparation of speaal sporul medta, and che
lag that occurs while the spores are germinating. Inoculum 30 prepared
corsnts of active vegetanve mycchiem which may sart growmg and fer
oenting 49 3000 5 1t is Incroduced into the fermenter Beomoe of thair
small se and greac number the mycelnl fragments may be distributed
throughoat the fermentanon medrum, thes effecavely sccomplishmg
inoculanen at many pants. Thes digributron of fungus materal through
out the medrum may be accompluhed moee easily and moce unifarmly
with mycelnl fragmennts than with spores, because the spoces of some
fungr can be wereed only with difficulty thms preventng a untform sus-
penwon, Savage sod VanderBrook (1946) who appled the mycelal
fragroent inocalation techaique to thewr wock with two

duang ofganisms, repocted that mycela nay be fragmented m a Warlog
Blendor with Iittle injury o growth aod fermentarrre axpacrtics, snce
mycell fragmentanon seems to occur at the sepeae. They found that
fragmented myceliom, even when dilated 1 40,000 could be sde
quately substrruted o shalen flask culeares foc unfragmented m;
medatal 10 inoculom level Dorrell and Page (1947) weed the same
technuqoe and foand that with Helmixthosporium oryzae the replace
ment of spore inocutum with 1 per cent minced mycelnm sesulted m s
twofold incresse In mycelmm yield 1 two-thirds of the cases. These 1n-
vesngetoes fonnd char if 50 milliliers of & 3- @ 6-day-old culenre of Grb-
berells zeae grown in a shaker flatk, wes minced for 1 minure in 8 Wer
mg Blendor about 1 to L5 millica fragments per mulliliter were ob-
ouned. Microscopw: examination of the blended mycebum revealed thar
the fragments contred of 3 10 cells, and Docrell and Page stred
that the fragments were wholly vable and capable of growth ar many
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pounts. From these reports it would seem that the Iragmented-mycelrum
tooculum method 15 greatly superror to the older spore 1noculum method
a0d will probably largely replace 1t 1n many fermenmpons,

Raw Matenals

For the successful productioa of fungus-synthesized compounds
the organusm used 1n the fermentation must be cultured 1n @ medsm
conwuning ceftan materrals requistte for the growth and metabolic &
trvities of that particuler organsm In general the medrum must con-
wun (1) a carbon source (carbohydeate) (2) a mtrogen source, and
(3) certain mineral elemenes. In addrtwon, 1t 15 sometunes necessary to
supply other substances which have beneficial effects upon growth and
merabolism. An example of this type of substance 13 comn stecpng I
vor which 18 commonly added to the medium used in fungus ferments
tons.

The necessicy for additon of materials other than the carbon source
apparently depends on the degree of purrty of the matermf used as 2 oxt
bon source. In & fermentation 1 which a crude, narefined materal 5
used, it s aswally unpecessacy o add a mtrogen source or mmnerls &
such, since these are present in adequate amounts 1n the carbon-contam-
ng msrerl—the production of alcobol from graun mashes s an &
ample. Since ground whole gran contains nurogenoas matesials, muver
als, and vitmmins, 1 addition to & grear quanticy of carbohydrate #t may
be used for the alcobolic fermentation without any supplemental ma-
termls. When 1t ks necessary o use 8 more highly refined carbon source,
such a8 & punfied suger boch puneruls and a nirogen source must be
sdded The quantiy and quality of these added marermls will vary wih
the ocgenuzm and rype of fermentation, s0 no general stitement cta be
made w huch will be applscubie o all fermenmtrons speaific detatls will
be considered m connecnon with the fermentanons discussed m laeer

ters.

Incuramtpccldfenncnmumulullmhermaremhmumbclddcdm
the medium because the desired biosynthetre seacrion wall pot occur &t
nﬂmwﬂmmgmdylmcmdunaunuuu}mmrmhumﬂm
s blocked The additron of materesl will partaally or completely blodk
ﬂtcumpcuugrcacuou.Anmmplcnlhe glycesol fermentanon that
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15 accomplahed by adding sulphite or busulphure to block the reacron 1n
which sarmldebiyde s reduced to ethyl alcohol. 1 this reducuon is not
preveneed, very lirde glycerol will be formed. In corm other fermema
nons (penucillia fermentawon and mirobrologial synthess of swerosd
hormones) chermucal precursors of the desired end produet sre added o
the medrum.

Exclusve of water the grestest portioa of the marernd contaned in &
fermentatron medrum 13 the marersa! sdded a3 the carbon source, since
1t bt from the carbon-contalming compound dhiat the energy used 1n the
vanous fangus metbalic processes i derived. It 13 also from the carbon
soarce that the fungns metabolx producn are prinapally derived
through & senes of beochermucnd transformanons. The arboa coepound
usually sapplied o a carbohydraze, typacally a sugar such s dextrose or
sucrose although there are a few exceptional cases in which search or
soms other polpsacchands 1 wed. The carbohpdrate-contuning maters-
als thar have been used most widely 10 fungus fermentroans ase black
srap molasses (s by-prodoct of the sugar industey)  the varmons ceres)
grasns, o bow o high grades of refined sugany obamed from grans,

Table 5 —Alcohol productlon per ton of raw

material
R Mowrsad Col A Gl [Tra

Suga beer .0 21
Sagar cane (L) 2080 132
Jerusatem srichokes 1o 00
White potatoes 178.0 29
Sweet potatoss Mo M

Apples 140.0 144
Ratxm 1020 g4
Grapes 0.4 131
Com ¥ 20
Rice (rongh) 636 ns
Blackstrap molaxses 430 0.4
Grua sorghum 33 NS
Wheat 30 3.0

From Jacobs (199).
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Suger cane, or sugar beets. Almost any materal that contasns ferment
able sugar 1 adequate quantities (or 2 material that can be readily oo
verted to fermenuble sugac) can be nsed as a carbon source, but crude
raw materrls often create additronal refining problems. Some wdea of the
range of carboa sources in fermentations can be gamed from Table 3
which lists certatn agricultural raw matersals that can be used for the
producton of ethyl sicohol by fermentason.

It 15 potsible chat, i the forure development of industrial myvology
cellulose—the most abundant carbohydrate 0 the world—will be
wdely used as & carbon source 1 vacous fermentations. Though many
fungicmdxgmccllulosc,ﬂ:wdaprudmcunwumofcubmwmﬂ
requre more efficient methods for hydrolyzing cellulose than those pow
sed. Various cechaiques have been proposed for the acd hydrolpss of
cellulosic waste mecerials and the subsequent use of the sugar salutoo &
a fermentztion medium, but 2 present industrial use of cellulose 15 hm-
1ted despite the vast quannues avalable.
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5 Drrect Utilization of Fungi as Food

MUSHROOM CULTURE
FOOD YEAST

MANKIND HAS USED FUNGI as food for many centunes, and
Literature from encient times to the present o8 Liberally sprinkled with
references (o their use mn the human dier. In early Roman society vanous
edible fangr were held 10 high esteem, as sctested by the extant writmgs
of thar period. In other societses, fung: were considered &n rmpormnt
part of the dict yer apprrenzly were not regarded as eprcurean delicsact
Since Rolfe and Rolfe (1928) have liseed many of the eacly works
concerning the use of fung: as haman food, no atempt will be msd¢
here to deal with the stncrly hstoescal aspects of thus subject

The vast majority of individuals who eat mushrooms are
familiar with but a single edible specics. Actually however the Seshy
sporocurps of many specres of Ascompeeres and Bandiomyeeres @y
safely be caten Many lapmen refer to the edible fangs a5 mushrooms
and @ the medible or posoaous fungr as toadsools, That thete (+0
terms are meantngless when applied 0 this way 1 well known o e
mycologst, since a great many common so<alled toadstools are 1
reality ponpouonous and same art quite tasty V;m.uspt?tsofd‘

us Coprinks frequently occurring 1o lawns are commonly

g;nbommsumdodwrsfmnlu:wnhthnmreof soadstool. That the
Line of demarcation becween mushrooms and toadstools 1 not very st
mmanymmdsucv.dmrfromdwmmtrqmoimmhman?“"
soning.

ﬂrepercmmgcofpouonmuqmao!ﬂdhyfungmlﬂftﬂﬂ!qw
small. However because the eaung of a mngle possonows mmhrvf:““
may result 0 death or violent iilness (Fig 35) chere 15 0o MAEID
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erroc and the promiscoous eating of mushrooms collected by amateurs
is & dangerous practce. The varfous handbooks oc gusdes to cammon
species of feshy fungs generally distinguish betw cen pouonous aod edv
ble speaes, 5o that no attempt will be made here o duplicate thes infor
matroa. Purported means of xdentfying posonows and nonporsonous

Poison T Toadstool
==l | Poisoning

Kills Girl

Toadstools | [ 18t 01
In

Fatal To 5"::‘?,?".,.

Fuo. 35 The indiscriminate ewting of mushroonts collected i thel natiral
habltats not infrequenily leads so mews ltems such as thote shown above

types have become part of our folklore and widely sccepted a3 fact—not
infrequently with facal resules. These alleged oerms inclode such doubefol
crterma as whether or not » silver spoon blackens when placed 1n the
mushroom broth whether or not the cap peels, whether o not the
mushroom grows on wood, snd other equally unreliable mdicatiom.
Such myths persist despiee the wotk of wrrters like Herrick (1948)
and others who have potted oot that edibility or nooedibility cannot be
esmblished by casual inspecton or follloce. Because there i no quick,
cary method of 4 ining whether & mush v edible oc p

the best advice 8 Do mos et amy miushroom other than the caltivatod
704 wnless you are absolutely sure of oy Mentity ar an edsble species
« affirmed by one of the recognized masndls wroten by an extborsty on
the sabrect
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Fia 36 Agaricus campestris, the common field mushroom The commer
clal mushroom is usually a variety of this species {After Gilman, 1940)

Although & great many speases of fungi are edible, relanvely fow
have been cultrrated for food purposes. In the United States commeraal
mushroom culture for market 15 confined almost enurely to varxns
of the field mushroom Agaricas campasirss (Fig 36) whxh becanss of
their twospored basidia are usually named Agaricas busporss Wik
mushrooms, however may occastonally be offered for sale.

Agaricws campestras 13 alio cultvared n Europe, as sre varons speocs
of truffles (Twber spp ) and wild mushrooms seuch the market there
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far more frequently than m the United States. Rolfe and Rolfe sute
that inspecton of edible fungi entenang the markets of St Encnne,
France, began m 1897 mdl:pcdxlotdm.nmrrm'ktcddtulcm
certain species; 1n 1921 pew regulations were made permitting the
sale of eighreen formerly proscribed speces in addition to all species of
the gencra Clarwria Helrella Morchella and Twber Truffles have
been extensively cultrvated in ook plantations m France and the sub-
terranean habat of these fungl has led to the development of rather
unique methods of huntng them, wavolving the vse of trained pigs oc
dogs (Remsbottom, 1923 Rolfe and Rolfe 1928) From the stand-
pont of number of specses cultivated, mushroom cultare has reached &
greater degree of development i the Ortent than in the West. Amoag
those cultivated 1n the East are Cortinellns berkelesanns Volvarslla
rolracea Armillaris matintake and species of Plesrotns and Awricx
Larsa,

Mushroom Cultire

Muoshrooms have been cultured in the open, in sbandoned
quarries and mines, In caves, under greenhouse benches, aod m small
wooden flats in the bome—hardly the most cficent and economical
method. In the Unsted States they are generally produced In
sheds or mushroom hooses built of wood dnder block, bollow tile,
cement block, or brick. Reaew and Thompson (1948) have nored that
cement block and brick constructions are not samsfactory becamse the
walls tend © sweat. Regardless of the material wsed, the coostruction
must allow for adequate control of temy humdrty and ventila
tion,

The substratum 10 which the mycelium grows and on which the
mushrooms eventually develop s known s compost; 1n thn country
composted horse manuwre 1 uted almost exclusively for ths purpose, In
the preperunoa of compost, magure 1 allowed ™ undergo & narural
fexmcmn:bnpmcwmwhicbmmyugznmm,hod]fmg{mdhc
term, probebly play & part. According to Lambert (1938) who hat
preparcd an excellent review of the subject of mushroom culture the
objectrve m the compostng of mamure 1 to prepare a medmm that iy
more surtable for the growth of the mushroom oyycelram than for the
growth of the many other muroorganitms whose presence fn maternl
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of this type 11 unavoudable. Dunog the composung process such easty
decompoted materals as sugars, starch and hemucelluloses desappear st
1 much more rapid rate than the more resistant cellnlose and lignen, At
the tame tune josoluble nitrogen compounds accumalare, probably asa
result of the assumularory processes of the microorgantsms 1o the fer
menung magure Styer (1930) sod Waksman (1932) have shown
thar Ignin aad wsoluble proteins sre readily nnlzed by the mushroom
mycelrum. Therefore 1 properly prepared compost in which these
materals are present i relatrvely high concentration the mushroom
mycelium should grow mach more rapidly chan other fungy that cannor
utilize lignin and mnsoluble proteins so readily

For duscussions concerning invesuganons of the cheguem! changes
that occur durmg composting the works of Heberr and Herm (1909
1911) and Walsman and his co-workers (1931, 1931b and 1937)
may be consulted The potenual mushroom grower more merested m
the proper procedure for preparing compost will find this informanon
arsilsble 1n works devoted o mushroom culture, such as those of Duggs
(1905b 1915) und Retrew aod Thompsoa.

—~— bV Sl
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s
Fia. 37 Dlagram of cross sectonal vien of minfroom beds arranged in
thery {Redrawnt from Retten and Thompson 1948 )
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Fio. 38 Spauwp:aiAgnrkmb&pormmmpm:lnvaoambd
These beds are aranged in ters; the lower pat of the tier next above Is

visible In the upper part of the photograph. (Courtesy F G Thompson
Muthroom Supply Co ')

With mceang farm mechanizstion an obvious need has arsen
for the development of procedures for prepannag compost from rmarerals
other than borse mannre. Vanons attempas have been made to prepece
arufical compost. Procedures of this type have been described by
Hutchrson and Richards (1923) Jenkins (1935) and Weksman, Ten
ney snd Dxchm (1929) Altbough some foccess bas been achieved In
the preperstion of aruficul compost, Lambert smates that the yclds of
mushrooms obaned oa such matenal are only ebout 50-70 per cent of
the yiclds obrained from manure compost. Rettew and Thompson list
the following & ingredienns of an araficial compest 1000 Ib of baled
straw 1000 Ib of chopped tobacco stems, 1000 1b of soil (ceung type)
300 Ib of fresh manure, 50 Ib of crlcrum cyanamide, 50 Ib of bone
mesl, 20d 100 b of gypram (sdded on the last tarnuing) These suthors
sare thar aumfactory ylelds of h have been obeained on
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compost prepared from the materrals isted above bat do not recam
mend 1t for commercral productson.

When compost 15 ready for use 1t 13 someumes placed 1n beds on the
grouad, but more often 10 large wood trays armnged 1n ters with enoagh
space between them o allow ¢asy acress for handling the compost,
watering, and pxdung the crop (Figs 37 and 38) With ths ner o
rangement 8 large surface area aan be obtuned in a comparstmely
small building

After the compost 13 placed 1 the beds, 1 15 kept for 2 week or mort
ac & temperarure of 130F o order to eliminate insects- 1t 1 then plnied
with maternl coatmining living mushroom mycelium such mereral s
termed spawn In earlier practice the spawn consisted merely of com-
post permeared with mycelium (sometimes taken from s peeviont
crop) and was in no sense @ pure culture of the desured fungos bat
varied preatly 1n quality as moculum. Today most spawn = 2 pure cul
ture of the mushroom mycelum growng in bottles an ceresl grainy, ®-
bacco stems, bran, or other swaable matenal A pure culture spawn map
be started by implanting a small psece of mushroom sparocarp ssoe 0
proper medium a method devised by Duggar (1905a) or it may be
started with spores obtewed from a maoure mushroam. Europeas mf
cologisss firse succeeded in obtwning germinatron of mushroom spores
(Costantin 1894 Cosmaon and Matruchor 1894 Repn, 1897)
1n the United States thus resule was later achreved by Ferguson (1902)

Once the mycelum (spawn) 18 mntrodaced o the mushroom bed,
1t grows through the compost 2t & slow or rapid rare dependmg on t
number of envircamental conditions. If these condruons are noc prop-
erly adjusted, extrancous fungr may grow more rapudiy than the destred
specres, thus producing a crop of “weed fungs or ar least reduang ¢
mushroom yeld Beach (1937) has listed & few of the condimons that
may be more favorable for the growth of so-called weed fung than foc
mushroom mycelium.

Mushroom mycellum may grow 1n medium having # reacton 1 the
range of pH 34 to pH 90 (Bechman, 1929 Frear Styer and Haks
1928) the opumum pH value varwes with the compostoen of de
medium. Growth will sccur over e wide temperature range bt te
optimum temperatare 5 sbout 77F as shown by Lombert (1932)
and Duggar (1905¢) who have esmblshed che cardinal cemperatures

for growth as followy
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Minmmum 35F
Optimum 77F
Maximum SOF

Percentage of mostture in the compost also affects the rate of myce-
lnl growth. Lambert (1938) wares that in an average compost 160
pet cent masture s the opumum valoe s with pH, the optimum mon-
ture percentage varres with differently prepared compost.

It has Jong been 2 pracocal necesmuty for muwhroom growers to
spread a shallow layer of cating soil over the composr 1 mushroom
beds. Lambert has studicd the effects of differcat types of canng soils
on yrld and concludes that beavy soils produce better yelds than
sandy soils; he also recommends wse of o soil that 15 nearly neueral 1n
reacnon. Why the addivon of casing soil influences sporocarp develop-
ment i not definitely known, but differences in CO or O, coocentra
uombctwenm}ngsoﬂmdmmponmybecndulhmmAmd-
g to Klebs (1900) vegetation and Juction are y antago-
nndcprocmc:;lrnce,oudrbumofhhhypu}uh,ﬁrtpcoﬁc:ﬁcct
of the cuing sofl may be to provide an enviroament favorable for
growth In cvery respect except onc—nnwrkns are hackng, and a3 a
rrmltd-erepmdurmep’mxhiumd.

The 1 conditsacs under which muat will develop
are restriceed 0 2 much narrower mnge than those governing growth
of mycelum. Thus, though the mycelium will grow in the tempers
ture range of 35-90F typical sposocarps develop only m the range of
45-75F This development does not occur at equal rates
the cffectrve mage and Lambert (1930) has shown that the raee of
growth of the sporacarp increases with an Increase in temperarure. For
exumple, the sporocarp of the white variety of A bisporas reaches full
growth 1n scx days at 70F wheress at S0F k reaches full growth only
alter twenty-two days. By proper sdjustment of tempersture and other
condrtioas, It 15 possible for the grashroom grower to control, over o
relatrvely wade range, the time of sporocarp development in hus varions
bouses in order to mect special market or lbor conditions.

There 13 some difference of opion about the effects of bumidiy on
muthroom development Scoller (1936) has mdicared that high hu-
msdiy may resule i the producdon of deformed  sporvcarps, wheress
Lambert (1938) has aserved that normal sporooarps may develop
i caves under condimsons of over 93 per cent relatrve humidrey

L 30T
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In 1933 Lambert published the results of experiments which shox
thar a 1 Per cenr concentration of carbon diowsde m the axr wil] efiec
sparocarp development, and that if che concentration 13 ss high as 5 per
cent, all development will be arreseed, Stace Jarge quantities of carboo
dioxide are formed unrmlrohh:mpmumofdwmwh:mnmy
cclmmnndufdzcnumeromodrrmtcroo:gmmmlubmngm
room beds, some means of ventilating mushroom houses shoukd be pro-
vided 10 arder o prevent the sccumulaton of carhon dwxrde m o
hibttoty concentrations,

DISEASES, WEEDS, AND INSECT PESTS.  Mushroom grovmg
like sny other agrcaltural pursurt,  sometimes beses with dificalbes
arining from the presence of parasiuc funge and bacrerts, mect pes,
and weeds. Ware (1935) n hus bulletin on mushroom culrure grves s
bibliography of the literature concerned with mushroom duseases, and
Beach (1937) Ists the rwelve prinapal discase orgamams and weed
fungr the charactermstics of the diseases, the sources of che camal or
grasms, aod the environmental conditions favoring the development
of the parasitic forms as well as the weed fungs, which are not parssa
but do canse yreld reductions. Bubble disease of mushrooms, caused by
Myeogons pernicioss (Fungi Imperfectt) was formerly 2 majoe do-
case of mushrooms, but Beach stares thar it has berome Jass torous
since the factors favoring 1t have become better knows, and that the
most umportant drcssc now 1 brown spot, caused by ¢ speces of
Vernodlem (Fung Imperfecti) Brown spot primanly affeces the qual
1ty of muthrooms, but muy eventually fead t0 & dry leathery decuy of

Table 6 —Principal diseates of cultivated

mushrooms

D e Cussol Orgamirnt
Bubbles Ayogom permscrasa
Vettiaalfiom disease brown spot Veren ilim sp.
Bactenial spoc brows blorch Bucieriam spizasi
Bacterial pet Bactrriem ap.
Mildew soft decay Duxctyliam sp.

Furarrns 17p.

Dammng-off
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the sporocerp. Some of the diseases listed by Beach are presented 1n
Table 6.

In addstson to therr susceptibiliry o 8 vanety of drseases, and reduced
yekds chat may be caused by the presence of weed fungi, mushrooms may
als0 be damaged ot killed by msects. The 1osects commoaly responsible
foc muthroom damage are dixcussed by Thomuas (1931) who slso
makes recommendanons for thewr control

THL MUSHROOM INDUSTRY IN THE UNITED STATEL. Al-
though the mushroom induostry Iy probably kess duan ooe hundred years
old, it # of onrderable nze. Figure 3% shows chat m the twenty four

TR M S M 3 X 3+ M M 4 42 44 4
TR

Fio 39 Ansual prodiction of cultivated mushrooms in the URited Suates
192246 (Redrawn from Rettew and Thompson, 1948 )

yeur peraod from 1922 to 1946 the toral annual productron of mesh
roums 10 the Unrted Sates increased moce than sixfold, wih the trend
stll upwasd. Peansylvani Jeads all other srares in mushroem producnon
with moce than balf of the toal anous) United Seates prodocson 1n
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1946 The industry 1 more or less concentrated 10 the ates of heoes
Square 10 Philadelphus, o fact assocused with the proamity of bore
barns (n the early days of horsedrawn street can.

CULTIVATION OF NEW TYPES OF EDIBLE MUSHROOMS.
Mushroom growers, lile ather agriculturists, have always been inrereseed
w obtaining new and better vaneties and speces of plant, In the
Uniced States ac least, the greatest effort has been directed towand the
sclectron of better vancties, but perhaps entirely different specws might
be mote desiruble and mare easily calivated, Amoag the most przed of
the wild mushrooms are the speaes of Aorchells (Fig 40) whach ue
commonly referred to 83 morets, sponge mushrooms o¢ spring mush-
rooms. The morels may occaswonally be found on the marhet durng de

ft
40 Some common speces of Morchetia. Upper &
}lrlrspa right M esculenta. Lower keft M sagusticep Lower rieht M.
hybrida.
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excly sprmg but the supply Is very lmmed because they have only »
short season and must be collected 10 their natural habitac. In some artes
nmhmybcpmduxdumynmuoldryurinfm-fwd;ncb,
but foc anyone who has tasted a fresh morel, the frozen prodoct leaves
much to be desired, The morels, cspeaally Mlorchella esewlents would
be excellent specres to have In cultvanen, for thewr nssmes are firm and
many people prefer them to the common culuvated mushroom for
flavor So far pe to cstablish morels In cul have noc had
wide success.

The morels may casily be obtained 1a pure culture either from as-
caspores ar from bits of ascocarp tissue and the mycelinm grows readily
o a venety of different media, The conditrons favorable foc ascocurp
development, however have not been determined, and there are few
reports of ascocerps being foemed i culture Thus problem is excep-
tonally challenging m applied mycology The indrvideal of firm thae
first develops a succensful method for culuvanng morels will become o
mapr factor 10 the mushroom indusry Citanons of stodies in the
Lsboratoty cultrratson of morels may be found m the wors of Hem
(1936) Cosmanun (1936, 1936b) Falk (1920) a5d Brock
(1951}

Another speacs not now in cultivation but well worth some at
tention is Plexrotss ostreatns the oyster mushroom, so-called becanse of
m deadedly oyster like flavor and firm texture Typscally it grows on de
ayng wood which 15 po serious obsaade, stnce several types of mush-
room are culthvated on wood m the Orlent.

In recent years there have been several arempns © prodoce & food
product from the mycelmum of Agericas busporas instead of wsng the
fruung body Soch atteropts wmvolve growlng the mycelmm in sub-
mesged culture 10 Lquid medlum aod unng the mycelal pellets so
formed for the purpose of adding a muthroom flavor w foods. Srnecs
(1954) bas rececved a patent on his process for enhancing mushroom
mycelium flavoe but Beesch and Shall (1955) state thar the lack of
mushroom flavor of sufficent wntenslty and consumer acceptbility has
thus far hendicapped the development of a large-scale production of
mushroom mycellum for food by the submerged colrure method. For
further detuls of the process, the work of Sughars and Humfeld
(1954) who reported on the sabrmerged culture of twenty speacs of

h sboald be ¢ Ited.
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Food Yeast

Famine has long been # recurring chapter in the hustory of the
human race. Nomthstanding che great discoverres and techoologxal
admcutbuhnveumLcdm‘uapmgrwnombmmmfmfmdbmm
been developed The threat of starvaton 1 sull an ever present bumaa
problem. Iodeed the prolonged depleton of many agriculrural baods
uod the consequent conversion of farge areas of formerly producave
farm fand o wasteland must wevitably diminsh the total quanniy of
food produced by present agricultural methods. Growing urbanizanoa
0d industrralizanon of farm land areas further coatribute to the de
crease 1n acreage used for food production. Paralleling the consast
shrinking of arable land 53 the steady rrye 11 world popalation, and thes
ewo conflicting trends present an alarming prospect. For example, it has
been esumated that the populanon of the Untted States 15 currendy m
creasing at the rate of 1 person every 12 seconds, of such  sare 15 man
taned, it will resule in 20 annnal population mcrense 1 this country
elone of 2,628,000 Sunisr populston tncreases occurring i other
countrzes are beginnung to threaten the world ¢ food supply Such food
problems will probably erise much soooet 1n cermin noderdeveloped
areas of the world which undergo very npwd industralization, e o
these areas public health mexsures mstituted 10 order to provide sdequare
labor for the industral machune will lead to  explogive popalatoa m-
creases by reducing the mfant mortaliy mte or by gradually mereasag
the aversge [ife expectancy

Thus far et least the Unired States has been more foctumate than
othe!cmmmmhnvmgmorcgoodlgnmlmmlhnddunumry
o mameun an adequate food level for the populavon. But we even &e
still affected by faminc 1 distant lands becuuse starvatron 18 one of the
powerful and 1nexorable factors leading o world conflkt. Such eonflcss
often result 1n g cemporary redutributron of food and other necessinet,
but they also destroy tremendous quananes of the world s resousces.
’I‘bcrev,remmyvrlmndmcumdrexh:u'mgohcuutm'ysmrp\l?ﬂ“"‘fl
among wes less fortunate peighbors—a sumple and humamitzrian solo-
tion to the problem but # emparary solutton at best, Jeading ulnmately
to a reversal of the roles of have and have-not pavons.

Three realistsc solutons to the approachiag problem are suggested
(1) an ever-ncressing world production of food, (2) a more effioent
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world utittratron of the food now being prodoced, and (3) » slowing
down of the present world rate of populadon ncresse. Of the three so-
tetions offered, the first two scem to have the only chances for success;
eccordmgly any process oc method that substanmally increases the
world s total food production of conscrves the energy of food already
prodoced should metit senown connderation.

The Iargesaale producnon of yeast for food purposes, though not s
complete solaton to the approachlog wotld food problem, does provide
 roeans of Increasing food supplses and of converting cheap curbobydrare
mpmmw{thoutgrmluno{&ncmgyof!bcarbohydnmkmo
provides an opportunity to alleviare or elimi nutneons!
condinons in certain protein-poot areas of the world espeally those in
which there are abundant supplies of cheap carbohydrate, Perhaps the
sgrculture of the future will include the conversion of aurbohydrates
and 1nocganic ntrogen sals into edible and notridons procen through
the use of yeasts or other fungl. One wniter (Y1n, 1949) has refetred o
such processes a3 mcrobual farming,

Like all other loing organisms, mans food comists of carbohy
drates, fats and protems, and a balanced dact should conmain these es-
seotl elements, If supplied with carbobydrate, man's body cells can
synthesze fat, but they are urable w synthesize procems from aarbohy
drate. Hence man must be supplied with proteins obtatned from other
organnms or with amino acxds, the chemical compoands from which
protems are synthenzed. In the over-all pleture of world food supply
carbolrydrares are sbundant; In & country such as the Unired Stares there
s 0o shottage of erther protems or fats, But m aany other areas pro-
tetn 1 scarce and very expensive, and thus unsvailable to & large poc
noa of the populaton. If the carbohydrate in such regions conld be
cheaply converted to protewn, the nutritiomal level of the
could be raised, if this could be sccomplhed with lude los of food
encrgy the over-all picture of woeld food prodection would appear m-
mensely brighter Most of us prefer w obtain our proeels from mear,
yet the production of such protein results 1 huge losses of food energy
For example, 100 Ib of beef can be produced by the feedmg of 718 Ib
of shelled corn to beef curtle—a great loss of food encrgy since becf =
wbout 30 per cent water and 718 Ib of comn contun the equrralent of
abour 480 1b of sugar plus comn proteins and far. Producson of
dary foods also Involves the loss of great quantines of food energy 1n
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cbcptodwcuonofdzuypmducuubcul78ptrccntofthcfoodmugy
fed o lose. Thaysen (1943) has calculated that one acre devored to the
productron of carbohydrates could yield 840 Ib of protem 1n the form
of food yeast but oaly 70 Ib m the form of meat or milk protein,

It has long been koown that enormous quananies of yeast cells can be
produced from 2 cheap sugar source and a few tnexpensive mmeral
sales, bat 1t 15 only 10 comparasrvely recent years chat much consider
suon has been given to the possibility of producing yeast on # large
scale for buman consumption, Thaysen has ponred out that large quin
tizes of yeast have been produced #s & by product of the brewing in-
dustry but that Dirtle progress has been made i the use of brewers
yeast etthes for human food or for stock feeding because of us bitrer
aste (due to hops) and high cost, despire ses known high protein con
rent. Carrer and Phullips (1944) also ared dred brewers yeast as a
readily sviulable source of protein, but they smee that che annual pro-
duction of brewer s yeast 1 the United Swtes amounts to ocaly about
30 000 000 pounds of dried yeast, which represents but a smalf fraction
of the quantrty that would be requiced if yeast were used a3 a subsanual
source of proten for human consumptica. These workers pomt out that
when bmsyanudebmcrcdwmudaxtpuhmhlc,mofdx
vimin content 15 Jost.
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Although mast of the common yeasts can be readily produced m quan
trty moch of the recent wock on the large-scake production of yeast for
food parposes has centered around Toralopsss wtilis (also referred to
13 Torale atsles and Candsda atils) Tho yeast (Fig. 41) 15 ooe of the
nonsporuladdap or false, yeasts which has a very acceprable odor asd
tasee, [nterest in it probably stems from the work of Hayduck (Thaysen,
1943) who reported that procein could be synthesized, usmg ammonua
a3 the prtrogen source wich a rype of yeast (Torwlopsis?) which grew
well in the absence of organic nitrogen. The work of Haydud. was con-
ducted 23 & result of condinons created by the blockade of the First
World War whih cut off Germany and her allies from their source of
protein concenesates for cattle feeding Thaysen stares thae lcge-saale
producton was not realzed 1n Germany at that ime because of 2 short
age of sugar Early in the Second World War & renewal of interest in
food yeast was noticeable i England aod a the Unined Statex, a5 well
8 In other countres. The same writer has repocted on & process for food
yeast production worked out in the Chemcal Research Leboratory st
Teddington, England, tm whch yields of at least a fifteenfold increase in
yeast welght were obtained in muoe bours. A yeast vanety (Toradopiss
aidss vas thermopbila) developed during the course of thus work grows
#t u higher temperuture than other vaneties of T wiilis and was espe-
cally recommended for use in tropical countries—in order o ehmmate
the expenstve coolmg process requured for other yeasa. Weight yrelds of
dried yeast were 60 per ceae (based on the weight of sugar unlized)
10d the yelds of crude protein represented almost theorenoal coaver
son from the inorganx nitrogen supphed. In the process described by
Thaysen, after the growth period 13 completed the yeast 13 washed with
water i yeast scparatoct, and the yexst suspension then pessed over
drylag rollers, from which it comes our as thin, straw~olored flekes hav-
mg & pleasant nutty or meaty case. These flakes are food yeast and
coatun 43-30 per cent protein asd all the known B vitamung.
Gabin (1944) reports that food yesst may be prodiced n quantey
11 follows 125 Ib of yeast are placed 10 & vat with 7000 gal of water
containing 3000 Ib of molasses and some ammoas. The contents of the
vat are then aerated by passmg air through the mediam at o rate of
1000 cu ft per min. Afer o 12-hr growth penod, the yesst weight is
multiplied by a factor of aboat 16 thus the yield from s relatively emall
Yt 1 approxmmately ooe toa,
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In the Unned Ststes consderble experimental work has been done
0a the producrion of food yesst from frutt juices. Usiag labacstory scale
fermenters of 10-liter capacity Lewts and others (1944) reported hugh
conversion of sugar i fru juce media by Torslopsis wtddes Average
yrelds of about 55 grams of dry yeast per 100 grams of sugar were ob-
taned, In therr experiments air was supplied at a rate of about 1 5 liters
per munate per lieer of medum, with the sugsr concentration man
taned ar about 05 per cent. The propagaton period lasted 6-8 hours,
during which tume # tenfold increase of yeast was obtaned ammonea
was added periodically in order to supply nirogen and also to mamat
the reacron of the medium at about pH 4 0~5 0 Their analyses showed
that the vitamun content of yeast s produced was roughly comparable
to that of baker s and brewer s yeasts; & summary of their data oo dry
weight yrelds and vrmin concent of T wteles 13 presented n Table 7

Table 7 —Vitamin synthesis by Torulopsis utilis

Armage Dey Arerage her
Yaest Produed | iomwes Syathests

Qoog  Gremsisof &y
Vitoass N o Ress  of mgar)  ess praducrd)

Thusmin 19 33 21
Riboflavin u 53 7
Nicotinie actd 2 53 %
Pantothenic scsd 21 53 24
Broun 4 54 12
Pyrnidoxin 4 b3l 33

5 “ 36

#-Aminobenrorc acid
e

Frow Lews and achers (1944

Stubbs and his co-workers (1944) called srrention 1o the fact that
chousands of tans of cull fruis and other waste fruit materials are pro-
duced 1n the United Staces snpually and that such matenal may be
used 43 @ source of carbohydrates for the production of food yeast. They
cultured T wisles 1n worts prepared frem frutt syrups orro:xrmr:mr:lf
pnmcs.ﬁgx,mdrwnnsmdlmpm;umo!nwlumn.u
peaches. In laboratary scake fermenters yields of 42 to 58 grams of dry
yeast per IOOgmnudwgunmobmnrd.urdmpdmfhnthum
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ment, higher yields were obauned with prune syrup According to their
analyses the yeast had a protein content of 53 to 58 per cent, bat unce
their protein estumates were based on totz2l mitrogen determinatons,
these valpes are probably somewhae high. They state that the effective
ness of the process depends on vigorous sefaton and the maintenance
of suger concentranon st & low level by the addinon of autrsent ma
termals only s they are required. Ther pilot plant runs were conducted
i & fermenter of 250-gal capacity m which the temperature was maln
talned at 30 C and to which air was supplied at 2 rate of 70 cu ft per
mm, smmonm was added periodically during the 7 bour propegation

penod. Data from two pilot-plant runs wre shown in Table 8.

Table 8 —Pilot plant fermentations on prune medium

Rex! Rex2
I Ferwinter t Start
T p water 6451 31
(NH)S0 500 g 1000 g
XSO 508 S|
MgsO TH.O 430g g
(NH,),HPO 30g 0g
Prune wort (175 sugar) M1 241
Seed yeas: (4250 g of yeast 7575 molsture) 761 761
Ywid Dats

Total sugar sappl ed 20kg 197kg
N supplied a5 emmoniam salts 978 g
N supplied 23 ammonis lo0l0g S0 g
Total N srpplied 107 g 1383 g
Fiml yolume of culrare 7581 9741
Dry wt of yeast in 15 ml 02565 owlg
Dy wt of yeast 1 culeare 12910 12380 g
Dey wt of seed yeast 60 g Mg
Dry wt of yeast produced 11930 g 1140 g
N content of dded yeast 91% 929
N in yesst prodaced 1098 g 1049 g
Calculaced yield 0% 8%,
Yeast acrully recovered 394 kg 42kg
Net yreld based oa tecovery 9% 42%

Afwer benbba sod ochers (1944)
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source of the B vitamuns The passibility of using food a5 a5
mmtmdrcdmofagcdpcrwmshculdbcﬁfdmm’:;gimd,ﬁxt
Stephenson  Penton, and Korenchevsky (1941) have repoceed thar
when food yeast, plus ascorbic ead (vimin €) was grven to aged
people, dretemxn:fewcmuu—upmvcnmum,ordznppmm
of same of the pathological features of senility Other myestigaton
bave also acributed certain curative propertes to peast; thess arc more
appropriately discussed mn che chapeer concerned with the wes of fungt
in medrane (Chap. 8)
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6 Fungi and Food Processing

CHELSE
FUNG AND BTAD MAKING

FuNGt in addition to being used directly as food as described
1n Chapeer 3 are also employed in the processing of certain food prod-
et deigned for buman use. In such applications, regardless of whether
the fungus trssoe becomes past of the final edible product, 1t i1 the agent
respoasible for the producton of some particularly desirable oc chae
acteristc odor flavor oc texture In Japan and China, fong: of the
Aspergillns flarns-oryzee group bave loog been vardously used m the
peocetsng of & number of food products, but in the Ocodent fang bave
been wed as procening agents prumasily In the cheese-making and bek
mg industres.

Cheese

Cheese may be defined in general as 2 s0lid ot semusolid protein
food product manufacroted from milk. The degree of solidity depends to
# large extent upoa the amount of curdling or coagulenca of the pro-
tein, the amount of whey (watery part of the milk) expelled from the
curd, and the narure of the npening procest. Cheese provides 1 means
of preserving many of the mmpormnt of milk in a co bl
form for long persods of time. Before the advent of modern methods of
food handling and procesning, cheese mannfacture coostituted the oaly
method of preserving milk. How long cheese will remmun edible de
pends upon jts inraal compantion end ity water content. Thos, a cheese
of relatively high water conwent (60-70 per cent) such a3 cotmge
cheese, will spoll if not consumed within a few days after 1t o made.
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ﬂrcmm-gfntumtyofdnﬂnmrtypuofcbcmDmnemd
Lawson (1918) listed nearly three hondred vanetes, # figure increased
to over five hundred seven years later by Thom and Fisl (1925)
Siace the publication of these two papess, newly developed process
chetses have conuderably lengthened the list. There are many smmdlan-
ues between differently named varctcs, the names having been de
aved for the most part from the aty or region mn which the cheeses
were fist produced. In France the most widely hnown “blue cheese,
Roquefort, 15 closely imitated by Piré Bleu, Fromage Ble, Gex, Moat
Cenus, Septmoncel and other named varietic.

In apute of the great aumber of varictal names, cheeses may be classd-
fied 1o & comparatrvely small number of basic types. Followwng 15 &
clastificanon of cheeses (simular to that used by Thom aod Fisk) ahich
15 based upon such factors s degree of npeness, method of curdlmg the
mull, nature of the rperung agent, ete.

I Cheeses with sonr mulk flavor onlp—soft cheeses (45 10 75 per cent
warer) Eaten fresh.
A. Curdied by souring Coctage cheese and 13 allres m Amenca many
related vaneties in Exrope.
B Curdled by souemg and reanct—the Neufchdrel groap.
1 Mzde from shom mill Skim-mutk Neufchirel
2 Made from part skem to whole mufk Amencan oc domernc
Neufchdeel
3 Made with fat added The cream cheeses of the Neufchleel
group (Both Amescan and Buropean) such a3 cream, Grrvals,
Malakoffs, erc.
11 Cheeses rpened
A. Soft cheeses (40 o 30 per cenc water)
1 Curdied by sounng  heated, then ripened Hand cheese, Pennsyl
vanua poi cheese, etc
2. Curdled by both souning and rennet npencd Ripened (Freach)
Neufehleel
3 Curdled prumarily by reanet.
« Ripened by fungs Camembery, Bree and ther alhes.

b Ri by bacrerza.
F:(::;fmmnoﬁm{mbknn'd Jlsgny Lrederkrany, e
Mode from firm oc tough curds Lumburger dnd alles.

B Semihard checses, firm, welldraed ( 8 o 43 per cent warer)

1 Curd ot cooked npened by fungr
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. Made from friable curd Roquefort and s vanous kmitatons.
b. Made from firm or tough curd Gorgonzola, Sulton, and sach
French forms as Gex and
2. Curd cooked npened with bacrerm Beck, Monster Poce du
Salue
C. Hard cheeses cooked and pressed (30 o0 40 per cent water)
1 Rupened without gas boles.
#. Durch Bdam, Gooda.
b. Dansh,
¢. 'The Cheddar Group.
Eoglsh Cheddar and related forms Loown princimally i
Great Brgain,
Amercan The factory Cheddar of the Unsed Seares and

Cenada,
2, Ripened wrth the development of gas holes,
2. Holes large Swiss-Emmenthal, Grupere, Amencan Swise
L. Holes small Parmesen aod relaced vareties.

From the above outline 1t 15 obvious that only two general types of
cheeses are made m whxch fungt are employed as the cipeniag agents
(Figure 44) The first of these Is typified by Camembert, & fungus-

Fra, 44 Exmplexalmcmmcb«xLLdLu /graIRoqu/orr

Right fore, wedge u/blwtnk«x (fingusripened) R;ht,acutaf
Cheddar Background, a cut of nature! Swisy cheese (Courtesy of
the Kraft Foods Company Chicago UL}
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ripened soft cheese mclctooduun:mﬂurdchmcofwbthocim-fm
13 8 typecal example,

CAMEMBERT CHEESE. This very dustnctive varety of sk
cheese 1t said 0 have onginated 1 the Deparmment of Ome m the
northwess part of France. Vacious other soft cheeses resembling Cam-
embert have also origumaed m chat country among these are B,
Theny Troyes, and Venddme, In the manufacture of Camembert
cheese, mulk 15 curdled primauily with rennet, and the curd then placed
1a hoops where 1t 13 allowed to draln. After draining, the curd o trnmmed,
salted, allowed to drain sgain, and subjected 10 a #pecual opening ot
curing procesy (Fig 45) Proper conditsons of temperatare and hg
mudsty must be mafnouned throughout the npening process in order 1o
obun the denred resuts.

During the three © four week npening persod, & vansty of changes
tuke place 10 the cheese. The acid 1 neutrzlized or destroyed, the cord
softens to a smoach buttery consistency due to the acnon of proteolyne
cruymcsonthccﬂmnofdwmﬂk,mdtbcwmmmmrulowrcd.
Several microorgansms seem to be wvolved m the npenmg process
peculnr o ths type of chetse. The producuon of certain chamcrerisnc
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favors of Camembert cheese are ascribed by Thom (1909) to the ac
von of lactc acid bactersa, typkally present in milk. The transforma
von of the curd texture is due to the activity of organsms that develop
on the outside (rind) of the cheese durmg the npening period. Char
acterustcally these organisms are Pewrcilliam camembert: or a white
form of the same species (P camemberts var rogers) Osiam lectis
and several speoes of bactena, According to Thom, 1noculation of the
curd with P camemberts priot to the npentng penod has not been prac
ticed m Camembert factorres except when w new factocy Is being estab
Lished. Apparently ooce the proper species has been Introduced 10t
cheese factory It becomes estsblished and there 13 0o further need for
inoculation of fresh cheeses. Occassonally other fongi may occur as con
tammants on Camembert cheeses when P rogaeforri occurs as o con
taminant it imparts & bitrer Aavor P brericasle and related vanenes of
fongi may prodoce @ strong ammonia odoe

Thom, who made analyses of vanous Camembert cheeses selected a
represcnumg chosce examples of texture and flavor stated that the com
potrtion of the best cheeses i3 within the follow Ing lrmies water 47-5¢
per ceat; fat, 25-28 per cent; protein, 18-21 per cent.

ROQUEPORT CHEESE.  One of the most famous of the fungus.
ripened cheeses, the Roquefort type onginated in the southern part of
France, where 1t has been made for many years (Fige. 46 and 47)
Originally made only from sheep s milk many good imitatrons of th
type of cheese are pow prepared from cows milk. Roquefort may be
classed o5 & bloe or bloe-veined cheese, such common pames being ap
plied to ths varrery because the ripened cheese has bloe etreaks running
throagh it, doe to the presence of & fungnn, Gorgonrola may be con
ladcmdmlmlunm\mxrrptnofloqucfan,mdsdlwudrEngLuh
counterpart. Many types of cheese that resemble Roquefort are mana
factored in France, such as Pir¢ Blen, Fromage Bleu, Gex, Mont Cenn
10d Septmoncel. Roquefort type cheese hus also been succemfully made
In the United Stares.

Althongh the nipening process alo involves the growth of x fungus
in Roquefort the mycelium grows throughont the cord (Fig 48) rather
than being restrcted w a superficial growth on the tind 23 m Camem
bert. The fungus principally lavolved 1n the ripening of Roquefor
cheese 3 Pemecillinm roqueforts which, sccording to Thom and Curne
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(1913) occurs 1n pracucally pure cultures m this type of cheese.
These investigators also reported that both Gorgoazola and Sulton
cheeses likewsse contn P rogaeforis in farrly pure condinon. Since
oxygen duappears and carbon dioxide is formed 1n considerable quan
uu:swxdlmdrcu:ddunugdxrrpcnmgpmcus,drqmonmm
rally arrses as t0 how an organsm as highly serobic as a filamentoes
fungus 1s capable of growing in the mtertor of the curd under condrtions
of high carbon-droxsde and low oxygen concentratron. Tom and Carne
provided the soswer by d raung that P rogacforts has the @
pactty to grow under conditroas of high carbon-dioxsde concentration
and low oxygen concentranon far beyond the capacttes of other speoss
of Penscilliem and Aspergillus These workers tested 22 specs of
Penscedlinm and dspergel/as and found that 1n an stmosphere contan-
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. S

Fua. 47  Cheese salting chamber at Roquefort (From Garard Minsky
Baker and Pawale 1937 )

mg 75 per cent carbon diomde and 25 per cent air only P rogseforts
was able to form farrly strong coloars. Thas ic would appear that this
speaes of Pewwarllam & 1n Roquefort cheese becawse most
other fungt cannot grow under the condinons of low oxygen concen-
ranon existing in the open spaces in the cheese. Damilo-Rubbo (1938)
who Holated fungr from all of the bloeveincd types of cheese available
m Loadoa (Stilton, Blue Cheshire, Roquefort, Weasleydale, Daassh
Roquefort, Gorgoazola, Blue Vinney and Dolee Verde) repocted that
wrth the exception of the fungus solated from Dolee Verde cheese, all
fungi bolated were P rogasforti. He described the Dolee Verde fungns
s being reluted to Penicilliam expansam (& bloe fungus assocared with
frut decay) and noted that thrs fungus, like P rogsefort: can remam
m vuble coodition in the partially anserobic cavines of the cheese.

In the manufacture of Roquefort cheese the curd 1 ordmarily inocu-
lated with P rogesforsi by mixing rt with breed crombs on which the
osgannm has been culmred, Thom and Currie seare it Gorgoazola
and Stiltoa cheeses are usually not inocolated with the ocgannm, Dosne
and Lawsoq, bowever point cut that in the manufscare of Gorgonzola
cheese, the layers of the curd are interspersed with moldy bread aumbs
as the curd b placed m hoops to dran,
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*
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Fi6 48  Amencan made Roquefort type cheese Note fungus gromth
(dark areas) in the larger cavities

Duning the ripening of Roquefort, the temperature and humidiy
must be carefully controlled. Relatrve humidiey shonld be high and
the temperature should be mamntamed ar about 48F In spite of ns
cepacity to live under candions of low oxygen concentraton, P roguc
forts must have some oxygen ot 1t will not grow for that reason holes
are punched 1n the curd 1n order to facilitate the growth of the myce
lum chroughout the cheese. After the mycelum has grown to the de
sured extent, the cheese 15 stored at 2 lower temperarure, v here gronch
s whibited but the fungus enzymes are sull acuve

The characrerstcally pungent odors and flavors of Roquefort cheese
are due to the ecuon of fungus lipase, a far-digesung enzyme As a re
sult of this enzymati action, milk fars are hydrolyzed and organic acuds
of charactersue odor and favor (aeprk, capeos, and caprylix) are
liberated.
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Fungl and Breadmaking

The fact that man consders his daily bresd of vital importance
s partly attested to by the second sentence of the Locd's Prayer Long
contidered the most basic of all foods, bread has often been termed the
saff of life. Paradoxically enough, advences made in the scence of
besadmakmg have closcly parslicled and are related to advances In the
rechnology of alcohol fermentation, 2 process once beld to be assocuated
with the black arm That sdvances 1o our knowledge of alcoholic fer
mentanon should have peralleled the art of bresdmalung f1 poc at all
surpring, smee bancally the same blochemual activity b involved in
both processes—the formation of ethyl alcobol and carbon droxide from
sugar through a process of amerobic respuranon. Which of the two end
products (akcohol of carbon dioxide) 15 destred depends ennrely upon
whether the fermentation 13 dooe by a brewer a distiller or & baker
The brewer oc dustilker 13 interested pnmerily 1n the alcohol, while the
bakrrumt:rmdludxoxboudbxidc,hnbothpmdmumfmmcd
tm any cuse, The purpose of p Ing alcoholic in bread
doughprvxtolnhnghmpmnd::dtq‘mmmdnnifo‘mlmuonof
the dough 0 that & well-rsen Joaf of desired volume and texture will
resule
That the anclent peoples bad 2 coanderable knowledge of the process
of fermentanon bas been well establubed. Apparently the knowledge
of beesdmaling also dates back to very ancient times. Accoeding to

Frey (1930) breadmaking was known to the andent lake dwellers of
Switzerland, to the Babyloaunt, and to the anocor Egyptunt The
1 ded the art of fer a3 o dovine gift

fmmdrgodOﬂm.TbeHchmmqmmhmdh:wrd:dmynmng
(lexvening) process, ss o obvious from the Scriptural instrucooas for
the firt Passover, where there 15 & clear duninction between leavened
and ani d beead. The f powes of even & small amonnt
of yeast iy well stated by Paal in I Coenth. 5 6 "hnow ye not that &
Litle Jeaven leaveneth the whole hump? In the early days of bread-
making, bakes were probably yeasted by mumng Into the fresh dough &
small amount of unbaked dough (leaven) from & previoos batch, The
term  sourdough  applied t prooeer trappers and prospectors probably
arose from thelr hablt of saving & lump of yeased dough from one
haking to the next—w svoud the alternative of eating harduck.
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ﬁcﬁmmpomnrndnmmﬂuyumugpmcmmbrms
cnmemdwmrlyenghrrmthcenmryv.hmnbcamengmmlpmn
© use brewers ycutforthemomlnnauofbrmddmghﬂwzm:d.
m‘hﬂ“gmdwwm“’wtumnd&hﬂ\mgudm for s
)tnscunu‘ladcﬁnmorgm\nnmmmcmmumfmmew
of cuftunng breadmaking yeast in Incge quanaves. Although the intro-
duction of brewers yeast 1 the baking process was unquestionably o
marked improvement over the older merhod of keeping the jeast alne,
the bread made at that nme was noc the undform product we have ro-
day since yeast obtuned from the brewery vaned greatly 1n qualay
Guusing ¢ marked varmuon in che amount of rise of the dough from
barch to barch,

The compressed-yeast indostry began abour 1840 with the develop-
ment of the Vienna process in which yeast was propagared 1 15 w©
t 20 Balling unserated grain mash. After 20 o 23 hours the yeast
was slummed off washed, and separsted from undusolved grain par
ucles, then washed again and pressed. Yields of yeast obmuned through
the Vienna process were about 10 ro 14 per cont, depending vpon the
gram used. The discovery that strong seration during fermentation
creased the yeast yrelds together wich other improvements of the proc
ess, fimlly resulted in peast yields of about 40 per cent. Acvording to
Frey (Joc cut ) the first compressed yerst manufactured in the United
States was made by Gaff Flerschman and Company m Cinannan, Oho.

Problems encoantered by the carly compressed yeast industry were
numerous. The bekers who were sccustomed (o the me of brewen
ycanhndmbccduamdmtbcusto[mmpresmd}u:rdr;mhad
10 be cultured 0 a1 to assure uniform productron and a uaiform prod-
wer the dutributoen of compressed yease before ehe advenc of mecham

and planes bad o be buile
cal refrigeratson peesented many dificulties, and p
10 widely separated localsties o essure sasfactory and prompe dustre
bution throughout the country That the industry has overrome alt of
these difficulnes s well exemphified by the fact that by the middie
19305 approximately 230 mullion §b of compressed yeast were being
roduced annually 1 this country
P The next meor);mr advance 1n hrgc-&cnlcycm;mdmm foltowmg
emprovement af the Vienna process was the ammons molanc‘: F‘“bz
ar
developed in Germany earlp 1n Woeld War [ Th:Alhcddﬁljoc
mulungmscnrafymdhlghmm‘gmmmmrm seng
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nwm-monformrem:vcmchmthuarmlndecfma.npmcm,
molasses 5 supplied a3 the carbon source, and ammonrz, which can be
synthestred, 15 used as the nitrogen source The phosphae content of the
molasses can be increased if necessary but the sugar content of the
mcdxumunc(uhlghumﬂrVicnmmemCucfulmmmlopr
emperarure, SUgAr concentraton, and acrzton 18 manaed through
outhcgmebpenodofthcmn,mddwcmcdlummu'hrhdtymn
13 cultured 15 highly aerated by the passage of large volumes of steride
#:r mto the bottom of the culture mnk. Afrer the growing process i
completed the yenst 15 seporated from the spent medrm erther by
filtranon or by centnfuging after which 1€ 15 washed and pressed.
Starch may be added to the yeast before pressing in order to facilicate
molding of yeast cakes.

In compressed yeast manufacture only selected straing of Saccharo-
mycas cererissee are used (Fig 49) the stramn selecred by each yeast
menufacturer depending o ¢ large extent upon past experrence wich the
vartous strains tested. In order 10 meet the demands of a highly mecha
nired bakiag industry wn which the various steps are umed and spn
chronmred, the yeast manufacturer must delrver 2 product wrth a high
degree of undormuty thar will produce the same predxmble resuiss
fot the baker in a speafied ume period day after day

Paveek and hu co-workers (1938) have compared yiclds of yeast
obeained with different specres and stramns of yeast on different types of

Table 9 —VYields of dry yeast from varlous media

Mol 30 salt Glo e s
Gremm \adism  Moliow  Modnem

Tome of Yosss ) > ~
Bakers Yeas A u3 Ho 180
Bakers Yexst B 125 »ne 33
Brewers Yeast A M6 47 w0
Dres ers Yeast A

(autoclaved medum) 322
Saccharemyces | gos 31 B0 nd
[Ty p—— 24 M6 o
Endomrce  erxalss 09 336 w3

From Prveek aad others, (1939)
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medim and have demonstrated that yields vary noc only with the type
of yeast used but also with the type of medium. The results of their
studies are summarned m Table 9

Many of the detalls of commercual yeast peoductron are protected by
patents, and some are 1n the aategory of trade secrers. It can be stared
in geoeral however that 1 such processes yeasts are cultured in difute
sugar mediam to which an inexpenatve nitrogen source (such o8 am-
monn) and mineral salts have been added. The medrum 1n which the
yeast is cultivated is vigorously eerated by the passage of stenle arr 1nto
the culture vessel, and pH, temperuture et are closely controlled
througbout the growth pertod. Pavcek and others (1937) have de
sgned an apparatus for the cultuning of yeasts this apperstus it die
grammed 1 Fig. 50

Carburanadum sarstar

Aar st

13 Wier sarbey (medrem)
(o trterin’ e
for oo tad eedrum

Surer

...xr
ey
NEQ NGO

s __'f

Fio. 50 Dlagvmojappamud/mcu L. (F om Pave
Peterson and Ebv:h,leml”fm Fom o+
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A continuous process for the production of pure culrure dunllers
yeast has been developed and described by Stark and others (1911)
foruxmdsuﬂayfermmmnom,bmmchnpmcmmnghtwﬂmr
for the large-scale producton of yeast for the bakery mdusiry and for
other uses. As a culture medrum Stark and his co-workers used 2 wort
prepared from & 40 per cent corn 30 per cent dusullers barley male,
and 30 per cent long-fibre barley male sprouts mash adjused o 10
Balling (approximately 10 per cent sugar) Ope Liter of ths medum
was inoculated with suffictent yeast to provide an insmal cell count of
400 mullion per ml, tha was then aerated #r a rate of 04 ofm of ur per
gal. When the sugar concentration of the medium had decressed o
03 to05 per cent, frssh worr was supplied at a controlled rate to pee
vent increase in sugat concentration of the medum 10 the culture ves-
sel Ammoma and ammonmum sulphate were added 1n a rato chat
maintained the pH of the medrum at 4 1 t0 4.3 It was found that up

Table 10 —Yeast production by aeration with lon sugar level
minimum alr adequate nitrogen and pH control

Nitregra
Comizent
Reduceny Amznt oY an (73
ager nurvgrn % Couent
Har  pH Ballng  (1/100 s (wrt/100 o)) by eeight) Aokl (X KD
o 413 59 17 36 9135 50
1 439 41 043 16.6 ”m
21 401 405 036 178 912 172 S0
3 392 41 036 184 181 413
4 425 39 036 175 535 21 175
5 422 39 038 276 430
& 415 46 067 317 216 430
7 420 38 047 200 488
8 415 137 0© 875 206 %06
9 416 39 042 a9 43
10 4% 38 Q40 205 83 240 40
11 426 42 053 288 493
24 819 148 492

12 435 37 037

Ateer Scark and ocbers (IHD)
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to 30 per cent of the tora! volume of the unit could be withdrawn
every hour and replaced with an equal volume of fresh woet without
reducmg the cell count or causing an INCTEAE 10 FUZAr CONCTNITALION.
A wammary of therr data 1 presented in Table 10
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7 Production of Livestock Feed

FOR A BALANCED DIET man must have all three of the basc
food types carbohydrates, fars, and proteins. Man's fars and carbohy
dnturmybcdmvndfmmq\u(cvnucdwurcu.bmgmllylw
scems to prefer meat as the source of his proren, Because of his de-
aded preference for thus type of protemn man must rear and mamtan
large quantitres of livestodd, even though the prodoction of animal pro-
e 15 & hughly wefficeat process end involves the lost of rremendout
quantites of food energy In countnes such as the Unrred Staees, where
there are farge acreages of swiable grazing land m sddivon to ample
farm land, the muntemance of such large herds and flocks presents
no parncular problem. But such land areas wre steadily diminsshung
while the population 5 increasing at & rapid rare leading mevitably ©
the nme when such large acresges are not avalable for grazing pur
poses or for the production of grain for kivestodk feeding One need but
drrve through any sgnculturs! ares today to see what was formerly
productrve agrrcultursl land now devored to superhighways, mdustral
instsllatsons, budding sites, and the ubiquitous and constantly growmg
cemeterses. The time 15 spproaching when more effioent means of
produang food for hivestock must be developed 1n order thar larger
areas of granung land may be devored w home burlding and more gran
drverted directly uto human foodseuffs,

The possibilmes of subsntunng yeast protesns (3t least in part) for
meat proteins 10 the human dset have been drscussed bewefly o Chap-
ter 5 However even sf this substirupon may be desirable in regons
where the average dret 15 low 1 protens, it 13 hardly necessary in the
Unted States at the presenc ume sichough some steps have been chen
in that duecnon. A parual solution to the problem of supplying mear
protewn 1 protoin-poor areas would be ro process inedible organx
materials so as 10 obmmn nutnitious, hugh-protein produces nnable for
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use in feeding Irvestock. The best possibility seems to be to mse micro-
mgankqu(mpfocmlngmchmurmLﬂnadﬂeotgmumsmknown
10 be capable of syntbesinng their ammo acds and their proteins from
smple chemscal com,

The producton of edible Irvestock feed from odrerwise medible oc
ponpalaisble materal has been conducred commerdially only oo 2
Limited scale and only In tume of nawonal emergency For example
Pringsheim and Lichtenstein (1920) reported the feedng of proc
eed staw o ank in Getmany 11 a0 emergency messure duting
Wocld War L As s source of nutrogen for amino ead syntbesss, am-
moniim salts were added to the straw which was then Inoculated
with & species of Arpergilins After a sultable incubanon period in
which the fungus grew sod thus synthesaed protewn, the processed
straw was then wed for feedng parposes. The resultant maremnal,
though scarcely a highly nummous food, could nevertheless be used,
and analyses showed that the prowan content of the mraw was -
crensed about 9-fold dunng procesung. Complete apalyses of straw be
fore and after such trestment are shown in Table 11

hhnyﬁlamcnmmfunguwelluymnmaphkofgmwmg
upoa sy medit ¢ lng & arbahyd: a few mmeral salx,
mdmmgmh:mcrogmcnmponnd.ﬂﬁrapaorymgmwundcr

Table 1] —Analysis of straw before and after it
had been used to support growth of

Asperglilus sp
Usmared  Fruga ™
Maersals Prescet Smow Srow
(&) ()
Ash 921 140
Ash (water soluble) 39 49
Crude proten 09 80
Ammoninm sulphare — 01
Cellulose 03 0.7
Pentosans %8 102
Ligom 129 170
Crude fiber 55.0 493
Nitrogen free extracrsbles 350 m4

From Prangsbrtm £0d Lichacascrn (1930).
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such condiuons indicates that they are capable of syntheszng all of
the proten they need for growth however this protein 15 noe neres-
sanly cumpoﬁcdcfallofdlemmnoaudsmtbeqmunﬂunccdedby
other types of living organsms. For example Skianer and Muller
(1940) cultured several fungt (Aspergrlins nidulans A favar Geo
trcham lects Pensclliem flavo-glaxcum P roxgefortis and two ma-
wdenufied species of Pemwer/lzam) on o mediom of motgank sales and
suger recovered the mycelium, and fed 1t to weaoling rass as 2 sok
source of protewn. Growth rre of the rats was slow unless one of the
amino acxds, methiomae or cysune was added. By adding cysune ac s
level of 025 per cent w the diet these mvestigarors were able to rear
rats ©0 marurity using oaly fungus protein,

The work of Hughes (1956) on Basdwmycete proceins indicates
that the constiruent amio aads of fungus proteins vary m quantity
with the speaes, hence some such proteins might be less effectrve 1 an
anumal diet than others, The fact that a fongns protein s low 1 some
essential amuno ackd need not pecessarily be a deterring facror to w3 use
as & food, since the work of Skinner and Muller has already shown thar
a smgle amino acld may be added 1o the dret ro coerecet such & deficency

One very valuable livestodh feed has been produced for a loag tome
as a by-product of one of the fermentation industries. In the producnon
of grawn alcohol, whole gratn 1s ground, mored with water cooked, the
starch converted to fermentable sugar by means of malt enzymes, and
the converted grain mash then spoculated with yeast. Duning the fer
mentenon that follows Litle 15 removed from the origmal gran except
the carbohydrate, which 15 converted to alcohol by the yeast. Hence
when the aicohol 15 removed fram the fermented mash by dusallsnon
the facs, prowuns, munerals, end vigmns of the ongwal grain, ples
the geast cells (which also bave consderable nuntive valuc) remam
1 the still residues. These resrdues (previowly aalied slop  but now
more delicately referred to as sullage ) were formerly dumped 1nto
the nearest stream except for an occasonal @akful grven or sold e
farmers 1n the vianiry for Ivestock food. Beenuse such pracuices aaf
urally created stream pollution problems, other means had to be found
far the disposal of these fesmentatron wasies Little of ths sallage ma
teral 15 discarded today since 1t has been found to contan many
numisous maternals that form che basss of scveral valusble frvestock

feeds.
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As It comes from the sull, snilage contasns about 7 per cent solids.
Muny of these solids are large fragments of gram and can be recovered
umply by pasung the sallage over screens of surtable mesh. The ma
terial that collects on the screens contans about 75 per cent water the
water content may then be reduced to about 63 per cent by pressing
The resulant pressed caked is further dehydrated by means of surable
dryers, so that the final prodoct contains about 8-10 per cent mossture
Gram o recovered, usumlly referred o as Light Disnillers: Dried Graln,
90kl as Livestock feed,

The materal pasing throngh the screens on which the larger sobd
parocies are suspended 1 #lso high 1n nutrioonal value. This materml
( thun stllage ) coatains about 4 per cent solids (smaller gramn par
ticles, yeust cells, and many materials In solasoa) From such thin
stillage is prepared the most nutntoos of all of the durllery by prod
ucty—Drstillers Dricd Solubles. Since the water content of thm stullage
B quite high, It s first concentrared to a syrup (about 30 per cent soluds)
10 sartable muldple-effect evaporators, and then pumped through small
oafices caro the rrface of 1 steam-heared remating drum dryer The
syrup o ded 1o & mossture content of about 58 per cent. A thin layer
of drsed solubles is formed which leaves the diyer 10 a conunnoos sheet
about 150 10 thack (Fig 51) The sheet 18 brolen 10t small flakes

Fx0. 51  Dnum dryer on which evaporstor syrup Is dried to a thin sheet
of distillers’ dried solubles Note contimuous sheet of dried solubles coming
off the heated drum.
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which are then conveyed to the welghing asd bagging room. Des-
tillers Dried Solubles vary 1n color from stras. to dark brown they are
usually employed es s feed supplement.

In some disullerses Lighe Disullers Drred Gran and Distillers
Dred Solubles are not prepared as such, but a single drxed prodoct
contuning all of the matenals i the sullage 15 recovered. The process
of screening 13 conducted o3 described sbove and the screened ma
termal 13 subjecred to presung  however a3 the press cake 1 fed 1o the
dryers, evaporator syrup (concentrated thin stullsge) 18 added o the
cale which 15 drsed o # moisture content of §~10 per cent. Such ma
terial 18 marketed ss Dark Dssullers Dried Graun,

Since the alcohol industry 1 the oldest fermencanon industry the
recovery of lvesock food by-products 15 perhaps better developed
there than in any other phase of the mdusery It 15 quire probable that
wasees of other fermentanon industries conld be sumilarly recovered
us valusble Lvestock feeds with litle further processing Accordmg
o Beesch and Shull (1935) 85 per cent of the potenual sallage of the
grun dusnllery 1ndustry may now be converred ro dunllers drscd feeds.
Another 14 per cent 15 being fed wet to anmals, so that oaly 1 per cent
3 wasted,

Usually only a negligible amount of & product for which there s
heavy and continuously expanding demand can continue (o be sup-
plied 23 a by product of another iodustry A solution ro the everan
creaung demapds for livestock feed will, accordingly pot be met
through other fermentanon industries slooe, but only through the
development of procedures desigoed solely for the producton of such
materrals In other words, a primary product—niot o secondary one—
Is needed. There 15 little chorce of raw materials for use in such  procest
It was ponted out carher that many fungt are capable of synchesuz
ing protems from carbohydrates and worgank nitrogen compounds
However the problem 15 not solved merely by using sugar or scarch
end emmona and then reapiog & harvest of protein. As the human
population increases there 13 an increasing demand for carbohpdrtrs
a5 well 13 fars and progeins. Ic would scarcely be logical, therefore 1o
use man 3 edible carbohydrates for the producnion of hs edibe pro-
ceing, since this would merely be a case of robbing Peter to pay Paul
The only real solution lies i the use of carbon-conaining materials,
inedible 10 so far as boch man and hu Lvestock are coacerned, and



Production of Livestoch Feed 137
yet suitable for the growth of fungi if inorganic pirogen compounds
are added The chosce then must be cellulose lignin, 20d some of the
organic compounds commonly assoctared (1n dester amounn) with
these abundant compounds. The nse of lignin for soch purpose is es-
pecially desirable wmce st woald noc enly provide livestock feed bue
would also lessen the problem of lignin disposal as & waste prodoct of
paper manufscturing

We are repeatedly told that if man coatinues at hus present race of
power consumpiion  the mw mawrals for roomng hes industrl
machine will be exhansted In s relatively short period of ume. It has
been stated that unlem aromic encrgy 15 put o widespread use, onr
c industrual exp must Ily come to 2 halt. These
statements appear 0 be coocerped only with mdosmal encrgy It
scems st as logxcal that as populatons increase there may be a dearth
of food energy & problem of more immedute bwological 1mportance
to man.

Attempts 1o solve the chemucal rddle of photosynthens have added
mmuch to our understanding of how tho process occurs In the green
plant, but &3 yet nothng applicable to the solunon of the food problem
has come out of these extended myestiganons. It o true that 1f man
coald find ways of combining solar energy soil water and atmos-
pheric carbon dioxude through arnfigal photosynthesss 1o o factory 1n
stallanon, moch sdditonal carbobydrate could be produced. Yet thes
wouldno(bencmnplcm-:lumnmdrfoodpmblcm,maxbohy
drares merely provide the energy for running the animal machine the
machune ixelf must sdlll be buile largely of proten.
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8 Fungr in Medicine

IRGOT
ANTIBIOTIC SURSTANCES

SYNTHESIS OF } LPHEDRINE BY YLAST
MICROBIOLOGICAL TRANSTORMATIONS OF STLROIDS
SYNTHESIS OF VITAMINS BY FUNGI

POSSIBLE THENAPLUTIC USES OF YEAST

THE USE OF FUNG! for medicinal purposes has @ rather cunt
ous hustory In much earlter umes varous fungs were used extensrvely
for thewr supposed curatrve properties, bue this use gradually declined
During the past twa decades, however artenton has once again been fo-
cused on the real and potential applicatons of fungs and fungus meta
bolrc products 1a medicine.

The decline 1n the widespread usage of fung from earlier ames was
not unique bue mote of jess paralleled the general decline 1 usage of
boraokuls 10 marerm medicn. Along with other boanscal marermls,
many fung were reputedly of great importance m medieval and ancent
medicnl pracace dand muracuious cuntive powers often were ascribed
ta therm. As more exect medical and pharmacologweal informanon ac
cumulated, 1t became apparent thar these alleged cutative propertics
could aot be venfied and such marenals were gradually dropped from

essronal medicnl use The supposed curanive properties of planta
are sull reflecred m the common names of such plants a3 Hearr s case
Balm of Gikad and the like

Rolfe and Ralfe (1928) have recorded the views of many earlrer
writers concerning the curateve properties of fungs For example Hip-
pocrates (5th century B.C ) recommended auterizaton with fung
for the cure of cetrun complunts, Diwscorides, whoge wrningy ap-
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peared several centurscs later (about 200 AD.) beleved fungi could
cure & great many mlments and were an almex unrversal remedy Ge
rard (1597) ocne of the famous carly Herbalisty, devoted considerable
space 1 hus dsscussion of the curatre properues of agarcke, statng
dutuwou}dcmeuﬂln‘nnndycllcwpundtt.lmongothfrrﬂmphmn.
With farther development of medscme and the plaang of pharmacol
ogy upon & moce sacnnfic basns, only a few speaes of fang are now
used medscinally excepe perhaps in some of the less advanced arcas of
the world. Rolfe and Rolfe state that in 1928 the only fungous mate
ml iisted m the Brmsh Pharmacopem was Clariceps parpares the
ergoe fungut

Ergot

Claviceps parpares the causl orguosm of the plant disesse,
ergot of rye, has bong been wied a3 2 drug for obstetric purposes o 1n
doce otenne coatractions mn cases of delaped childburth. Although ear
lier obstetrrcrans and midwives were undoubtedly familar with the use
of ergot, 1t was not officully sdmitted 10to the London College of Phyn-
cans Plarmacopers uatil 1836. According to Barger (1931) the US.
Pharmecope:a was the first officral publicanon 1o admit ergoe (1820)
bowever thys drug was mcloded among  soch substances as were
deemed of secoodary or doabtful efficency

The crgot fungus 13 & member of the Ascomycetes, which ordmarily
parasitzes rye bat may affect other grasses. Simce Clarsceps parpares
forms 113 ascl 1 perrthecs, 1t iy further clamfied m the series Pyrenomy
cetes of the subclass Evascomycetes. The organsm foems hard, compact,
black masmes of fungus ussne called selerosre exch of which replaces a
kerne] of the infected rye plane (Fig 52) Preparatocs used for medic
mal parposes are derived from the sclerots. As 2 disease of rye, ergoc
s a3 8 rule relanvely unimportant i the United States, although n
other countres yield redacoons dee o infections by C. parparea may be
quute large. For example, Cheseer (1942) pownts out chat loses as hugh
a3 20 per cent have been suffered m Russia.

Imtia! infecnon of rye (oc other gramses) occurs In the sprng when
the plant 1 in flower the time when the sscospoces of the fungus are
forcibly descharged from the peritheca. These winddrsemunsted spores
germnate on contact with the flowers, the germ tube entenng the
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Fra 52 Heads of ne mjected with the ergot fungus Claviceps purpurea.
Note the replacement of rye kernels by the dark fungus sclervtia

young avulary The firsc notieable effect of the fungus on rye i that
the ovulanes of young flowers are covered with white filaments (hy
phae) From these filaments short conrdiophores bearmg minute co-
nidia develop. Insects vistt the infected fowers, since the conda are
mxed with & sweet sticky liquid ( honey dew ) which s areractive @
insects the consdia may then be carried to other fowers where they
germunate and chus establish other anfecuons Each infected ovulary
gradually becomes replaced by a mass of fungus nssue whech becomes
hard 10 wexture, purple to black 1 color and which may be several
tunes the sze of a mature rye kernel These structures (scherotia) are
found protruding from the head of rye i place of "healthy kernels.
The number of sclerons occurring n a single head of rye s dependent
upon the numbser of infected ovulancs. In the very early spring seseral
spherical stalked stromams may develop from each sclerotum The
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pcndltcn.mnmmmgmmducuanu,nrenmbtddcdmdrum—
mata,

Ergoc s the source of a very valuble medicne, which like almost eny
other drug can be quite harmful (or fatal) 1f eaken too frequently or m
exceruve quantry  Ergoe not oaly induces uterme contracuons bat
cxuses contraction of the blood aapillanes, and benee 15 also weeful 10
controllmg hemocrage during childbrth. However the repeard m
gesooa of ergot through the continued eatmg of bread or odher products
made from ergotcontaining flour may lead o o serious condioon
known as ergotism characteraed by sovere convulsions (cowrslure
ergotssm) ot by 2 g cond. (gangre ergotm) that
lmyr:ml(mlonofllmh:mddcud\.

Priot © mprovements 1 gram cleaning wnd milling procese, scle
rotia were not scparated from the kermels but harvested and milled
wrth rye. Hence ergoc was responsible for a grest many fatalstres in
arcns where rye bread was entensively consumed. Thus, 8000 people
are reported to have died of gangrenoes ergotam dunng an epiudemic in
the Sologne distrrct of France 1n 1777 (Barger 1931) Swmilar ear
Ler epsdemics m vanous ocher Enropean counenes are recorded  how
ever there are few recent instances of ergotsm reschung epsdemsc pro-
poctoas, althoagh an demic was reported m Russ 1o
1926-27 mdAlcxopoulol(l%Z)nu:smpon!dnrllugenumberd
people in the French village of Pont-Se. Esprit died from ergonsm 1n
1951 Anempts to mduce aborhon through the wse of ergot may result
m an occasional farality sance etgo, like other powerful drugs, is dan-
gerous except when used under the directlon of a competent physcman.

ACTIVE INGREDIENTS OF ERGOT  Many attemps have been
made to molate the acuve principles of ergot. Tanret (1875) molated an
alkajordel substance which he called ergosinins and whch he regarded
a3 the pure sctve priociple. Later wotkers have molated several sob-
uncuwbx:hhncbc:nnmnlymmcd srRoiinic acld cormatrne
pacel srgobasine ¢ org ine ergotocrs Daffer
cncuofopmkxxmnccmmgthtﬂeﬂmyofdﬂembmmuobvmuﬂy
cst ance Kharusch and others (1936) investigaced ergobasme, ergo-
stetrioe, ergometrine, and ergotoan and concloded that these four com
pounds are the same substance. Connidersbe work must still be dooe 1n
order o establish the number and chemical namre of the ergor alks-
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lolds. For more detasled informanon concerning the chem
istey of er,
consult the mosograph of Barger =

SOURCE OF ERGOT  Much of the ergot used m thu country
has been 1n the past obtained from Spain Porrugal, Russre, snd Poland,
Wolf and Wolf (1947) state that the alknlord content of Spanish and
Portugese ergor 13 higher than that of Ruasian or Polnh ergot (005 o
030pc:c=utucompa:edwxd1002toOlOpcrcrm) Ergundcmcu
anbescpntcdfrunmnﬂccmdrytkcmchbyplmug etgoty rye
@ 20 per cent sodtum chlonide solutton the sclerotn, having & lower
speatfic gravity than rye kernels, fioar o the top and may be skimmed
off Useof 2 32 per aept solunon of porassram chlossde solutton for floe-
ton separition was advocated by Nobbe (1904) since potassrum chlo-
rrde does not damage the seed

CULTIVATION OF ERGOT  For many years the world s sup-
ply of ecgot has been obauned from sclerotin of C parpares separared
from narurally infected rye. With improvements in agriculrure, the sd-
vent of more efficrent gran<leaning processes, and the socarmufanon of
more extensive knowledge concerning the parsutsm of rye by C. par
purea thete has bee 2 gradual redocoon n the amount of wnfection by
thy ofganism with corresponding decrease 1n the amount of muternt
available for medicanal purposes. 1o additon to the reduction 10 ergot
supply doe to the factors just mentoned, politcal developments i the
puaapal ecgoe produang countries (Spain and Russra) have also coo-
tribated to the reductron of the supply of ergot svalable to this country

In view of the gresr pharmaceutical tmportance of ergot, some atco-
tion has logwally been direced toward attempts to obtmn this materal
from sources other then sclerous obeemed from neeurally mfected rye.
Two general approaches have been made to the problem (1) cultrvst
g C parparea m pure culrure on sunable med, wad (2} ectificral
infection of rye m the field. Apparently the greatess difficulty assocated
with the producton of ergot by a pureculeure method 1 that no one
chus far bas discovered the particular 5ot of condinons under which the
organism wll develop sclerota m culture 1t 18 1n the sclerowa that
the active principles are concentrated. Thus, Bonns (1922) coltured
4 pn-pmtonmmalmdkaml&emml[omycdmbumk
tures, bur the materal contained no erace of alkalosd. McCrea (1931)
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also atrempeed to cbtan sckerotm 1 pure cultures and was unable o do
s0- however m her cultures pseudo-parenchymatous mycelis were com-

pacted In knotlike structures. She obeained good mycell growth upon
the following medhum

cllcluru nitrate 10g
phaspl 1.25g
m.lgnah.\m sulphtne 0625g
300g
wu:: 1000 ml

This same 1nvestigator also reported that as 2 carbon source malrose
sugar yrelded better resuln than dextrose bevulose or sucrose and that
1 3 per cent sugar concentranon 1o the medrum was adequate, unce 10-
creanng the concentranon had no effect upon the yreld of mycchum.
McCrea (1936) was mwned a patent covermg the commercual prodoc
don of ergot fungus, but it 18 doubeful of ergot has been produced com-

Krettmarr and Kiissner (1931) cultured C. parpares, harvested the
mycelmm, and prepared cxtrecs whose alkalod coatent they then de
termmed. Thetr tests showed that the alkaloxd content of the mycelum
was up 10 73 per cent of the US.P Smandard prepannoa.

More promning resuls have been obained by Infectng rye in the
field than by strempung to produce the drug through the use of pare
culture methods. Prodocuon of ergor by dus method can be scrom-
pluhed caly if the production  operators are thocoughly famidmr with
the Lfe cycle of C. parpares cspecally with regard to the mannet 1n
which the parasitc relanoashep s established. As was noted easber and
13 may be seen m the Lfe cyeke diagram (Fig. 33) C. parpares forms
w0 types of spores, erther of which may lead to Infection of the rye
plant. While parurally occurrmg imutlal infection of the rye plant in the
tp:mgocmnbymmofgcunimd.ugucmpmcx,them-moum

of Infecnon undoubtedly occurs as 1 resalt of the conidm, which are
formed 10 enormous numbers m the so-called Specwlua sge dunng
which the ovulary becomes mvested with fungus hyphse.

Foc the arnfical mfecuon of rye the use of conidia 15 obviously moce
Logreal than the e of ascotpores, since the asexmal spores may casily be
obcarned 10 quantity by pure-culture means or by diluting honey dew
with water Hecke (of Barger) sprayed pewly epencd rye flowers
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Fio 53 Diagrammatic life cvcle of the ergot fungus Claviceps purpures.
(From Alexopoulos 1952 )
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with a dilute suspension of conidia through an ammizer and on summe
ryc obtamed u yield of 490 Ib of ergor per scre. Hecke s expeniments 1o
volved much band labor since be had to induce openng of the flower
artificially by shaking the rye heads or pulling them between the fingens
As Barger pownss out, the prinapal deterrent to the use of Hede
method 1 that & large amount of trained labor would be required durm,
one particular week of the year McCrea also atempeed artificial inocu
latson of ryc in the field 23 means of obtaning ergoc on a large scale
but conclnded that the method s impractial in Michigan because o
the high cost of labor

Although the culavaton of ergot by amfical moculation of rye &
the ficld does not seem o be commercially feasible oc necessary ar pres
ent, contnned improvemens In agrculture of changes 1 the work
political srtuatlon may result In & scarary of efgoe, making it necessar
evenrmally to prodoce the drug m ths manner On the ocher hand, sudt
saraty would very probably grve mpetws 1o effors to obaln ergo
through pureculture methods, 2nd with more intensified cfforts alon,
these lines it 8 altogether possible that the problem mught be solved

Antibjotic Substances

With the exception of sach recent developments 13 nucles
fiamon and ouclesr fusion, of the successful placing of 2 man made sarel
lite in ocbat, no scenuific advance in modetn tmes has so sturred the in
terest and imagimaton a3 the discovery that pemsallin, the membols
product of & common green mold, could be used o cure & varety o
1nfectons which yeld slowly of not at all to treatment by other means
Saffident evidence I8 pow ar hand to demonstrate adequately that th
discovery of pensallin and s subsequent large-scale producoa 1 on
of the major medical advances of all dme. In the earlier stages of the 1n
vesuganon, perudlln received some unfavorable publicity 1n that ml
rculons powers were often wicribed o it, owing moce to the averenthu
stasm of some popular wrters than to any dexre © muconstre thy
truth. Though poc & cure-all, penicillin cun be employed succenfully 1
the of p s gt goootthes, bacteremms arx
other docases. Furthermore, respoase o persaillin therapy has been »
spectacnlar in many instances that calling sta miracle drug 1 & pardon
sble generalmation.
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The development of the pentaliin mdustry was an outsranding scren-
nﬁcundu:dmologrcalmumph,nncem)wdnntwodccndu-lzgrgem
dustry has grown from s casual [aboratory observation The lasge-scale
production of peruaillin illustrates what cen be accomplished 1n the de
velopment of a mold fermentation, and the rapud strdes that can often

be made 1 the solution of 4 soenafic problem—provided adequate f-
nancr) badung and technrcally tramned personnel are available,

Table 12 —Some antibiotics from fil

fungl
Awtsbwrx Fongas
Aspergillic sard Aspergilins facus
Chaetomin Chasrsmizm cochiredes
Citrian Penkillinm citrissm
*Clanian Aspergillas claverns
*Clavatin
*Claviformin Pewscillixm claviforme
1E eods factoc Pensllinm welatum
tFlavidn Aspergsllas farns
Fumagacin Aspergslins fumigatus
YFumigatin
$G1ganuc acd Arporgslles gryasexs
GLiotoxin Trechederms sp
CHelvolic acd Aspory las fomigarns
Kojic aad Aspergilins ayzme
{Notann Prurcillom sntatom
tParasiticin Aspergsllus paraissic
Patakio Posxcrllum potalom
{Penaun Pruscsllsam wotatem
Peicaidin Pearcrllssm sp
Penrcrllte 2018 Prawcillm paberslsm
Pemscillin Penscsliram swsism
Pearcalltn Pexscelliam chrysagranm
{Peniciliin B Peuxccllonm netatnm
Paberalic 1ad Praxrlirem puberslon
Spiulosia Aspergrlles proal sxm

e
Ldeocxcal symbols denore that she eorms s merked are grocavEs
(From Wakeosan, 1943 )
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Penxcillin s 2 member of the class of substances known as entsbrotics
or chermcal substances synthenized by Iving organsms which have the
capaclty t mhibre the growth or metabolic sctvitses of other Living or
gansms, Obviowsly the antibiones we are primarily interested m are
those that are effective againtt human pathogenic organsms. While
more has probably been written about penscillin than most other and
broncs synthesized by mucrootganesms, it was not the first substance of
this type dnscovered  pyocyanos and gramucsdin—boch bacteria synthe-
sized antiboocs—were dacovered and tested before pensdlling A van-
ety of ocganisms have been demonstrated w be capable of synthesnzing
antiboncs and in Table 12 are loted some of the andbsonas of fila
mentous fungus ongm.

Several very weful antiboocs (in sddioon to a grest many which
have no peactscal application at present) have been developed snce the
descovery of penscillin, their large-scale prodocton faciliated by the ex
perences guned doring the establishment of the peniallin industry
Since the study of antibotics had 1ts real bass in the development of the
penxillin industry the present discosston will be confined larpely to
connderation of that indaestry Some of the more widely used antibiotics
are syntheared by Acunomycetes; however becamse of their uncertun
pontioa, ths group of organsms will be omutted from thrs ducussion,

DISCOVIRY OF AND EARLY STUDILS ON PENIGILLIN  Penr
cllin was drcovered quite scoidently ar 5. Mary s Hospim! m Londoa
by Dr Alexander Flemung, who reported hus findings m 1929 This
discovery which was one of the most remarkable cases of serendrputy In
saence, was made when & cultore of a pathogenic bucretum, Stapbylo-
coceas axvems becumne contaminated with a fungus, & spore of which
tad lodged by chance 1 the petnt dish. It soon became apparent that
the fungus colony was inhibeing the growth of the bacterrum, and
Fleming oamed the unknown inhibitocy substance pemrallns since the
cootimunating ocgansm was & specres of the genus Pemscllmms Flem
ing called the otganism P rwbram bot Dr Charles Thom placed it dose
o P sotatwen, Fleming studied the matern! further and suggested that
penscillin mught have clmral valoe if it could be produced on » large
saale,

Penicillin wes next investigated by Qlurterback and others, who con-
mdered it from the soadpoint both of its chemucnl structure and of 1ts
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hrgtiﬁltp-roducmn.ﬂrcymldt}tyobmncdw small, and
lfmrpubluhmgtbmmulnml%zmeymmdgm;m;du
kaonpenlalhnwunotmmcdmnlmyemhm when «
gmupqufordUmvenuyundcrdmludmhlpofDr Florey and 1o
cluding Dra. Abrahsm, Chan, and Heatley agamn starved an sovesugs
ton of this substance,

Atdmumcammpowerlhomgcamcdmﬁngimdmdtbcmmﬂy
was being bombed extensively” under such conditons England did noc
seem (o be the most sutable place for the quick attanment of resultt.
Accordingly the Rockefeller Foundawon brought Florey and Heatley to
this country (Coghll, 1944) and they were eventually sent to the
Northern Regionsl Research Labotatory at Peorm, Illinos. In the
mesnwhile Dr A. ] Moyer at the Peoriz Iaborarory had discovered that
the additron of corn steeping liquor (a by-product of corn products man
ufacture) to the fermentmnon medrum increased pentaillin yrelds from
2 Oxford Upits (OU = 0 6 mrcrograms of peruciilin} per ml up to 40
unrts thus dixcovery was the greatest sungle factor In making feasible the
Inrge scale producuon of pemerdlin,

As dramanc as 1ts discovery n the fact that penwaillin arnived on the
medical scene st such & compamuvely recent date, sunce 1t was elmost
nevitnble that andbsotic substances would be shown to exzst, Waksman
(1945) stared thet duning the larcer part of the mneteenth centory
fear was expressed that soil might evenmually become a serious source of
infections and epdemics, sunce pathogenic bacterr are being coannu-
ously mtroduced 1ato e A cereful study of the survival of pathogenx
organums 1n the sol revesled that the majponty of such bacrerm rapudly
dremmduc.nwmggcszcd,mthenmvmuofnhemmmﬂyocmmng
so1l microotganums. Antibionics were thus sanaipated long sgo, but ap-
parently nothing of a speafic nacure was dooe to solate them and st
tcmptrousctbcmmthrcoumlofb:cmulmfccmkumormy
thet Waksman and others have gone to the soil m thete arrempds (0 B0-
late microorganusms which syntbesize antibiones of poasible clinwcwl

value

PRODUCTION METHODS. In the carly phases of the develop-
ment of the industry pemczllmwuprodnxcdoalybymcthmbmwhxh
cbcfungmdevr!upcdu-mrnudmmﬁccofdu]lowkycﬂdcﬂ
ture mediom, However st was tmpostible to use large trays as cultare
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vessels, since contuminants had to be excluded. Certain very commaon
bactena have the aapaaity w form pewicillimate an cnzyme thac quickly
destroys penicillin hence the encbest large-scale production of penucillin
was accomplished 1n bottle or flask cultures. Such & method of produc
von b quite expemsive because of the greac amount of hand labor In-
yolved, but 1t was the only method available until strauns of Pesscilliams
were found which were capable of forming penlallin n quanuty m
submerged cultores 1n large tmnks. In additon to sorface and sub-
merged-culture methods unng liquid medium, Coghul (Jor @t ) men
tons 2 third method by which penlallin was produced on & momt bran
suhsrrate, The stenle bran was spread m thin layers in trays or placed 1n
slowly revolnng rotary drums and Inocalaced with P wotaium After o
period of growth the peniallin was removed from the substrate by
percolanon with & surtable solvent. All of the penscillin which 1 pro-
duced commeremlly today o prodoced in submerged cultures in large
tanks through which sterlezed air 8 conunuvously pawsed (Fig 54)

OPTIMUM CONDITIONS FOR PENICILLIN PRODUCTION
As poted earler when the English wockers (Florey and Heatley) first
cume o the United Seates in connectron with the pentalln problem the
yeld of penkillm was quiee low vaing Flemmg s ongioal stram of P
notetam The first efforts were devored to attempes o increase penicillin
yiclds by establishing a set of condinons more favorable foe the rynthess
of thus parncular substance. It was early discovered thar Jacrose is the best
carhon source- this with Moyer s discovery of the beneficul effect of
corn steeping iquor upen penxcillin yield and vanoas other impeove-
ments made upon the fermenmanon medum alded maternlly 1 en-
bancing yields during the first phases of the development work. Fomer

(1949) lists the followlng as comp of u typloal cox 1) pro-
doction medmm
per cont
Corn steep Iquor solids 2-4
Lactose 2-4
CaC04y 0.5-1
Precursac 01-05

The eahancing effect of cotn steep liquoe upon penicilln yrelds is ap-
parently doe to the presence of minerals (Kaight and Framer 1945)
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Fra 54 Fermemation tanks (50,000 17 used for the
dmn/wmm(m}ya/m&mc;wﬁ
smino aads (White and others, 1945) #ad penillin precursary (For
ter p. 580) For further detauls of medn used m pensaillin productica
the reader 13 referred to the wocks of Raper and Alexander (1945)
Prat and Hok (1946) and Foster (loc axt )

Opumum temperuture for pensallin synthess 15 sboat 23-25 C, and
opumum pH foc penscillin synthes:s 13 between 7 5 and 8.0

Since filamentous fungt are strongly serobuc, any process ivolviog
therr culture as submerged, duscrete colontes 1n deep tanks must be %o

desgned to permit adeq of the fer medrum. In
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the commerchal production of penscillin thus js eccomplished by mechan
wca! agitanoa with surrers and by spargmg sterlized ar it the fermen-
tanoa mediom. Stefanmk and ochers (1946) report that in plloc plant
fermenters an wir flow of 025 to 1.0 volume per punute per volume
of calture medrum grves maximum penscillin yields, depending upon
the efficency of the mechanical agiauon, Obvionsly no general state-
ment can be made concerning rate of air flow that will apply in all in
stances, unce ths opmum rure will vary with size and shape of the fer
menter volume of Liqusd medium, type of sparging system, rate of sar
ring, et

Kofier and others (1945 1946) have reported that of cerrain sub-
stances other than com steep liquor and precursors are added to the fer
mentanon medium increased yields of peniillin wall resnlt. Usng sev
eral penscillin-forming strains, they obtamned increased yields (in some
instances over 100 per cent) when borc aad or sodrum atrate was
added.

SELECTION OF HIGHEN YILLDING STRAINS. I the very
carly stages of the penrarllin invesugetion, when there was some ques-
6on a3 o whether or not large scale prodacnoa was ar all feasible, any
thing that increased the ycld, even if by oaly a few percentage poass,
was of value. For thar rezson the value of the early mvestiganons rela
tive o the ezablshment of optmum envi | condrttons shoukd
o0t be underrated. Nevertheless the really large incresses m pensallin
yxld were attaned not by that approach, but rather by systemanc at
tempts o obaun betrer yiclding fongus emains. Throegh selection and
testing of mooospoce cultures derreed from Fleming ¢ ociginal sorain,
coltare NRRL 1249B21 was derrved. This high yrelding stramn was
oed 19 the prodoction 0a & commercul scale of the major portion of
perucillin by the bottle-cultare method. The history of thus srain as well
3 the other struns used 1n the bortle<ulture production of penscillin 15
ouslined in Fig. 55
Becanse the prodocion of pemcillia by the boctle-culture method is
a0 cxpensive and unwaeldy process, effors were made early m the pro-
grum to prodoce penscillin by submerged cultere In large tanks, Nooe
of the cultures derrved from the original Flemng strun gave musfac
tory ylelds 1o submerged culture so other strauns were examined with re-
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o grve satrsfac
l;l;rrygfncdld;u;dcrmbma’ ged-culture condions was NRRL 832, 2 mem.
/s bry n gronp Another
NRRL 1930 wolated at the Peoria hb:mmfy from moldy dr;dﬁ

Fio. 55 History of cultures of P notatum uted i the development of
lhin prodiction by the bottle-culture method (After Raper and Alex
ander 1945)

duced hugher yiclds than NRRL 832 (68 Oxford Unies per millilieer a5
compared with 50) from this culture an ultravsoler induced muent
was derrved from which yselds were obmuned averaging 50-80 per cent
higher than those obained with NRRL 1950 Sull another culture
(NRRL 1951) was obtawned which yrelded penscilin of the order of
80-90 units per mulliliter ths strain was solated from & canealoupe By
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sclecons of X ray and ultravioleranduced momon of NRRL 1931 »
strain prodeang neatly 1000 s per ml was obeained (Fig 56) The
resalts obtaned i atrempts w dovelop high-ylelding sruns of penudl-
Lin-synthesmng organiims ere of consderable significance to anyone 1n
terested m indostrial fungus fermentanons, since they pount the way in
whch yields can be mcreased. While the determmanon and mainm
nance of optl env 1 cond. are imp moce spec
tacular yreld increases can be expecred to be derrved throngh sclecnon of
strans or by developing higheryielding mutant.

U.Mnhuh E Haoketd ot Prorls
uso from moidy cheezs from cantuiwese
(8090 0 U/mL)
-t e
Taciaie frem secior
yoots 50X groater
et LRRL thas WRRL £32
soxt back e LERL
nm coiacry seiection ke
M:w— diton

Inl lm

(R O.UJBL)

Fo 56. Hinory of strains of the Penkdll
group wsed [n the development of penicillin mlo«b Lhrru.bmaxed—
cultire method (After Raper 1946 ) prod 4

CHEMISTRY OF PENICILLIN  Shortly after the grest thers
peunc valoe of penicillin becurne apparent, one Line of Invesugaron
w3 devoted enurely to atempes to determine the molecular strocmre
with the view of ulamarely syatheszing this valmble drug, It was
found that there are several penkallins, but that che benc structural
formula is the sume for each type, the peinapal difference being in the
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character of the sde chan. Accarding to Cham (1948) the strucrurs]
formuta of the pemailin molecute which i generally sccepted 1

NHCO-R

Several of the different penkalling with their charactersste side chaios
are Iuved 10 Table 13 Of these variows pensalling the one most com-
monly used 1 benzylpentcillm, which may also be referred to as Penscil-
n G

Despite the excellene chemtcal research thar has resolted i an elo-
adanon of the structure of the pensallin molecule, listle suocess has
been encountered until recently 1 the synthesis of thus matenal by
purely chermica! means. The prediction of Coghull (1944) thac we may
well be dependent upon fung: for some time for the synthens of pensil-
lin seems still to hold troe, although recently the tml syntheats of Pear
allin V (phesoxymethylpenscillin) wes accomplished by Sheeban and
Henery Logan (1957) It scems pomsible thar other penxallms may
eventuaily be synchesized but una} such syntheses can be conducted

Table 13 —Ty pes of penicillin

Emporxal

Nowst of Praxcilln Ssde Charn (K) Fownals
At-Pentenylpeniaillin CH, CH CH CH CH,— C HpO NS
A Pentenylpemucillin CH CH CH CHCH— C HWONS
»Amy Ipeaccillia CH CH CH CHy CHy— Gy HeONsS
s-Heptylpemallia CH (CHpy CH— C HuONsS
Benzylpemicillin GH CHr— C H ONsS

p-Hydroxybenrylpenicdiio  HO GH CHr— C H NS
e
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economically we will still be dependent upoa fungl for these antibior
s, Rather great possibilites scem to exist for the synthesss of new penr-
allins by vsmg fungussynthenzed penicillm 43 the starung compound
and preparmg varous derivatrees of thrs material.

It has been found that if cermin materals (in addion w lsctose
CaC0s, and coen sreep bquor) are sdded to the fermentaton medinm,
increased penicillin ywelds are obened. Thus the addwon of phenyl
scetic acid remlns in increased yields of benrylpenicillin (Moyer and
Coghill, 1947) Itls now known that phenylacetic acid b a precunsor of
benrylpensallmn. Accordmpg to Foster (Joc ext ) 1t has been established
that tyramine and p-hydroxyphenylacetic aad are precursors of p-hy
droxybenzylpensaillm.

ANTIBIOTICS AND THE FUTURE.  Although severul volumes
have alresdy been wrmtren on the subjeat (Waksman, 1943 Duggar
and others, 1948 Florey and others, 1949) the antbwoacs indusry
and the study of antibwotics are boch In thetr infancy Table 14 bowerer
shows the mndusiry to be an extremely beslthy one.

The sccount above has dealt prumanly with pemalln, bot ance the

development of the penicillin industry several other ant-
biwotcs mve come Into prommence. Thus, aarcomycin strepiomycin
terramycm wnd others (all metabolic products of species of Actmoary-
cetes  ray fungi™ or bactermlike organiums whose exact posrdon m a
system of clemficatron s &t peesent not known) have been molsted
and have been thown © have great clinkcal valoe. A grear many ather
antiblotic substances have been investigated and many fungi are bemg
ty;:;nmllymdfmapncqtoqndxnmmﬁhma(cg Robhuns,
1946)

The search for new antiblods must continme, since m po sense can
we coander penkcillin, aureomycin, or streptomyan to have furnished
all the answers to the problem of the control of human disesses. As
Walaman (1945) bas ponted our, one of the peincipal problems i
concerned with the ucressing ressaance of certin strans of bacterns to
speafic antibioacs after prolonged contact. Thus mdrviduals of & pens-
cillm-resstant strun of streprococcus might develop m mumbers suffy
aent to render penicillin virmally valueless m the treatment of 1nfec
nombydmp:mcuhrmm,mducud:mldh:wmb:mdefu.
new more effective antib bl also exsst with

gUing p
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respect to the discovery and wolanion of antibioncs effective egainst d
cases that are scarcely affecred at 2ll by the now known satibrotcr.
The antibrotic story has not been entlrely devo:d of muhaps. Livng i
the human gastrointesunal tract as & normal pare of the mucrofiacs ae
several yeastlike ozganisms which sre nsually harmless o the indrvidual.

Table 14 —U.§ production sales and dollar value of some antibiotic

substances
Production Salus Dellw

Amrbissne Yoar (D] w Vo
Pemucillin 1ocluding sals 1951 625 000 487,000 137,517 000
1952 671000 588000 82,635,000
1953 753000 708000 57 752,000

1954 861 000 NA NA
Serepromycia 1951 39 000 36,000 6 051,000
1952 50,000 s1000 4 676,000
1953 125,000 104000 10 785000

1954 137 000 NA NA
Drhydroymepromycut 1951 315000 284000 40,33 00
1952 337 000 301000 3421300
1933 303 000 297000 24 $47 000

1954 359 000 NA NA

Bacitracin 1951 NA NA NA

1952 4000 NA NA
1953 6000 4 000 1 320,000

1954 NA NA NA
All others inclading broad 1951 307 000 268 000 132,787 000
spectrum aotibiotcs 1952 425,000 3921000 144 819 000
1953 441 000 354000 136 880 000

1954 NA NA NA
Antbiotics for feed 1931 236,000 196000 17 532,000
ppltmenty I9s2 158 00 172,000 16 962,000
. 1953 434000 351000 19423000

1954 NA NA NA
Tota! antbsoucs for 1951 1286000 1055000 317038000
homan or veterinary ose 1957 1487000 1321000 266,574 000
1953 1630000 1467000 231 484 000

1934 NA NA NA

NA soc  alsble Data froca Borsch sad Shell (19333
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When certaln antibsotics are adminustered ocally the bactern of the
gastromtestinal eract are killed of mhibited and only the yeastlike ocgan
nms reman, When the competutive organisms (bactenia) are removed
m this manoer the fungl may become pathogenic and cuuse a disesse
more serious then the one that was being treated. Forrunarely in the
past several years there has been contiderable effort directed toward the
search for antibloacs that are annfungal In thelr activity 30 that fungus
infections following ocal administration of antibacternl antibsodcs may
be coatrolied 1n thy manner

Synthesis of LEphedrine by Yeast

The wse of the alkalold l-ephedrine eppareatly has been quire
common in Oriental countries fince ancent times, but its mtrodocton
mro the United Sates has occurred oaly recendy Formerly ths drug
was obauned primanly from two spedes of flowenng plans of the
genus Epbedra (E eqmisetina and E simsce) whrch octur in Chma,
From ths crade drug-coatuning plant materal, known a3 me bsong
Lepbedrine can be oberined by an extraction process followed by re
aystallizanon. Natural epbedrine b levocotary the structural formula
bemg

CH, CHOH CH NH CH

A dexrocotary somer s usoally found with Lepbedrme, bt the bomer
apparently 1s of lutle pharmacological importance. For the treatment of
asthma and a3 o nens] astringent, Lepbedrine bas had wide wage.
Kamlet (1941) mud:ntbedmn:nkpmducchndmudmgm
1939 was vatoed at over half ¢ million dollars, while the value of
ephedeme-contalning nose-drops, Inhalans, and sprays was many times
greswer

‘With a compound a3 valosble a3 ephedrine it ws Ineviable that us
syatbexss woald be anempeed, Although scveral investigaroes have been
able t accomplith this synthesls, all such peocesses yicld optcally losc
tve epbedrme (4o JJl-pbmylchdxylumuxpm;nnnl) The separs
600 of the optical Bomers 1 ¢ difficult 10d expensive process, and such
racemuc motores, though weed for medicinal parposes, cannot be sold



158 Beneficial Activities of Fungi
Znﬂ;i:rdxmmecpbcd:me.nnce:hhmmeurmwdforlfpbcdmr

Y

Neuberg and his co-watkers (1921 1922) found that if benzalde-
hyde was added slowly and with conuaoous sturing to & heavily mocu-
lated (1000 g of yeast per 25 | of glucose solutron) fermentanon, 1
mumture of Jacetylphenylcarhinol, benzyl alcohol, and benzoic acd, was
produced. These compounds were separated by ether extraction of the
spent fermentation medium, and npon evaporaton of the ether an oily
substance ("Neuberg s o ) remuncd. From 100 g of benraldehyde
91 g of oil was obtained of ths, 25 g was Lacetylphenylaarhanol which
was formed by & dumutation reaction between the added benzaldehyde
and acetaldehpde, which 13 an intermediste compound 10 the brosyn
thess of ethyl alcobol. Similer mixed dismumtion rescuons are known,
but according to Tauber (1949) thus parzrcnlar reaction cannot be car
ned out by chemical mesns. The mixed dismutation of acetaldehyde
and benzaldehyde 15 catalyzed by a yeust enryme which Neuberg named
carboligase

Huldebrnt and Klavehn (1934) have developed and patented s
process for syntheszing /ephedrine using Jacetylphenylearbinol from
“Neubergs oil a3 the smrung compound for the synthess. Ther
method involves the formatron of & condensation product of facetyh
phenylaarbino! with methylamne, followed by reduction of the con-
densanon product to J-cphedrine, An alternate method 15 o condact the
condensstion and reduction reactions sumulmneously so that the coo-
densanon product 15 reduced as s00n a3 1t 15 formed The reacton m-
volved 10 the synthesus of Jacetylphenylcarbinol and the farther resc
trons leading to the formatron of /-ephedrine may be written as follows

%ﬂio + mo——-c.ﬂt CHOH CO CH,

CH, CHOH CO CH + CH:NH————CH; CHOH C N CHs

CH
CH CHOH C N CHy + ZH—;*—“—'QH CHOH CH NH CH
cH, =i

Hildebrant and Klavehn dum yrelds of 2545 g of f-ephedrine hy
drochlonde from 120 g of Neubergs oil. For camlysss of the reduc
tion, they recommend the use of activated aluminum or collosdal platt
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num. In thewr patent claim 1t is pointed out that the sdvantage of dupe
synthesss of the kevoroeacy form 13 that the costly separanon of the two
1somers is avosded. Kamlet stated 1 1941 that « major Amencen chem-
scal company was produang J-ephednoe by this process, and predicted
that /cpbednne 30 ptoduced might complewly replace che necural
prodoce,

Microblological Transformations of Sterolds

In comparanively recent years u development has ansen m
medicne which has already yielded compounds of great importance and
eventually may Jead to the synthess of other new and exmremely walo-

a

Fuo 57  Bake structure of the sterold muclews showing the system wsed
In numbering the vartous carbon atoms

sbie medicinals. This development had its beginning wrth the work of
Hench and othens (1949) who found that both cortisose and ACTH
(adrenococticotropic hormone) could be used with strilang revulss 10
the meatment of patents with severe rheumatold arthertis. Ther wotk,
made possible by the synthesis of cortusooe by Sarete (1946) bas samu.
Jated the develop of pew syntheses of steroid compound

The sterosds are « group of argenic compounds which are beologacally
quaite mmpoctant; all compounds of this class possess the cycdopemtanc-
perbydropbenantbreme nucleus. Since the isolanon of the first sreroed
bormone, the structure of the sterosd aucleus has been established, and
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four endocrine glands (tesns, gvary sdrenal cortex, and placenca of
pregoancy) have been shown o form sterord hormones. The hate
molecnlarmucmreofmbonﬂncrmd:n:hommﬁg 57 aswell as
the system nsed to number the varous carbon atoms i the molectle,
Nineteen-carbon sterords are also known, in which the carboa stoms
oumbered 20 and 21 ate musing The nngs may all be saursted or
may be unsatueated at « number of posurons. Figure 38 dlnstrates the

OB oot
il

Fro 58 Molecular structures of three sterolds. progesterone pregnarne
and corticosterone showing their basic similarity of structwre

strocture of three sterords and demonstrates the basic sumslasity of thele
structure. Because sl sterowds do not bave the same phytrologtcal ac
uvity 1t 15 tmporrant that the sterord chemst be able (o altcr che mole-
cule 1n 2 vaniety of ways i order to obtain the detired compound.
Several groups of mvesngators have accomplished the complet
synthenss of the sterord nuclews (Barkley and others, 1953 Cardwell
and othert, 1951 Serett and others, 1952) but eccording to Fraed and
hus co-workers (195%) all of the corticords now produced on & comumer
cul scale are derived from marurally occurring sterowds. Bven smrung
wnhdmhmzhcmm-grmmydlﬂindrdxnucxlnrpsmmlwd
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m the synthens of cortisone resulting 10« high price for thes compound
dunng the carly days of us we, One of the major difficulues of the
chemust was the hydroxylanon of carbon 11 although hydroxylatons in
positions 17 and 21 were also quite inportant. Although Mamoli and
Vercellone (1937) had demonstrated that sterosdal substrates could be
dified by microorgankuma, the first mvesug fo report hydroxyla
ton on the 11-posrtron were Peterson and Murray (1952) Using the
Phycomycete Rbizopas errbaxs they accomplished the oxygenavon of
peogesterone 0 the 11posnon (Fig 39) end obaned « yield of

1:& Hy
-0 co
oy
O
_—
@
PROOCETORONE 1 —HTDACT RO TEROHL

Fxa 59 Hydroxylation of progesierone in 11 position
by Rhizopus arhizos

about 10 per cent. Shortly after thes, Fried and ochers (1932) sccom-
plished the same reacton with Aspergdlas niger a3 dd Mancera and
others (1952) and hahat and others (1952) euag unidenufied speacs
of Rbszopwes all of these wockers obtained ysclds of sbout 35 per cent.,
Peterson and others (1952) pext used Rbfzopas migricans the black
mold known to all general bomny sredenn, end obmined yields of
8595 per cenc of 1lahydroxyprogesterone, Scveral tmpoctant syn-
theses of cortisooe and hydrococasone from this now-ebuodant smrting
matenal are known, wad 1n all of them the availabiliry of this 11 hy
droxylated starting materis] makes possible the syntheses of these medi-
cally valusble compounds more economically and with many fewer
chemical seeps.

FUNGI WHICH TRANSFORM S$TIRODS. The capecry to
ransform sterosds 8 0ot resticted to filamentous fongs, susce bacteria,
sctinomycetes, and yeast may also accomplish cerain transformanons.
However Shull (1956) states that a3 u group the fung: heve yrelded



162 Beneficial Actlvittes of Fungt

the mast diverse assortment of transformation products, and new e
formations accomplished through the use of different fungi ace fre-
quently reported. Steroud-transformung fungr have thus far been re-
ported for 4l of the major groups exclusive of the Myxomycetes. The
genem of fungt cupable of sccompluhing steroid transformanons are

Table 15 —Genera of sterold-transforming fungl

Furay Inperficti Phycvary s Rurid
Alsernaria Connimglumells  Calmetris  Lestses
Aspergllins Hlkcactylom Didymells  Agericas
Cophalochucinm Macwr Exroirsm Arwilloris
Collstvtrecham Phycsoes Glbberlls  Cantherales
Comisthyriom Rhizopes Newrespos  Hebvloms
Detbicheta Opbusbsles  Lephis
Corsxlaria Petize Lyceperden
Crlindrocerpra Maciolls
Dactylinm Plesrotas
Epicoccam Triched:
Fasarsam
Gliaclodsam
Hormedodram
Pastllnm
Prstalstia
Pronesperinm
Rbedssepterss
Sprarra
Trachodorms
Tricharbucism
Wamenscia

Prom Shall (1936)

Listed 10 Table 15 thus list should not be conndered final since forthet
mvtsnginonwﬂlundoubttdlydcmoﬂlmdulmyoiher{ungﬂﬂw
sumilar cpaaties

TYPES OF FUNGUS TRANSFORMATIONS OF sTEROIDS. Al

though from the practical seandpount of the synthesis of adrenocoroal
harmones, hydroxylasons 1 the 11 17 and 21 posiuoas have been
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very unportant, acher trunsformaticas of serokds by fung are also pos-
tible, a5d as enll other trantformanon product arc discovered and stud-
1d more intensively they may prove © be very valmble compounds.
Aside from pracucal consideratron, all of these transfoematons are of
theoretscal importance to the sterod chemist. The general categones of

s
e T
co HO cH
CHy o o
oy,
—_
oM 3

LD, B8, D- TR, 3-OMC

Fw. 60 Hydrogenation of a sterold {(compound S)
by Epkoccum oryzac.

wuch transformanom which can be accomplished by fung are hydro-
geoanon, dehypdrogenaven, bydroxylatson, cpomdaton, sdechan
clesvage, and an vnusmal transfoemanon In which the five-membered
rmg of the sterod nocleus i expended to 2 sx-membered nng

e

Fo 61 drogenation of cortisone in the 1,2 podtion by Fuarlum
Dﬂnmwﬂh!hc rendiont formation of prednisone

Severa] examples of hydrogenation of sterosds by fungt have been
described  reduction of double boads 1n the 4,5 and 16,17-posmoos,
sad the reducton of a 20-ketone group, An example of this larer reac
Muudnwnmﬁg.w—-mrmumpom:dbyﬂmll(lﬁﬁ)ubcmg
sccamplished by Epscoccems oryrer
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Ccrmnfunglmapubleofcnuymgomtbcdcbydmgmmno(
sterords i the 1,2-position. Vischer and others (1955) have described
40 example of thus 1n the synthesis of prednisone from corsone (Fig.
61) by Faseresm soleni,

0
HO
oy
_—
oH
TERONE

PROGEY o, DUHTDRCYPROGES TEAOHT
Fio 62 Hydroxylation of progesterone in both the 6- and 11-positions
by Rhizopus arrhirus.

Fungus hydroxylatons of sterords have recerved the greatest amount
of attention of investigarors beamuse of the mmpormnce of 11 17 and
21-posison hydroxylatons 1n the synthesss of cortsone however fungt
can ajso accomplish hydroxylatons n the 6- 7 8- 9- 10- 14- 15 and

H-DIHYDRO-COMPOUMD & M, l3a [AOUDO COUROLIO §
Fla 63 The epondation of a sterold accomplished through the use of
Curvulerla lunata and severs! other species of fungi

16-posisons. Someames hydroxylanons may occur ar two posinons, 48
demonstrated by Peterson and others (1952) 1n obtuniog 68 112
when prog was fermented with Rbro-

dihydroxyprog
pus arrhras (Fig 62)
The sterotd mansformanon known &3 epaxsdatron apparenty occurs
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oaly in sterowds containing an isolated doable bond. Several such trans-
foemanons have been reported. Fig 63 fllustrates the reacnon described
by Bloom and Shull (1955) which is sccomplehed by Corralarsa In-
nata, Canningbamella blokesiecans, Helicossylam prriforme scor
grissocyanxs and AL paraciticxs

In 1953 the microbiologial deavage of the 2<carbon side chans
from C 21 sterokds was repocted by three groups working independ
ently Thss type of transformanon, which was described by Peterson

-0 o
_
o
PROSTATE MOl

Fo. 64 Fmr!molmwmmedéorwbydmrgrnlthe ~carbon sde

chain from progesterone This reoction Is sccomplished by Gliocladlum
catenulatum and other fungl

and others (1953) as being sccomplished by the we of Glrociadam
L Penscrllinm Il and Aspergrlins farns 13 Wuserared

m Fig. 64
The most unusual seroid transformanon reported thus far 15 the one
described by Fried and his co-workens (1952) 10 whach the S-mem-
bemdnngufdremou:lhzxpmdcdm-&mcmbacdnng (Fig. 63)

S

o WCTHYL D—mo—t Movmrm(

F10. 65  Expansion of the S-membered 17,
I;ﬂm;ﬂqua/ ehydroxysterone by



166 Beneficial Activities of Fungi

From the above examples and discussson it 13 obvioas that an e
rely new bnndmfmcmmyhasbcmopcncdupbydmdncowrydm
funglmdoth:rmxcmorgmumscxnmmfmmmmdsmnwnﬂyof
wayt. The practical sigmuficance of rhys discovery cannoe at present be
evaluated, but judging from what has been sccomplushed with cots
sone, and on the basis of our koowledge of the physiological impoctance
oftbcrmm:dhormcnu,dlcsymbﬂbmdtutmgnfocwmmpomdta‘
th general oategory may lead to mportant applications 1n medicme.

Synthesis of Vitamins by Fungi
Stace the establishment pear the end of the nmereenth century

ther both Is and microarg requured cerraun sccessory
growth substances, u great amount of research has been condeced 1
connection with these growth factors, culminating 1 our present coo-
cept of viamins. Wilders (1901) mamed the accessory factors e
quired for yeast growth ‘bros,” and Funk (1912) nanred those factocs
requured by enmals “viamines  Funk s terminology of course, i re
tuned roday Subsequent sack by a great pumber of investigarors has
revealed that there are some microorganisms that canfor grow uftless
supplied with certan vitamins, while others synthestre all thesr own
vitamins, some 10 considerable quantuy

Much of the vitmmin work m relatton t0 microorganums has been
coanected with determuning the B<complex vitamtn deficrencies of cer
tasn speaes (see Chaprer 19) or the screening of a lacge vanety of m-
croarganisms for their capecities to synthesize certan of these vitamint.
In recent years much of thy worl has been directed toward virmm
B,z Accarding to Underkofler and Hickey (1934) & hugh percentage of
becteria #ad actnomyeetes but only & few yeasts and flamencous fungs
syntbesze Bya This s certanly not troe of the yeasss rod filamentoas
hnpﬁdmmtpcdmtburapaammsyndwzcwrmohh:odﬂ
B viamms as 18 evadenced by the data on vitamin content of fermena-
ton fresidues peesented 1o Table 16

One of the B vimmms for which there 1 & beavy demand (n ths
counuynn'boﬂnvm,Appa!tﬂdydwﬁmmlcmg:msmmedpmmnh
for the synthesn of thrs vimin was a bactesum, Clastersdium ectio-
basylicwm 1t has beea found, however that & number of argansms cas
synthesize ribofavin, and two Ascamycetes, Asbbya gostyps and Eremo-
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by
=l
S

F16 66. Photomicrograph of Eremotheclum ashbyll an Ascomycete used
Jor the large seale production of riboflavin. (Cowrtesy of Commerdal So-

vents Corporation )

thecowrs ashbyls (Fig 66) synthesze 1t in large quanunes erther In
nutrient medium or in resrdues from other fermentations such as the o
coholic fermenmuon. Same concepe of the magtutode of the ribofltnn
fermentatron ndustry can be gained from the size of the plane shown
in Fig 67 According to Pridham and Raper (1950) A4 gouypn forms
safficrent riboflavin to permit the fermented medrum o be dried down
o yeld riboflavin concentrates contatning 25 000 to 30 000 pg pef

Fig &7 Plant used for the production of riboflain and antibiotkcs
(Courtesy of Commercid Solvents Corporation )
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gmmSuchcmcmtmumnbcuAadduccdyufecdmpplmcmam
be recovered and purified for human usage. A flow dmgram for ribo-
favin production by an A gosiypr fermenmuon as proposed by Phefer
and others (1950) 1s presented In Fig 68 Detwdls of the vartous fer
mentation processes for riboflavin production will be found m the work
of Underlofler and Hickey (loc o)

While fung: are not a source of far soluble vitamins as such, they are
a good source of ergosterol, which 18 2lso kpown a3 provitemin D Ta-
ret (1889) first uolared ergosteral from fungs, and 11 hes come to be
considered the principal sterol of this group of microoegansms. Inda-
uonofcrgostemlrmﬂummmnmmmwammm,mdbcmmy
source of ergosterol may be used as the ultimmrte source of thrs vitamin,
Maay fung) have been screened for their crpacies to synthesize ergos
t:romedJcpmap&Iwmofth.uﬁtroluyusr.mdmdmtd)m
18 widely used s & source of Vitamun D

Possible Therapeutic Uses of Yeast

In addrtron to the nse of yeast us a source of ceroun viezmuos,
several reports suggest the use of yeast for ether purposes.
For example, Sugture snd Rhosds (1941) have smeed that the inde-
son of peast 1n the diet may be wsed for the provention of cerman types
of experimental ancer There are 8 oumber of known curanogenk
(cancer-producing) compounds, that are often used to produce cances
i expenmental emumals, Ooe such substance is dimethyl-amino-a-
benzrene, formetly used w color baster subsnrates and bence » com-
monly called “butrer yellow Several mvestigatars have reported that
when rags are fed a rice dset contuning burter yetlow frver cnceds
commonly develop but Sugnura and Rhoads found thar swhen brewers
yastwumdudcdmdnmdmmmhibunryeﬂ‘mupourhtdﬂckp-
ment of lrver cancer could be noced furthermore, the inhibrtory <f
fect dimmshed when the quanaty of yeast m the diet was decreased.
thnthcblnldlttcmmncdumwdluljpercmryun,lnﬂm
cer occurred 1n only 5.8 per cent of the rags with 6 per cont yesst it
mcdmdopamofthchmmnmml,aolxrammg
zhotrc,-nd30percemh4dnfewsmlﬂtumornodu!d’o[dmcmu X
wnhnuommﬂmnmguﬂyipcrcent}rl:t.BOpcrcmrhadnm
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frvers and 70 per cent had livers with many cancer nodules. Use of &
dset conmaining 0 6 g of butter yellow per 1000 g of ground, unpolished
rice resulted in cancerous Livers In 100 per cent of the rats fed. Kensler
sod others (1941) P:c:ntda\dmmdmwcmcdmbdmdxhck
of at least two factors m a basal dwet of beown rice and arrots which
render raty susceptible fo the carainogenke effect of butrer yellow One
of these factors they found to be riboflavin, the other to be present in
vramin free  slcohol-extracted casein From the work of Saglurs and
Rhoads it s evident that both protective factors are present m brewer s

Mcleod and Ravenel (1938) inpcted extracts of Saccheromyces
cererinae and Aspergillas miger into about 150 cses of advanced
malignancy regarded as hopelest. Nearly all panents showed decided
mmprovement, and m many mstances there was marked shnnkage of
tumor marscs. Size reducnons took place very rapsdly and pun was
greatly relicved, Degeneratron sad pecrosls of tumor cells sccompanted
other changes. Cures were not obtaned and relief from pain was not
permancnt, aince the paneots fuled  respond further afrer 2 number of
Injecnons were adminustered.

From tme to time YAnOUS unvestigators have acempted o thow that
different substances canse of cure cancer 30 consderable carton should
be exercised In the acceprance of report such as those above, However
1 vsew of the spectacrolar medical resulys obeained with penxllm and
cortisone wnd the fact that the cause and care of cancer are noc com-
pletely known, further investigations should be conducred aboag the
lines sugpested by Sugmra and Rhoads and Mcleod and Ravencl

The wock of Naset, Prerce, and Murlm (1931) o of inmrest smce it
poines to the poribility of ting yeast in the trearment of diabetes. These
investgators stodied cbe wfluence of yeast on prozein metabolam of
porma] and diabetsc dogs (r cond induced expert Iy by re-
moval of the pancreas) 25d obealned some evadence that the 1nchusion
of yeast in the diet of depancrearized dops allevisted in part the diabetic
condmion. As & resule of feeding yeast there was & prompt decrease 1n
the peopocon of ingested nittogen eliminated m the urine the dex
trose-nitrogen rano m depancreatized dogs was redoced slighdy and
there was evidence that yeast auded 1n prolooging the lves of dubetic
doga not recerving msahin In the Light of reporms of earlier wockers
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thet yeast contuns an wsulin-lile substence and that fasulin can be ab-
mbcdfmtbeahmmwymfunhummg-mnofdmpmbkm
shouldbcmldcmdct:rmmctbefmibdrtyufmmgymmdmm
ment of disbetes,
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9 The Alcohohc Fermentation

FARLY BEGINNINGS OF THE ALCOHQL INDUSTRY
OXGANISMS HMPLOYED IN THE ALCDHOLIC FERMENTATION
RAW MATERIALS AND YIELD CALCULATIONS

MBCHANTIM OF ALCOHOL SYNTHESIS

COMMERCAL PXODUCTION OF ALCDHOL

POWER ALCOHOL

OF THE HUNDREDS of known metsbolic produce of fungs
cthyl alcohol 15 perhaps mast widely used by man and u most 1m-
pormat m wndusry No other product of fuagnd otigia has been pro-
duced under man § control 1n greater quantty of put t & greatet vanety
of uses. Only & amall fraction of the wal alcohol produced annvally 8
osed 23 2 beverage, the mejor partson being employed m & great vancty
of industral processes. Ethy] alcohol 15 one of the most widely knosn of
dmecommoodrmhcnlcompouodgmdromtmptmmmmuﬁﬁt
scribe 3 varions applicattons would require severa] large volumes.
Ethyl alcohol also serves both as a solvent for hundreds of different ma
terials and e the raw materte] from which hundreds of other compounds
sre synthesuzed. As 2 sofvent 1t s employed n the manafacture of sach
widely diverse matercals as dyes, drugs, soaps, plastics, resins, and pot
shes u-nwnutcmlmmcxyndmuofothcrmmpoundx,dcdrolﬂ
used m che manufacture of ether various esters, acetic acd  hypoouds,
synthettc rubber and many other valuable substaoces. For further ap-
pluuom.d)esmdcnubouldcmmhdwdunpfqmodbytheUS
Industrial Alcobol Company & copy of which 13 reproduced n Prescot
and Duna (1940) In addimon o 10 ndustrml imporeance, sicalol 8
also widely ased 1n one form oc snother a3 a beverage, The widespresd
demand for such beverages has led to the development of huge donil
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ing, brewing, and wine industries, which provde 1 very considerable
source of revenue for the smte and federal governments. In some arcas
the entlre economy of & community may be geared o an akeoholic bev-
crage industry

The producton of aloohol through the fermentation of sugar by
fung: 15 the oldest of the industrial fermenmtion processer. A great num-
ber of references to the making of wme 1n Biblical tumes, cogether with
certrin other ancent references, lead us to belweve that then as now the
overindulgence in alcobolic beverages by a few may have served w
place the fermentanon industry beyood the pale of respectabilicy Such a
viewpoint 1 unduly severe and obviously unjustified, but ac tlmes has
Jed to actempts to legulate certain parts of the industry out of existence.
Prohibiton, the one major arempt in thi direction, actually resulted m
¢ dismal fulute in thu country making lawbreshers of otherwlse law
sbuding atzens and wshenng In the penod of gangstersm, Soch e
tempts to legulate the beverage alcobol industry out of existence are
probably always doomed o fwl. In those individual Instances where al
cohol 1 2 real problem, 1 more mtioaal approach than erther the monl
or the leguslatrve might be made 1o the problem.

While alcobol b obviowly the Immedmte cause of slcobolnm, the
underlying causes have never been sansfactonly explained, and are per
haps to be sought by the psychiamix, the socaologist, and the medscal re
search worker and through group therapy such as that practiced by
Alcoholics. Anoaymous.

Early Beginnings of the Alcohol Industry

Becuuse of the great pumbers and widespread distributon of
yeast—the fungl generally respoatible for the synthess of alcobol
from sgar—the practcal details of the akobolic fermentation have
bad many Independent discoverers The preparatoa of aleoholic bever
ages was commonly practced in many widely seperated reguons (al
though crodely by present standards) long before the microscope was
developed and before the role of microorganismy in the fermentation
was cstabluhed. Most peoples from ancient times have discovered and
mddcvelopnduncptmfmmufmmgbcmgcdmhﬁLum
ble exceptions being the North American Indisn and the Fslimo For
the production af such beversges, the Inbabitano of varoms reglons



178 Beneficial Activities of Fungt

nscd as the carbohydmate source whatever surtable raw materials were
locally avadable. Thus in South Africa the Negro prepared hus beer
(pombé) from miller, while the Japanese version of beer soké was
prepared from rice. In regions where grapes grew 1n sbundance, such s
the Mediterranean regron, some type of wine was ususlly prepared m
tthcntmlAm:ncnnregmecmuvcmhcdoacomumcmmoi
carbohydrate for the alooholic fermentanon.

The first alcoholic beversges prepared intentionally by man very
probably had a relartvely low alcoholic content. With the advent of the
sull however s« was possible to prepare drinks with high akobo! con-
centration—whiskey cum, brandy gin, and vodka. The development
and subsequent improvement of the sull also made possible the preps-
ratton of highly recufied alcohol and thus paved the way for the mane
facture of the many producrs now synthesized from ajcohal. The or
gws of disullation are Jost 1n antiquity the process being known 1o the
ancient Egyptians and coatemporary cultures.

Organisms Employed in the Alcoholic Fermentation

Although = grear vaniety of fungs are pow known o have the
@paay of syntheuzng cthy! alcohol from sugars (Perlman, 1930
Foster 1549) those commonly used 1n the preparanon of euher indar-
teal or beverage alcobol are members of the group of Ascomycetes
known as true yeasts, of which vanous strawns of Seccheromyees cers-
v252ae are usnally employed.

The yeasts are undoubtedly best suired for use 1n the large scale pro-
ducuon of alcohal for several reasons (1) they muluply vegeestively at
& very rapsd rae of proper environmental conditions are muntamed, and
hence sbundane quanaties of moculum consssung of highly scuve celly
cu.ubcobmmcdln-mhtrvcl;;bonpamdofunw&)dwyfﬂm
reost of the common sugac very rapadly (3) when condinons are f2
vorable they soon establish a set of cav 1 cood 1 whith
fany ocher microorganisms are unable to grow (thus minmoming the
problems arsmg from contarminzbon) and (4) many excellent com-
mercral yeast sraws are avalable whose sutabilines for vasous proc
cses have been demonstrated over maay years of plane practe.

Agoodmmunlymnmmnmnllynvﬂymbkorgmm
probably because 1t 18 diplotd mutations do pot become apparent since
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t Is eypecully propagaeed vrgcuuvclyudled.rplond,uﬂ rcmmbmmom
of chararers following mewoss and fer are usually pi

Fmd:cmndpom:ofd-eirunkdluhrmmc,dxymmthemq
sdmursbly saited of all fungl to commeraal fermentation procetses,
tince the 1nocalum problems that may arme in connecton with the use
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Fo 69 Photomkvogmpc'u Saccharomyces cerevmume. Above actively
growing stage  below numru stage (Courtesy of Red Star Yeast and
Products Co Mitweukee Wis)

of filamentous fung: are never encountered in fermentation processes m-
volving yeast.

The many speccs of yeast capable of formmg eleobol do not do w0
with equal efficiency As pomted out above, strains of § corevusse (Fig
69) wre uspally employed mdustrmally Over a Long period of mdastral
mege and straln teating & number of very efficientt, commeraally valu
able erains of yeast have been selected, primarily on the bass of resnlts
obeuned under plant conditoas. Farther selection may possibly reveal
still better strains. As Lindegren and Lindegren (1943) have poemted
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out, yeast-hreeding programs cen be mstututed wrch the objectrve of de-
veloping yeast hybods that possess ¢ complement of parocularly dewr
sble charecterstict Design of an mtelligent yeast-breeding progtam
would of necessity have to be preceded by an accumulsnoa of mforms.

SRS

Fra 70 Diagrammatic lfe cycle of a typical diplold yesst

tlon concerning the physsological and brochemical charecressts of
many known speacs sod stram of yesst.

AZ] examinanon of a typkal yesst Ife cycle (Fig 70) reveals the
feasibility of & yesst-breeding program. When placed under the propet
set of conditions, s diplord vegetatve yeast cell will undergo moote
division and four haploid ascospores (Fig 71) are formed Typwally
there 50 1 1 segregation for maung ype two of the ascuspores of £
sungle ascus being of one manng type (#) wlulcthc:cmmnmgm::
of the opposite mating type (¢) On germinanon a spofe grees (0
haplowd cell, which may fuse mmedsately with another l’nplo:i'dﬂcud:
opposite manng type, or may bud and give frse 10 sumiler hapl
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resembling the diplosd cells bat usuelly smaller and moce weakly fer
mentaave. When two cells of opposite manng type fuse & zygote i
formed which by buddmg forms the typical diplosd vegetative celle

Although strams of S ceretilas are commonly employed in indus-
«rtal alcoholic fermentations, it 1 sometimes necesary to idennfy other

e

@ |

an mtcdbu-ﬁhu:mwn.mmﬁﬂ»mhc
hmnif‘nwcmtmdghwnlhbmpunfruap[xw
to be but two spores. (Cowrtesy of Fleischmenn Laboratories Si

Bronds Inc)

yeast specicr, For such sdennhaapoas the wock of Guilliermood and
Tanner (1920) or the more recent mooogmph of Seelling Dekker
(1931) may be used.

Raw Materials and Yleld Calculations

Any metern] conmning glocose, frucrose, makose, oc sucrose,
oc 3y sebstances easily hydrolyzed to any of these common sugars, may
be used as 8 source of casbatrydrat for the alcobolic fermenttion. Thos
pooeoes asd the vanous ceres! gruns conmun starch which can be by
drolyred @ fermentsble smgar exther by menns of surtable enzymes oc
acd hydrolyss, end bence both of chese matermals can be nsed a3 » source
of carbohrydrate. Sumilacly Jenmalem actichokes, whech contsin 1aubin,
2 potysacchacsde exuly hydrolyred o fracrose by the enzyme mulase, are
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LboammAlthougbmmlgmmmdodmmmhmybcem-
ployed the curbohydeate source used i grearest quanty 1 che Unsed
States for the producton of mdustral alcobol i blackstrap molasses, «
by product of the sugar industry that s cheap eanly bandled, and avuk
sbie m quantity

Fordmpmducumofdmucdnkobohcbewmgu,mm,qt.m
and bacley are the most common carbohydrate sources a this country
since the national wste seems o prefer duntied, majted grain drenks
(whukies) rather than distiled or fermented, wines or frur juxes
(brandies, cordsmls or liqueurs) #s are preferred m many other areas of
the world.

The law requires that the starch used In the preparason of beverage
alcahol be enzymeucally digesred with malt ( ground, dried, germunared
barley kernels rich 1n starch-digesting enzymes) although for the pro-
ducuon of noabeverage alcohol 1t 18 legally permusble to sad-hydro-
Iyze the starch or to hydrolyze 1t with enzyme preprosnions of filamen-
tous fungus otigin (mold amylases) Actually it makes Lierle defference
10 50 far as the end product 15 concerned whether the starch s digested
with enzymes or with aad if the product 15 to be dusrilled however for
the producton of beer the use of mold enzpmes or sad hpdrolyss
would probably not be satisfactory because of undemrable taste that
smught be mmparted ro the beer Certarn groups of Central Ameniaan In-
duns, having oeither malt nor facilines for ackd-hydrolyus (s process
with which they are probably unfamiliar) accomplish the digespon of
comsurdlbymnmofnlmxysmd:-dlgmngenzymamplibl
chewing each corn kernel before adding 1t to the fermentanon
Although to us this mey seem o be @ somewhat repugnant way of mak
1ng beer 1t does serve to dlluserate the extremes to which pecple wil
ofcmgompfcpamdcobohcbewmga.

'rbe:ymhaxsofdmbolbyyumorcdmofgumumpw
bymcmsofmlm:fob:cmpxrmoapfoca:,towmdxd-emmfd
mentatoa ws ongmally applied by Pasteur The over all equanon for
the reaction aan be written as follows

CJ 0~ ATICHEN 4201,
Such an equauon, slthough 1t gives o nformaton concermng the
gqmmufd:mualmuounmvulvcdmdrmmfunmmﬂd
value to the commercul alcobol producer beomuse st enables um t©
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determme haw effiaently the process 1 being condocred in his plant
From the equanoa 1t 13 cbvions that two molecules of alcobol may be
detrred from one molecule of glocose hence, mnce the molecular
weight of glocose b 180 and that of ethyl alcobol s 46 the maximom
weight of alcohol that can be derived from a grven weight of sugar
an be determined as follows

46)(1

X weight of sugar = 0.511 X weighe of sgac

ﬁmdrunnmumdtorcuahmoumuf:dqldmmld:xanbede
nived from a grven weight of « 6-carbon sugar o determuned by mald-
plying the weight of the sugar by the conversion factor 0511 The
efficdency of 1 fermentation can then be calculated acording to the fol-
lowing equaton
actual werght of alcobol
F.E (fermencaddon eficiency) = oo u{kubmshmgrdﬂduﬂnd X 63511
Since the fermenmation efidency (which b wmlly expressed a5 2
percentage) reveals ooly how efficenty the sugar that was caleed was
comverted to alcohol, in Indastrul peactice 1t 13 amwmary to sate effi-
aency a3 plant efficency
o actual weight yeld of aloohol
wi of 6carboo sogar supphied X 0.510

Sometmes fermentaton effioency may be very high bur plant efi-
aency quee low thes indwading that while the sugar wheh s unloed s
eficently coaverted to alcobol much of the sugar supplied ks not fer
mented st 2ll. For example, If 200 g of sugar 11 supplied, 511 g of
kool prodared, but oaly 100 g of sugar 18 utilized, the fermentetson
cifidency 15 100 per cent while the plant efficdency is only 50 per cent.
Actuslly neither the fermentanon nor phnt efficlencies can be s high
a3 100 per cent in u fermenmuon using Lvming cells, amce part of the

sugar is utileed in the vanous other menabolic processes which oacur
10 the cell,

Mechanism of Alcohol Synthea:

The chemscal reactions occurting in the hiologacal synthews of
aloobo! from sugar have recerved the attennon of many different 10-
tigutors, and several f schemes have been propesed o
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explain the varions steps which are mvolved. The most widely e
cepeed scheme, the so-called Embden Meyethof Parnas scheme (M
erhof 1942 1943) represents the sequence of chemxs! reactons u
follows
1 glacose + ATPe — glucose-6-phosphate + ADP
2. glucose-6-phosphrre = fructose-6-phosphate
3 fructgse-6-phosphate 4 ATP = fructose 1 6-diphosphace
+ ADP
4 frucrose 1 ¢-diphosphace = (dihydroxyacetone phosphare
= 3-glyceraldehyde phospharc)
3-glyceraldehyde phosphate —':‘L‘—‘ 1 3-diphosphogly
hinl ceraldehyde
1 3-diphosphoglyceraldebyde + DPN =1 3-diphospho-
glyceric saad + HsDFNY
1 3-diphosphoglyceric acid + ADP = 3-phosphoglyceric
xcrd + ADP
3-phosphoglyceric sad = 2 phosphoglyeeric acid
E3
9 2 phosphoglycertc acid :w phosphopyruvic acd
0 phosphopyruvic acid 4+ ADP =2 pyruvic acd + ATP

3

=

~

®

1

prr
11 pyruvic 2aad — sceealdehyde + COy
12. acetaldehyde + HiDPN = cchy! alcoho! + DPN

doced diphospbopytids e, diphosphodiamin. T ¥
The above serres of rescnoas are enzyme-catalyzed. In many 1
smnces the enzyme ther oumlyzes a partrcular step has been wolated 12
relatively pure form and subjected o considereble study For exemple,
Reactlon 1 1s catalyzed by the enzyme bexokimase which can be solated
ﬁomyeut.punﬁed.crymlhmd.mdmtdtoamlyzctbcmmfcrofl
pbosphate group from sdenosine erphasphate to glucose In additon
to the enzyrmes nvolved 10 the alcoholic fermentatron there are certan
compoands (adenosine di and triphosphate, diphosphothiamun, dipbes
phopyridine nucleonde) without which certaun of the enzymes cnnot
act. The essential features of the scheme are (1) the phosphorylacon
and dephosphorylation reacnons i which sdeosioe tiphosphate and
d diphosphate are phosphate donor and acceproe respectively
(2) the splitting reaction 1 which the phosphorylsred 6-carbon mole
mlcbdenvtdmdmvpbmpbmyhrrd3adxmwlccuh(crm)
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are formed, (3) the oxsdanon-reduction regcnons 1 which diphas-
phopyridme nuckotde and reduced diphosphopyridime pucleonde are
hydrogen scceptor and dosoc #ad (4) the decarbaxylanoa reacton in
which the enzyme carboxplase, with the aid of dipbosphotuamm

top with the entry of glcose Into the nystem A G-carbon molecale s
ed by a circle a 3-carbon molecule by a half-cirde and phos
lated molecules are partly shaded

(DPT) decatbaxylates pyravic ackd with the formapon of accraldehyde
and aerbon dioxide.

During the course of the slcoholic fermentunon, two  shuttlng
scons occur one involving the of phosphate groups be
tween ad triphosphate and a2 dipbosphare, the otber

Iving the of hpdsogen berween dipbosphopyridioe -
cleotde and reduced diphosphopyndine nackeoode. These  thurtlmg
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:cmmbccmncmomobvmuxxf&:coumoid\elcrmmmmnnpe
sented diagramancally a3 1n Fig 72 Also expluned in dus figure »
the mechanism by which glycerol may be formed during che course of
the fermentanon, & mechanam which 18 dsscussed ta greater denil 12
Chapter 16. For further detasls concerning the mechansm of th
fermentation, and the evidence that 1 nsed 10 support of the scheme
outhioed, consult the works of Porter (1946) and Prescott and Daumn
(1940)

Commerclal Production of Alcohol

For the production of bevernge alcobol in this country the
prncipal sousces of carhohydrare are the vanous cereal grams; how
ever both cereal grains and blackstrap molasses are used for the pro-
ducton of industrial alcohol. In the menufacture of beet the ferments-
tion process 18 bascelly the same a5 thae used In the mequfsctare of
alcohol for such duvlled beverages as whiskey or gin, the prncpel
differences being In the addioves used 10 beer making and the Jength
of the fermentation nme a3 well a3 the temperature at which the fer
mentanca 1 conducted. The peocess of wine making 1 also basscally
the same differing only with respect to type of raw matetrls used aod
the condipons mamntained dunng fermenmuon. Since there are 8
greater number of unit processes 1 & distillery (10 which akcobol »
made from graln rather than from blackstrap molasset) chan in ¢
beewery or winery the present discussion of plaae procedure will be
confined to grawn dstillerses.

Upon arrrval at the dusallery grain 15 first sampled for analyss end
then transported o storage bins by means of bucket sgew of ar
conveyor systems. Although the gramn arrrving ar & distillery has asually
been cleaned previously at o elevator 1t may sull coatun erash such
as stcks, cobs, or small preces of won 1t may also contem weed scedt,
ergot (see Chapter 8) or garlic, all of which must be removed. Gran
1s usually cleaned by passage through # series of separaror screens, a6
which powt trash and dust are extracted. Prot w milling the gran,
tramp” 1roa 15 removed by means of magnetic separator, sunce small
pieces of 1ron passng through milf rolls would noc only cause damage
to the rolls but mught also create sparks, resulning m & dust explosoo.
Inmduﬁllmgmmugrmmdmddimmcdmbmrnpmknbk
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methad 8 o synchronze the vanous operanons o that the grain 18 used
a3 s000 s 1t B ground, thus clminatng the need for storage. Roller
mulls, lammer mills, and atmon mulls have all been used foe grnding
gran i dunllerscs; Willkie and Prochaska (1943) have listed he
sdvanmges and ditdvantages of the vanous types of mills

COOKING AND MASHING. Smce cereal grans coamin
starch, « ponfermenmble carbohydrate, they must first be processed to
hydrolyze the starch to a fermenmble sugar sccomplished by coolang
the ground grain and digesung the garch with cnzymes (vsmlly male
enzymes in the U S.) A slurry prepared by mixing proper quantines
of ground gram and water Is then cooked batchwoe or [n a continmous
cooler, For batch cocling exther an open: mash b or & dosed pressure
@oker may be med, the latter type of cooker has en sdvanmge over
the open type in that the slurry can be heated 10 & much higher tem
perature, unce 1n the open cooker emperatires cannot exceed 212F
In & batch pressure cooker a cooking ecmperature of aboat 300-310F
s usmlly employed.

Use of & continoous cooker also permuss high coolkdng temperatures.
In this type of process the grain slurry o heard w© « relsavely high
temperarare for 1 shoct penod of ume by means of s et beater Sunce the
cookdng perod 13 quite shart 1n the ¢ process, the prepacsth
of the grain-water slurry is wsually also oa & continunes besis, end mey
be doae by metering water and ground grafo m peoper amounss oo
& morer, In the cookimg process the starch becomes gelannbed, and as
a resalt cooked graun 1 quite viscons aod sometimes difficult © pump
for thar reason & seall amount of malt Is ofectn added to the sluery
prior to cookung, and partial biquefacnon of the sarch occurs before the
malt enrymes are snsctivated by the high cookung temperstures (ches
procedure o referred 0 as premadiing)

CONVERSION  The coolung or mushing of grain has parthlly
solubilued the starch, bat before st can be fermented w alcohol by
youst it must be converred (o soluble sugsr. In 2 beverage akcobal plant
the law requires that this conversion be dooe with malred grun (uso-
ally barley) which coneing enxymes (smylerer) that change starch
fint 1010 dextrms and then 1nto the desacchande, mattose. The quantity
of malt used vares with the gram, corn usaally requning larger
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quantaes for conversion than the small grans. A commoa practie 1 o
use malt 10 an amount equivalent t 10 per cent of the weal gram bl

Lﬂmallcuzymu,thctmyluumdmoyfdbymyxmpcmum,
and hence cooked grawn must first be coaled by unng warer coils, warer
]nckrt;,urlvncuum.Amnvrrsmmmpcnmreoflencom}y
wsed. Exposure to temperatures higher than 152F results 1o en ap-
preasble destruction of enzymes- however snce malt 15 often added
in the form of & cold slutry the enzymes are sometimes momentarily ex
posed o high remperatures, since the cold malt slurry 15 wsed to finsh
the cooling of the cooked grain to conversion temperarare.

In plantss where cooking 1s conducted on a batrh basss, conversion 5
also done barchwise und may be doae 1 the cooking vessel or enocer
tank However i plaots where cooking 1 & continnous process, con-
verston may also be continnous. The cooked grain 13 cooled o pearly
145F malt slutry bewng pumped at the proper rate mto the lme
through which the cooked gran flows. In # process of thy type the
“converter” may merely consst of many secrions of such pipe. Length
of conversion ttme 1 controlled by the Jength of pipe and the rate at
which the slurry 8 pumped.

For the preparanon of iodustrml alcobol, conversion may be &
complished by aad hydrolyss rather than through use of malt enzymes
According to Willkse and Procheske (Joc cn) 95 per cent convernon
of grain starch occurs when grun 15 cooked under pressure wrth 02
norrmal sulphuric acd. They recommend o cooking ume of three mue-
nres and a cooking remperature of 360F

Smdnnnytmbecwvcrwdmfmnmublemgubymmd
mold bran, which i scdified whent or rxce bran upon which A
pergillns oryres bas grown, but mold bran may ot be used for coo-
verstoa 1n this country 1f the alcobol 1 to be used for beverage purpaxct
Thcprodmuonmduxofmoldbnnndescrﬂxdmdmﬂmtht
chapter on fungus enzymes.

FERMENTATION  Afrer mont of the starch 13 converred ©
sugar the mash 15 further cooled, pumped ito fermenters, and 1n0c-
uhmdnmzhm&mmﬂmopmmmtdmbm&cofwwd-
e, ot swel the cepecrty of fermenters varres with the disullery apd
mlyrmgq:fmmmnl]r.xtm]u}'ncldmgnfcwti:lcmundg-uﬂcvmht‘h“.‘}'e
tanks aapable of holding over 200 000 gallons. Mersl fermenters are
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preferable to those construcued of wood or ale, smce they may be mos
easily cleaned, and covered fermenters (Fig. 73) are preferable 1
open ones sisce the possibility of ¢ i durmg fer
hrcductd,drnummgou:o{fﬁmcnmbcmm[umudom
much fualrated, and carbon dioxdde arsmyg from the fermenter may b
recovered if ke is destouble 0o do s0.

The p at which a fer 1 set —hat 18, th
muml emperatare of the mash when it o ipoculated with yeast—is &

Fra. 73 View of the upper ends of covered fermenters wsed for 1}
acoholic fermentation, Note the large Unes through which gaseous produc:
may be recovered

pendent upon & number of factors. This i especully true of the fermer
o0 equipment s of the type In which tempersture cannot be cot
trolled, in whch case initnl temperature will be determined by weathe
cond (the temp of the water avallable for cooling the mas
before it is pamped to the fermenter) type of mash, and the smow
of ume allowed for the fermenmnoa. Usually the jnital emperatn
seleceed 15 low cnough to prevent the mmperature of the fermenas
mash from fuag sbove 90F before the fermenmnon o complet
Higher mrtul temperatures may be uwsed with fermentess equppe
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F10 74  The relation of temperature to initial fermentation rate of tvo
commerctal strains of Ssccharomyces cercvisize

for arculstng the fermenung mash through an external cooler witb-
out acraton. Use of external coolers is demrable, since the ferments-
©oa rate 15 increased not only becanse of the higher temperature but
also because of the agiation of the fermenting mash dunng crculs
tion through the external cooler The effect of temperature upoa fer
mentation rate 1 presented graphiaally sn Fig 74,

From the data presented 1n Fig 74 st 13 evsdent that boch yeast strams
have the fastest fermentanon rue at apptoximately 100F Ths high
temperature should not he mantained throughout the entire course &f
# fermentation, since 1t would foster the growth of such contamuant
#3 certain butyric aad bactenia #ad would have the effect of incressing
the inhibitory activiey of alcohol on the yeast cells. However # 5
definicely ndvmugcommbcablemumphjghmindmpcmm‘f
o faster fermentanon 1 deured. High remperatures during the et
pare of the fermentstion are undesirable oot only becamse of o
smimant growth, but also beaune they reduce plant effioency—%

lly 1f the 1n1em] sugar content 13 hi
Pe?:nc{:dwtbcomncxl;‘c‘ldofdmbolv\g:rhmybcdmwdfmml
mash incresses with sugas coatent, a high yeld of alcohol should be
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expected from ¢ mash of high sugar content. Farthermore, sch
mash set at high temperuture should have a relatively high akeohol
content 1n 4 thort penod of ame. This would definssely be an advantage
except that a high alcobol concentration has & markedly mhibiocy ef
fect upoa the yeast cell, and high temperature increases this effect. The
effect of temperature upon the alcobol tolerance of yeast is shown n
Fig 75

The length of the fer perrod 13 dependent upon tempers
ture sugar concentrapon, pH of the mash, type of yeest used, and
smilar factoes. To plants where for produnon reasons it 1 not desion
ble to keep a fermenter In use too long with  smgle fermentanes, the
fermentaton moay be stopped before it has proceeded to completion.
Sooe fermentable sagar 15 lost when tha is dooe, but sometimes 1t
mare economiaal to lose mugar than time.

Although in some plants the entire fermenter may be filled before
the yewst 1noculum s sdded, usoally the yesst s dropped™ to the fer

-
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Fx 75 The eflect of Increating temperature upon the alcohol 1olerance
of yeart (DCL Stroin No 1) (From Gray 1941 )
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mmttrsooﬂlﬁtrmmcofthecmvumdmuhnpumpcdmﬁ.upn)
cedure provides a me gam, snce with viscous gran mashes (rye,
wheat) the ume required to fill a 40 000 gallon fermenter may be m
excess of scx hours. Thus, #a equivelent amount of rume may be saved
dthcycutumtroduc:dmmd:efmncnmmdweulymguo.‘dr
mash pumptag operation,

Although milling, cooking, conversion, and desallatson are on £ con-
nuuaubtmmmmygnmdcabolplma.[czmmummumﬂléumﬁ
process, Obviously 1t would be quute destrable to operare fermenmton
a3 & contnuous process, synchronized with the other processes, bat In
# beverage alcohol plant 1t 15 almoast impossible to ferment contmuouly
for any extended peniod of ume becanse of the increase 1 onmber of
contaminating organums introduced with the male. Since the malt
enxymes would be destroyed 1f beated to a very high temperature, malt
cannot be heated to the temperarures used 10 the cookang of othet gram,
and a2 resule the mrcroorganisms 1n malt sre not kulled and may
gradually increase 1n number duting the course of & fermenanon. If
rezsonable sunutary precantions sre observed such contamunants mrely
cause much difficulty 1o« batch fermentation they steadily incressc in
number m a conunpous fermentetion, accompanted by & seady de
crease m aloohol yreld. According to Willkse and Prochasla (Joc. at)
1f mash s sufficently free of undesirable microorgantsms a ferments-
won may be conducted on & continuous baus by adding mash o e
fermentes st a constant rate and wuhdrawing fermented mash coo-
tnuously If fermentation has not reached complenon mn dre mash it
1 withdrawn, 1t may be pumped to & secoad fermenter where 1t 3 ol
lowed fo ferment o complenon. Scveral such schemes have been de-
vised for conducung a continuoas fermentanon (de Beoe and Rowcor
blatz, 1943) but a sansfactory oae has pot yet been developed.

Although the fermentauon scheme dlustrared m Fig, 72 indiaates
that there are but three end-products (ethy! alcohol, carboa dwwde,
and a tace of glycerol) there are usually other prodoces formed w0
the course of the fermentaton. Fusel o1l, which consuses lasgely of amgl
and 1soamy! alcohols, 15 formed 1 spprecuable quantity from amimo
scsds. Sucanec acrd 15 also a by product of amino acd breakdown and 8
believed to be dertved mostly from glutamsc acd. Ethyl acemr oy
also be found 1 small amounts, lthough It 15 ot known whethes the
compoumdufonncdbyyn:torbybammlmnmnumu.ﬂmnm
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evidence that § cersruses 13 capable of synthesizing ethyl scctate-
however it has been demoastrated (Gray 1949) that a related yesst,
H. L Ja does syntt chs ester

YEASTING. Some tme before the cooking opetation de
scribed above was begun, another process was stareed 10 order to Insure
thar sufficent yeast inoculom would be resdy st the time ft was re
qaired for oculating the mash 1o the fermenter The proces of pre
panng yesst woculum is known a3 yeasting. The early stmges of the
yeastmg process are conducted 10 the laborarory and consust of gradually
buildmg up 10 moculum of actrve yeast cells unnl a volume sufficent o
moculate a plant starter mesh (dons) s obouned. Thn Is sccomplsbed
by inocularng  small amount of lrquid medmm in « test tube from a
fresh agar shant culture of the desred yeast, After 18-24 hours the
Lqud cultore is poured 1nto & small fluk coatunmg an amount of
mediam larger than that in the test tube. Soccesuve transfers are made
at umitar miervals w larger volumes of medum. The yeast that s
wted directly to 100culate fermenters i3 calmeed 1n yesst tabs (Fig, 76)
whach are moculated from the doas.

Fro 76  Yeaxt tubs showing developng
the yeartng process occwurs i these tanks
inoculared directly yeaxt tubs mech as

11
3
§
|



194 Beneficial Activities of Fungi

During the laboratory stages of yeasting, commercial Diamalt, mak
extract, or stouned sour yeast mash may be used, but in the dons and
yeast tubs sour yeast mash 13 ordinanly employed. Yeast mash 1 pee
pared like other mash but nsually has a higher sugar content. Proe o
moculstion with yeast the mash 15 commoaly soured by wntroduemg
a lactic acud bacterrum Bacrlias delbriicks Thu sesults 1n g mash thay
15 acd 10 reaction, and more favorable for yeast growth though ke

Table 17 —Relation of alcohol concentration to
percentage of glucose utilization by aerated and
nonaerated cultures of yeast no 31

Lusrial

Alrnbad Glacsm

(% by Fimel Glasw  Utlinnd
Caltare Mathed drew)  (3/100 WD) [€)
Aerated 00 00380 96 61
Nonsersted 00 00381 96 59
Aerared 80 00623 MM
Nooaerared 80 00575 M 86
Acrared 100 0 5040 35 00
Nonaersted 10.0 0 3470 65 a1
Acrated 120 09900 1161
Nooaersted 120 0 9460 1554

From Gray (1947)

favorable for the growth of bacterial contamnants. Duning the souering
pmcu!-rmpcram:eofIBOanumncd.W}mch:pHo{dr
mhhudmppcdm40d:cmnngpfmnmppcdbymmgﬂ!
tempetature o 135-140F the sourmg process usually requures 3-10
houm]nstbcfnmdxcmcmd\xucuofycutfmcbcdom.mmdmﬂb
L] and then coled (o about 75F Yeast mash should contt
about 16 per cent sugar aboat 40 per cent of which should sll remam
when the yeast 18 dropped to the fermenters,

Since  finushred anxhaﬁdbcmdyunbantbcmmewd“‘
d;e.‘crmcnrcrun:ndyformoculum,nbrakdcwnmothcrdchym
mdhugotcookmgopenmanamdwyunmomlumrodnt@
past 1ts optunum state with # high proporoon of old cells. Fortunately
nnccmoayrmmhsuecqmppcdwnhnpcket:bmughiﬁnd‘ﬂdﬂ
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cold or hot water can be arculated, 1t 13 powsible erther to speed up o
slow down yeast development by maising or lowening the temperature
10 the yeast toh. Yeaw development o be accelerated by mechaniaal
agmunon of the mash,

In the yessung process described above, yeasr cells are produced
under partally anserobx condimoas however a3 Willkse and Pro-
chaska (Joc, e ) have poued cat, yeast mocolum may also be pre-
pared under acrobic condions. These authors smte that the serobic
producton of moculum has cerln advannges over pertlly sozeroble
methodt. Greater numbers of yeast cells can be obained in sborter
peoods of tme if the culture medim i nigoromly scrated, but, it has
been demonstrated (Gray 1947) thar the alcohol wlerance of a yeast is
dearessed by culturing it under highly serobre coodivons (Table 17)
Fot tbe preparanon of 1poculum to be used for the fermenotion of
mashes of high sugar content (with resalmnt producton of alcohol in
high concentratons) excesstre weradon should therefare be avolded.

DISTILLATION  After & fermentanon hes reached comple
ton, the fermented mash (beer) 1 sobjected to distillanon, the process
of separanng the sloohol from the f d mash by evap
The alcobol B vaporred by heatmg the mash and the vapars are col-
bected, condensed, and recovered as a liquad, which may then be reds-
tilled to obtain alcohol of higher pereentage.

Disillanon may be ¢ continuous or # bawch procets, the narure of
the process varying with the purpase for which the alcobol & bemg
produced. T, for the prodocon of highly porified gram atcobol
(about 95 per cent aleohol) the dnmllsnon procen o somewhar moce
complicated than thar involved in the producton of whikey For a
disusmion of the principles upon which the process of dillanon is
based, the reeder Is referred to the works of Young (1922) and Willkie
and Prochaska (1943) m the latter work will also be fonnd discassions
afdmﬂnmcquipmcmusdtpcuﬁclﬂyinth:llmbolmdmy

myopmmcmmmmm After the
akohol has been d by disnl} the fe d mah is known
=3 gillage Aldmghsdl]ageuover%pacmt“m # containy
drasol ls of valoe to jusufy forther
mn&:ndmby?rodmmdm]hldxndgmumddxsdlhl
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solubles, are oberined. Stce both of these materials are naed g3 Ivesinck
feed, thetr production 15 ducussed in detarl in Chaptee 7

Power Alcohol

The use of ethy! alcohol, either alape or In combinaton with
gusoline or other matersals, as a foel for use m internal combustoa
engines, hag been discussed for many years however there apparently
bas been but one serious attempt o market such # prodec in de
Unteed Strees. Whether or not thus project should recerve serrous con-
ideration depends upon one s paint of view and also upon sn accure
estimate of our petrolenm reserves, which latter wnformarron shoukd
determine t0 & large extent the necesuty for developing a subsumre
for gasoline.

As exrly a5 1906 the U S. Department of Agniculture started a0 m-
quiry concerning the possibility of unng aleahol as a complete or partnl
sabstrtute for gasoline m nternal combustion engines, In a prelimunary
report issued by Lucke and Woodward 1n 1907 the possibilsy of using
akcohol #5 & motor fuel was presented m @ very favorable light, bat the
report pormted out that 1t would probably be some ume before akohol
could be produced cheaply enough to compere with gasoline While the
et heat of combustion of alcohol 1 less chan that of gesolie (10,000
Bru per Ib as compared with 19 000 Bra per Ib) and the larent heat
of vaportzation s greater than that of gasoline (thus creanng engoe-
sarting ddfficulues) the combustion of alcohol 13 cleaner mareoTer
alcohol can be transposted and stored with consederably greacer safety
than gasoline. Lucke and Woodward s repoet made the predicuon that
slcohiol engines will eventaally replace gasoltae engines bat only whea
the cost of fuel for operation 15 & subordisate consideratron. The prob-
lems connected with power alcohol sre ot primanily mechanscal (the
use of ¢ gasolme-alcohol muxture having been adequately demoostrated
in a number of Eusopean countrics as well as 1n the Uuted Swmees) bt
are rather cconomiC 10 nature.

Two principal factors are of paramount importance m a1y considert
t0n of the proposed wse of alcohol as 8 motor fuel (1) the coxt of
productron, and (2) the future availability of dhe matertal r 1s
mreph(e‘AtdlcpchnrumethemﬂOfproducnonmzknlkﬂm
unablcmcompctcontbcmrkrrwnbgwhmMmofdcd‘d
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production by fermentaton processes can be reduced only through
the use of cheaper rw matemals, since many of the industrial yeas
strans are aapable of b g skobol m q approaching
the yreld theorenaally passible from the fermentable carbohydrate sup-
plied. In additson, the type of donllery equpment svailable today 1 of
very efficent detgn. The diadvanmge of current alcobol prodection
practice s that much edible carbohydrate o wsed 3 & source of raw
materhl, so that the aw material costs are hugh, There seem 1o be
gross dufferences of oplawon coacernlag the sze of our petrolenm re
serves. Some o1l peolognss and conservationssts state that our petro-
leum reserves are practiaally inexhaustible- if thus 15 troe it would scem
2 vaste, from the standpomnt of carbohydrate economy w0 advocate the
a of edible carbohydrate to motor foel 1n the face of increasmg
world population and decreaung arable land screage. On the other
hand, 1f our petroleum reserves are likely to be exhausted In the for
seesble future (another mechanmed woeld conflict would undoubiedly
1id maternlly m exhawnon of such reserves) we should squarely face
the fact that some day we must quickly develop a substiarte for gasoline.
The atatude that petroleunm reserves are inexhsostible b cxtremely
shore sighted, especally m view of well-documented 1nstances of min-
el being depleted over relatvely lacge arens. An example of
the 1oexhaustibiliey of muneral resoarces was the almost toaal deple
von of Induant s known natural gas m e little over a deaade. If our
sooety remains s highly mechanirzed a3 1t 1 today we may someday be
faced with the problem of chooung between eating our carbohypdrates
or powermg our engines with alcobol detrved from curbohydrates, A-
cobol can, of course, be easily obained by fermenung the carbohydraze
of many edible foodstuffs (Table 5 Chapter 4) competnon between
the food and foel industres, howerer shoald never arne, since diver
uoa of food mto such dunnels could never result m « soluton of the
fuel problem. If the sonual world's production of sugar cane was wied
wolely for the peoducton of alcobol, the resultant akohol would nor
bco.‘n:ulymfﬁcrutqmnmymmpplytbedcmmdfmmfnd

If alcohol B to become & potent factor in the field of mote foel, it
muost be made through the oril of the most abundant carbohry-
drate 10 the world—cellulose. The development of efficsent, economical
methods for the almott quantiatrve comvernon of celhulose to ferment
sble rugars would result in provding the raw maeerials for producton
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of tremendous quantities of cheap alcohol. Several methods for dhe
2ad hypdrolyts of cellulose to glucose have been proposed sad parened,
but these methods leave much w be desired of aloshol 5 @ be sold
competitrvely with gasoline as & movor fuel. Artempts to prepare aod
isolste cellulose-hydrolyzing enrymes should be purseed vigorouly
although at present such a method for digesung cellulose does not seem
such 23 immeduate @ possibility as aod hydrolysss.

Willkie and holachov (1942) have songly advocated the o of
alcohol as & power fuel, but are primarily seelung s use as a foel for
farm power They envision small dunllery nnies scasrered chrough
farming country each dunllery serving 2 relatrvely small ares. On the
sucface this seems like a feasible plan, suxce 1t would enable the farmer
to obtawn foel from his surplus farm crops, and would avodd cosdy
long-distance transportaon of either raw materia} or finshed prodoc
These anthors also recommend the return of the disullery resdoes »
the land on which the crops were produced. Yet, of alcohol 5 ever ©
become & factor 1n power fuel supply planning will have to be done oo
« much larger scule, in rerms of contnents racher than small rural eress.
Fucthermore edible carbohydrates must of necessity be ruled out as s
source of apy smesble amount of raw matenal. A power akobd
progrum must eventually rest upon the utilization of presently oot
edible carbobydrates if the alcohol 13 to be produced by microbsologial
means.

Leslie (1923) states that the development of an alcohol industry 00
u scale comparable in sny sense with the petroleym mdustry 13 o
tingent upon the use of wood #s & rew materal Shortleaf poc bas ¢
commerctal range of over 150 million aces in the southern part of the
Unrted States, and would be an excellent type of mee w use for coo-
verswn (o alcahol. A 25-year rocation yrelds & wood producnoa of 203
cu fr per acre per year Allowing a yeld of 20 gal of 95 per cent akobol
pet toa of wood, the ansual yreld per acre would be over 62 ga 1
the cost of raw wood lad down ar the plant was csumared at 7 ceoss
per gellon of alohol. (T!wprxtaumxtcmﬂdluvcmbend)umﬂ
wdmhcpmgwnhpmtd;yhghaptm)?onhcmﬂuﬂlm
ducuon of enc millon galloas of alcobol, o be mamtaincd mdefntely
16 129 acres of land would be necessary  approxmarely 643 st
would be clear cut annuallp—each acre yrelding 5,220 cu ft of wood,
which would yseld 1,556 gal of alcohol.
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It 13 a trubm that m umes of plenty most indrviduals do not heed

words of caution. Times of plenty have consttuted most of the early

histocy of the Unred States, but 1t 18 unrealistic to bebeve that any

rosource i inexhaustible, and some of our rescarch and development

programs shonld be pointed toward discovermg substrrtes for matenals
which may soon be exhaused.
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10 Synthesis of Gallic Acid

ALTHOUGH THE ALCOHOLIC FERMENTATION was uqoes-
uonably the earliest utilized of oll of the fungus fermentanioas (simce
angent man undoubtedly was aware of the changes which woald take
place 10 frust jusces or diluted honey 1f they were no used np immed-
arely) the gallic acd fermenmtion has the dustinction of bemng the
first filamentous fungus fermentation t be mvesngared. Strictly speak
1ng, this process 13 nertber a fermenttion nor a synthests, smee (a3 €l
be scen later) gallic acd 1s formed sunply by the hydrolyuc cesvage of
an already existing compound.

The French mvestigaror Van Tieghem (18671, 1867b) fimst d¢
sribed the true mture of the process of gallic ecd formanon od
demonstrated that the respoosible sgents are fung In hss classc
searches on the gallic aad fermentation Van Tieghem was also e
first investigator to esablush the fact chat fungt in the genere Aspergiles
and Pensesllinm (Fig T7) are impormnt organisms 1o the field of bo-
chemucal synthesss. In connecron with these puoncening researches, Ve
Tieghem wsolared named, and recognmed as ncw the speaes AIpT
grlins meger—a fungus which bas pince become well koown to chems®
and biologssts and 1 used m a wide vamery of brologucal syntheset
Asperglias iger (Fig 78) 13 also @ familiar fungus to all who bare
had any coatct with fungus physiology or applied mycology & b
probably been the most 1avestgated of all fungus species with the &
ception of the common yeas of industry Seccharomyves cererine.
Meny different strans of A msger are known, and the buosypthet o
pacities of one stram quite frcquenrlynrevcrydﬂcrcntﬁnmthﬂf"(
another In fungus fermentatron work wnvolving tha speaes 8% i
vestigaror accordingly firss studses the capacities of & number of different
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Fia. 77 Diagram of the spore-bearing structizes of Aspergilles (A) ond
Peniciliium (B) Highly magnified.

oy

Z
= =

Fro. 78 Petri plate cidture of Aspergilluy niger

srains in order o detetmine the one best suited t & particular proc
e

Galle ecid 18 prepared from tanoun, & materml foand in & greas va
ety of plann but especially abandant in caks 10d sumecs. The most
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important source of tanin 15 gallwats which are hypertrophied grox s
fcrmcdonnmucmdoakunrmdtofmmm;um'l‘haemup
pucndysevtmlrypaofmnmm,bmd:eoneprmapdlycoocum:lm
the production of gellic and 15 gallotanmm a glucoside of gallic sad

Gallic acrd can be prepared from tannin by « chemical process i
volving the hydrolyss of gallotannin, or by means of « fangus fermen-
tton. Litte informaton 15 avalsble 1n the hteramure concerning the
methods by which the gallic 2cid fermenaation 13 conducted commer
aslly the detads of the process apparently bemg a closely guarded
trade secret.

Gallic saxd his the followng strocrural formuls

OH
OH
HOOC OH

It has & vaniety of uses (May and Herrick, 1930) During World Werl,
when German vat dyes and indigo were pot avarlable in thes country
because of the Britsh blocksde of Europe, gallic soad was wsed 1n the
synthesss of gallocyanin a blue dye used 10 Americrn saijors wntforms
of that period. Gallic ecrd at present 15 employed 1 the manfectore
of a very fast dyestuff known as alizzrin brown. In combinaon wih
ferrous sulphate, galic aad 13 used 1 the preparstion of permenent
black 1k, and medicinally as subgallate of bumuth 1n the treaement o
certan skin disorders. Thus acd 15 also used as & starting chemyal m the
synthetis of pyrogaliol, an important photographic developer
Although gallic sad was discovered nearly a century before Van
Tieghem s uavesngations and was known to be formed from gallaest
some workers belreved that 1t was formed from mnnin 1n the gallows
umply by an axidstion process, while others held that 1t resulred from
the acoon of & ferment saturally occurring m che gallours. Van
Twghem was able to demonstrate that tanntn 1 not transformed through
the actoa of & pre-cxistng ferment, nor by contact with the at slooc.
He usolated microorgensms from fermenting gallnuts (probably be
cause of the wfluence of his mentor Pasteur) and reported that %0
fangt appear natusally mn the transformation of tnnin Pemorllnm
glewcam and a new speaes which he named Aspergiins wzer of
these two the latter was the domunant organism. The serobx panse
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of the fungi was established by Van Tieghern, but be noted that if the
mpdmlgrowd:uucndrrlyufdtmrimt}pc.dweyxldo!gﬂlxmad
was decressed although the weight of fungus mycelum formed undes
such condroons was grestly acreased.

Chemcally the formanon of gallc sod from tnaun b a simple re
scr00 fovalving the hydrolytic cleavage of the gallomnom molecule
a foct known to Van Tieghem, who stated thar tunnia s spli to gallic
wed 20d glucose with fxstron of the clement of water  Tha hydro-
b cleavage n canlyred by s speafic enyyme taveare which wa
demonstrated independently by Fernbach aod Potrevin wa 1900 both
of these mvesugators found thar thu enryroe was focroed by A miger
Xnudson {1913b) stodeed the producton of tannase by A wiger and
found thas the cnayme was not formed when the fungus was cultured w0
2 potrent solunon 10 which there was po . The feacton rmay be
wotten as foliows

Galloranin + HlD—————Gall ¢ Acd + Glucose
[

In the older method of conducung the gl sad fermentaooa, gall
nus o other substances Damunmg tomn weee beeped up and mon-
tened. Fung developed through the heap wihach was stired ocossion-
ally and mamnouned ar & temperature of sbont 30C. Gallic acd was
chen leached from the heap after & fermentanon perrod of about coe
moath (Prescort and Dunn, 19%40) Muoch more efhiaene methods of
conduchng a coatrolled fermentation are now knowm,

The galix ead fermentanon was staded 10 some detadl by Knodson
(19132) who first tested a large aumber of fungs 1n order to determme
thewr sarabulery for mae in dhos fer Thewe tests wvolred 2 de-
ermmenon of dhe toxscty of tanox sod 1o the vanows fong under
mvesuganon, Kondson finding that only A siger and & specses of
Penccillinm whach be did ot name could withsend hsgh enough coo-
centravoas of manuc ead 1o be of ponible veloe in this fermenmnon.
Like Van Tieghem, tho later mvesagreae found thar of the two or
gamuns, A. meger was the best soned. With punfied monie sad u the
subetrare, B1 per cent was tranafoemed by the rearth day by A siger
whereas 10 & cotrespoodiag tume persod only 33 3 per ceac of the tannic
sad was omostormed by the Pesicd/em These sme geners] resin
were obouned when gallnut exoract was ueed wead of punfied wnase
scd however 2 more rapsd fermentrtron was obtaned with the gatinnt
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extract (8 days requured for complete transformaton of tanic acd
1n the extract as compared with 16 days required for complete trans-
formation when punfied mnnrc aod was used)

Since gallic aad 18 known o be further metabolized by A. seger thus
resulang in decreased yields, haudson scempted o prevent dus by sdd-
108 other nutrients o the fermentanon medium. Whea 5 per cent sugar
waddcdmth:mcdxum,thmwmmnscmgmwthof/{ niger
but the gallic acsd was not protected  the additron of 10 per cent sugar
to the fermentanon medmm resulted 1n complete protecton. It 15 now
known that the disappearance of gallic acid from a fermeataton s dve
to the fact that in sddrtion to the synthests of manase A. wrger synthe-
sze3 another enzyme, pyrogellase which destroys gallic aad (Nicholson
et a/ 1931) The so<called proecuon of gellic ead by sugar as de-
scribed by Koudson v undoubtedly due to the capacrty of the fungus
o utihize sugar more readily than gallec acsd. Knudson also noted thar
under conditions of decreased seration, gremter yrelds of gallic acrd were
obtained he reported that under such conditons 1 mg of mycelum was
suffiaent o effect the trantformation of 2706 mg of tank sad 1n 10
days. On the baus of hus findings Koudson recommended two methods
23 econamucal ones for the productioa of gallic aad (1) conducung
the fermenmron under acrobc condrtions aod supplernennng the tan-
nic eerd with cane sugar or (2) culrurmg the organnm 1n medum
which tannic scrd 12 the sole source of carbon but mrting the oxygen
sapply to & soull amount.

Calmette (¢ May and Herndh) developed end patented a method
for the production of gallic acid by the fermenttion of e clear tnnin
extract. According o this investigator s speafic organism which he
called "Aspergilins gallomsyces” 13 present 1n gmall quananes in all gall
num, He solated this fungus and obsined 1t 1n pure culture. Calmetre s
method mvolves the use of 2 mnl equipped with an agitator and st
able means for meroduang stertlaed aic into the medium. The clear
taanun extract 5 first placed m the tank and steam sterilized. After cook
g o 35-42C the mann extract 5 moculared the fermenanon
cemummdwhmnﬂofd:cmnmnhudmppcucd.Anmm]plﬁﬂf
the process 13 keeping the organism submerged, # posnt noced much er
lier by Van Tieghem Calmeree clasmed thac the fermenaton ws
fmzrmddmyﬂclduupmorw}tumunmhodmuxdmmdofdt
older method of allowing the fermentetion to occur m & beap of it
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nuts. Foster (1949) states that today the fermentanon is conducted
wrth clear aqueous tannin<ontining extracs and that when the an.
nm coatent of the subserate is high (10 per cent solunon) the gallic
scd which 13 formed crystllires out in the mednm,
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FROPEKTIES AND USI3 OF CITRIC ACID
BIOSYNTHESIS OF CITRIC ACID

RAW MATERIALS USED IN CITRIC ACID PRODUCTION
FRODUCTION METHO

MECHANISM OF CITRIC ACID SYNTHENS

ONE OF THE OUTSTANDING CONTRIBUTIONS of mycology o
the fermenmtion 1ndustry was the development of @ fermentatron proc
ess for the producton of dric sad. This development has made the
Ugited Seates virtuslly independent of aitrke acid or caldum atrate im
ports since 1927 Cochrane (1948) stated that in 1948 approxumately
35 millron Ib of thus actd were manufactured by dre fermentanron proc
ess—far gresrer than the amount eanaally tmported tnto this country
prior to the development of & process mvolving the use of & fungus as
the brosynthenc agent. Unal farly recently essentmlly oll of the fer
mentation atric acd production 1 the Urnuted States was handlied by s
sngle company however in the past few pears several other companies
have started work in this field (Beesch and Shull, 1955)

Calaum atrate (the mw marernl used 1 atrsc sod manufscrure)
was formerly produced almost entrely fram crrus products According
t0 Wells and Herrck (1938) 90 per cent of the world supply i 1922
was produced in Imly Afeer 1922 shipmenns of caloum atrate and
atric acid to the Unrted States began to decline due (according to Wells
and Herrich) to three factors (1) the Tanff Acr of 1922 which
greatly increased the imporr dunes on both artre acd and alaum at
rate, (2) the lasge increase in acreage of bearing lemon trees m Cale
fornsa, and (3) the large-scale manufscrure of atric acd by & fermen-



taton

13 shown in Table 18

Synthesis of Cliric Acld

Table 18 —U S Imports of calefum citrate and citric

acld for consumption 1910-36

Cakeoem Carate Carr Arsd
Dwy Daty

Yeor v pound Prend por prand Poacnd
19100 Free 4114256 [\Yus) 142,001
1515 0.01 6,242,244 a.0s TILAYM
1919 ool 3 865,294 .03 1224391
1920 ool 12,490 196 0.05 1,317 467
1921 aot 538,965 003 92,737
1922+ ool 16,000,692 0.05 1,325,366
1323 o7 1 672,604 017 757,864
1924 0.07 1938 647 017 673 114
1925 ooy 3475 964 0.17 88,574
1926 ao7 3039319 017 84 897
1977 o007 416,045 017 71,291
1928 0.07 — 017 1338
1509 007 None 017 Nooe
1930 oo7 Noae 017 6726
1931 0.07 None 017 90,850
1932 007 o4 a17 134 521
1933 0.07 33,172 al17 9 784
1934 007 Note 0.17 3275
1938 007 None 017 575
1936 a.07 Nooe 017 ©

Sowrce- U $ Buresn of Forrign Cotomeron
thlm-u-nh:c
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process. The declme in 1mports of cilctum atrate and ot sod

Many years before it was duscovered that arnc aad could be
synchealzrd by certun fungy, s acod was nolsted from lemon juxce.
Chemally atric acd 8 2 wibesic sad with the followmp sroctural

formuls
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C'rmcladaymﬂmmhrgctbomb;cayrmhconmmmgoncmk
cule of warer of crystmllizatron, which s Jost when the 2ad 15 heated to
130C. Is melting point 1s 133C. When 1t 18 heared above 175C «t
decomposes 10to sconine aad, Imconie acld, and several other com-
pounds. Cieric acd is used 10 the manufacrure of crtrates, flavorng e
tracts, confectropery soft drinks, effervescent salts, as an ingredient of
the matenial used for ulvening murrors, as an ink wngredient, 1 dyeug,
and 1a medieme. Accordimg to the Unreed States Department of Com-
merce (¢f Wells and Hernd,, 1938) the major porton of the e
ecid made in this country 15 wsed for medicinal purposes. Ells (1935)
bas suggested that airric acid may also be used 10 the manufacture of
edible synchetic resins which might be used as subsutures foc dude m

the preparstion of ¢chewing gom.

Biasy nthesis of Citric Acld

Wehmer (1893) first reported the production of atnic sad from
sugar by fung, and propased the genenc name Cutromyces to wclode
the two speaes of fungt with which he worked (C pfeffervonss and
C gleber) These fungs wete subsequently found o be bert of the
genus Pemtcdlenm and atrc aad was Jater found among the metabolse
products of fungt other than these two specwes. Thom and Curree (1916)
showed that crerec acid 1 spnchesczed by maoy sramns of Aspersiliss
mgcrmddxu:mndzuntemblcwdlmcupmpouldmamcrﬁpm
duction was characterustic of Pewrerllum like fungr and oxalic acxd pro-
ductron charscreristec of members of the gemas Aspergilius Greae df
ferences 1n quentines of atric acd synthesured by different strams of
A, meger have been reporred, even a mngle strun showmg great vt
ability n this particuler capaaty Thus the mamenance of high yxid
g, smble strams of fungt that produce untform resulrs from ferments-
won to fermentaton 13 one of the most importan: feanures of the atnc

sad 1ndustry
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The classic 1nvestiganon of the crtric acd fermentanon In this conn-
try was the work of Carrre (1917) who used only A4 wiger 1n his
studics. He stated that a wellselected culeure of this speaes 1 far su-
perioe to any cultute resembling Wehmers  Caromyess ¥ Corne pre
pared 2 notrient medum consisung of sacrose, KHyPO,, KCL, Mg80
7H.O and a nirogen source which was NaNO;, NH HaPO,, or sspar
agme- he then determuned the effect of varping the quantties of the
scveral components upon sugar utliation and the synthess of atnc
scud, oxalic acad, carbon dsoxide, and myceliom, He foand that by alter
ing the proportoas and quanudes of the consttens of the medmm,
the proportions of the metabolic products could be varied ac will High
ot pelds of aurr ecd were cbtained after 8 days incubason on & me
diom of the following composnon

grams per liter
Sucrose 1500
NH.NO, 250
kH PO 100
MgSsO TH.O 025
Using this medinm, a yield of 55.28 g of citric #ad per 100 g of sugar
untlized was obtained. Curne rep d the general eq of me

ubolsm as follows
Carbohydrare — Citric Acid — Oxalic Acld — Carbon Dioxide 4 Myceliom

He conudered atnic and oxalic #cids co be intermedite products of res-
piration aod asumitanon and stated that 1n genera! the condions most
favorable for high yield of end producs (carbon dionde and mycelum)
are Jeawt favoeuble foc high yreld of intermediate prodect (atme acid
and oxalic sad)

Wehmer (1905-07) whose atrempts to develop 2 commeranl atric
ad fetmentanon process apparently fasled stated that aoic sad yelds
were increased by sdding atlerum aurbonste to the mediam, the theory
bemg that if the amrx aad reacted with the carbonate 1t could not be
further metabolized by the organum. Carrie found that higher yelds
of am a0d and faster fermentanon rates resnlted if 0o celaum cae
bonate was sdded Th::rcsuluwcrenndouhn:llvdneinpnnmtbe
hugher hydrog in medium conouning no aakmm
c-:bcn:m,deu:rkrccummendcddmmndmmbemeuyld;mmd
t pH 34-3 5 with hydrochlonc sad.
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Further experimentation by Curne led 1o his recommendatson of the
following fermentanon medrum

grams per laer

Sucrose 125-150
NH.NO 2.0-25
RHPO, 075-10
MgSO, TH.0 020-025
HA o pH 3435

Fcrm:nmmmcouldbccrmducmdumccudullymxhnllawpamuh
ﬂuh,mdnnﬂynald:mﬁommemofpmfemxnummm
shown 1n Tsble 19

Table I9 —Production of cirric actd in shallow-pan fermentations

[ Citre Acnd Sager

Cire Cistar en 25 Colenlamd Rrmurvmy
Ackd By aB Colrivm from Caersm fnthe
Tesraton Procipitetiom Cesram Cutrure Ligger
Pax ) @ €] €Y (€]
1 1154 3 8789 1352 1033 395
2 1151 3 8209 1528 10.19 463
3 1100 37673 15.07 10035 5.93

After Carmie (1917)

Varions pnhlicanons concerming the atrk sad fermenmuon bave sp-
peared since Currie s report. Many of these deal with factoes that in-
fluence the fermentaton or attempt o explan the mechanam of a fer
mentation 10 which the branched chain structure of the crtric aad mole
cule 15 synthesized from sugar molecules which contan no branched
chan structure. Only a few of these publicaons will be discussed bere
for further nformation the biblographues appearing 1 the works of
Falmer and Werkman (1930) Prescott and Dunn (1949) or Under
kofler and Hickey (1934) should be consulred.

Curnie (fo¢. at ) atrempted o derermune «f iron has an effect on aux
scid yeeld. He seaced that A wrger grew a3 well and sporulaed & abun-
dantly on iron-free as on won-conmunimng media, and thar when nrtapen
ummpphodu;mmuumn!uorupangme,;ddcd.mnmdnocﬁm
upon metabolism. However when arrogen was supplied 24 utrares
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the sdditon of ron resalted 10 increased mycelial weight and carbon
dioxide productson. The concepe of chemucal samulanon of growth was
mvogueud’t“mcnf&mswml,bmbcfckthﬂthemofmh
stimulants  resulted 10 the transformanon of greater quantities of
sugar Into wnmilanon products of the mycelmm and lets 1nto waste
pm&ucn,ux‘lm-cmrdwrthdmpdndpl:mmdthudthigh&ytld
of fer products will be ob i when mycelium develop-
mtbmtttd.nmmmuhmd.Pm-gu(1932) renvesapated the
effects of cormin metallic salts on citric acsd synthenss and arrived 2t
somewhat different cooclusions o those expressed by Currle. For ex-
mple,hcdcmonmmdthazdrpfmm:ofﬁcl‘lﬁccmdlddfoxmn-
tion, manmum acd yecld as well a3 maxmum mycelial weight being
obained when 002 g of FeCla was added o each liter of mediom.
The relanon between FeCls concentranon asd myceltom weight and
said prodncnoa bs shown i Table 20

Table 20 —Influence of FeCl upon production

of cliric acld by Aspergillus mger in a 20 per
cent sugar solutlon In seven days

Fod per Linr Frngas Groutk Torotabde Acilsty
@ @ N/ (=)

a0 067 91

00l 174 mw

a0 ALY 30

003 .60 364

ol 2.53 3

020 036 48
Aftac Porpes (1932

Porges also investigated the cffecss of xinc, manganese, nickel, and
copper (supplied as sulphates) and found that the addmon of the zine
mlt up to & conceatrstion of 03 g per lier resulted m an merease In
scid producton, with best yields occurning at & concentration of 01 g
ZoSO per Liter Mangancse, nickel, and copper salphares proved in-
hibuing at concentrations ax Jow a3 0 01 g per Liter

In hiy wnvestigation of the inflnence of sugar concentration of the
medmmupouatncncdfonmnm,?mgufounddmmdrmgu
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concentration range of 5 10 20 per cent, highest percenage conversion
ofmgumcxmclodmrrdulwga:mncmmuauofmpacmg
but that » lower percentage of sugar was utilired ar thus high sagar
concentration, He also found that aeranon of the fermentation medium
prevented the sccumulation of atrc acd, that replacing the spent
fermentanon medium under the mycelal mat with fresh mediom did
not result in increased yields of atrrc acid and that NaNO, was supessor
1o NHiNOs ar (NH ) 2S04 as 2 sutrogen source 1n atric aad formanon.

Doelger and Prescotr (1934) conducred 3 coincal stody of the van-
ous factors affecting the atric acd fermennatron and made several valus-
ble contributioas. Like Currse, they studied the effects of tnorganic salt
concentratron upon this fermentuon and recommended the followmg
mediam

grams per liter
Sucrose 140 00
NH,NO: 223
K:HPO, 100
MgSO 7H:O 0.23

adjust pH 1o 2.2-1 6 with normal HCI

They found that larger quantties of salts resulted 1n increased mycelal
growth and spore producton sccompanied by a decreased ot eod
ymld.WbcrmCumehndrccommmdcdrhu:hclmuﬂpHofdx
mediam be adjusted t0 34~3 5 these mvestigaton recommended that
the starnng pH be somewbat lower (2.2-16) Under these more acd

Table 21 —Effect of incubation temperature on citric
acld production

Crn fed Produed  E1 parsrma
Temperature of Trratablt prflask  prI00g o
Imcnhatrn Acudiry Jormentaren  isgar Madiam
[42) (Nwrmelsy) €3] [€) %)

0-22 10024 337 n ]
24 10835 3ss 34 7
16 11187 396 38 26
28 11564 3s8 b2 0

10-33 11045 287 b 3

Afrer Doelger 1nd Prescoxt QM.
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ondimons, heat sterilpanca of the mediom resuleed m hydrolyus of
the socrose, Since soch hydrolyss led to decreased yaclds, the recom-
mendation was made that the sugar solutions and mincral salt soluoas
be stertlired sep Iy Op P foe atnc aad formatioa
was found to be 26-28 C, s shown i Table 21

[n their wnvesugation of the effect of varying the rato of volame of
medium o sorface area in shallow pan cultures, Doelger and Prescott
obuned thelr highest percentage yreld with the lowest volume/surface
area ratio (ser Table 22) These investigators used alummum pens as

Table 22 —Eflect of varying ratio of volume 10 sur
face area of medlum on slelds of citric acld

Vol Toisl Yold of
Sofur 13 Tud  Sugorsy
Ama Orgmel  Sugar  Fmal  Cark (o Carx

Rew  Velewe Sulsiws Vilvmx Al Al AN
Gw/imem) (@) Qe (@ (o) e (D

245 000 20 1810 635 1149 4.0
120 1800 252 1620 705 1142 453
208 100 238 140 740 1103 463
18 1500 20 130 775 1102 433
122 1000 1490 70 8% 686 490

Aftxr Donlger and Prescort (191,

culture venels and found that pans coostructed from crdinary commer
aal grade alominum were bedly etcbed by the relavvely high concen-
ranocs of it 30d focmed duning fermentation. Some pans were 0
badly cotroded that they leaked after belng used for three fermenta
nons this difficalty wes subsequently svosded by the me of aluminum
nared 998 oc 99.98 per crnt pure.

Raw Materials Used in Cltric Acld Production

Most investigators working with the atrc sad fermentnon
bave found thet best yelds are obtused uung mcrose a1 the souree of
curbobydrare (Fig 79) however Amelnng (1927) has repocted that
atnc #ad may elso be syntheszed from 3- 4 5 6 aod 7-aarbon
compoands. Sence a cheap source of raw merenal is very smpormast o
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d:cmlydcmlopmmtofthcpmuverypmbnblycomm:dof:
shallow-pan fermenmoon of sucrose employing & stran of A, miger
Thcdm.&mlsguo[mcdmﬂowpmculmmmctbodhlvtlmgbtm
recognized rruncmdyprocmmdhmmﬂyhundmd:ofmofpam
wmldbenccanrymmahmmlhjghlmlofpmdmAamy
examinenion of the patent Ireracure mughe fead one o believe that
there 2re 1 great many commercially feasible methods for produang
atric acd by fermentation. Nevertheless, 1t 15 sigmificant that undl re
cently only one company m dus counery produced atnic acd by a fer
mentaton method leading one 1o doubt that there are as many s
cessful procedures as the patent Irterarure would indicare.

In view of the disadvanmges ofthelbll.(mptnpfocm,ltt:mpu
have been made to develop a satsfactory deep-vat process, although
m the opion of kerow and Waksman (1947) such anempts have
been largely ussuccessful. These imvestugators conducted submerged
culture fermentatons on a laborwrory scale 1n small flasks which were
simultancously shaken and serated therr semupilot plant experimenn
were conducted wn 5 Inter bowles, the contents of which were eerated
during the fermentation period. The organssm employed wes a stratn of
Aspergdins wemry which was found t be & berter producer of
¢ ecxd 1a submerged culture than A. msger In therr semepot planc
equipment they obmined 914 per cent sucrose nulzation m 10 dags
of the suger utilized, there was a 522 per cent coaversion © AKX

Perlman (1949) has recently reviewed the hterature relevant o the
submerged-culture production of atric sad asd has pornted oat that
yields of atric 2cd obtaned by thu method in Jaboratory-scale appa-
ratus are now ebout the same mugninde 25 those obtuned by the older
established surface culture method (70 g of acd from 100 g of carbo-
hydrate) Anp example of yelds spproaching this magnimde 15 reported
by Secel, Lenez, and Marun (1955) who obtaiped an average yield of
64 per cent n 31 fermentanons i whih citric aad was prodeced m
submesged colture from ferrocyanude treated beet molases.

Although the detuls of commercal production methods by a sub-
mergrd-culture process are not avalable i the hirerature: the review of
Perlman and the reports of other mvestgators indscate a strong posst
bality chat a submerged-cultare process may become s realnty 1f indeed,
nunmdrudymopenmb{nchunpcnuhubcmgwnmdr
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search for a straln of 4 n}grrm:mhlefotwbumrgcdculmm—uwcu
uwo to establish sets of cond foc the procem—
bydt:xpermccsgmtdmdndnelopmmmfdtpemdﬂmmdmy

Mechanism of Citric Acld Synihesis

Many agempn have been made to escernain the sequence of
chemscal reactsions which result in the brological syntheas of atrke sad.
From the results of these ateempts have ansen & pumber of hypotheses
purporting to explun this particular beosynthetic mechanism. To be
fully accepaable and o fir all of the known expenmental results such an
hypothes:s muse explun how atric aod may be synthesured from 2
3,4 5 6 7 and 12-carbon malecules, and bow & branched-chamn
mlcmlennybcfmmcd.kmmllsoxcwmfmdthjshynld:n!
atric toxd frequently ob d 1n fer Potges (Joe. at ) has
pomccdoutdm:hcmmhypodxaunnybegfmpcdmmfwgm
eral categories as follows

1 Citrc sad o produer of proeealyss and 13 & reudue of the de
composition of amino acads

2. Ciux sad s formed by an mner aldolzation process, & S.curbon
ring being formed broken, and then oxidized to the acrd.

3 Chnc acld i forned a3 o resalt of the progresuve oxdation of
sugar 0 glocone scid, saccharc acd, adipic scld, and then atrc
scxd, of some smilar series of reactrons through sugar acid sater
meduares,

4. Citnic acld 13 formed a3 the result of & synthetic process, the sagar
molecules being broken down to thorter chuins of arrbon from
which the acid 1 then syntheszed. Thm, the tnits may be acet
aldetrpde o oxali, acetsc, and similar acids.

PROTEOLYTIC HYPOTHESIL Thiy hypothesls was supported
by very few wockers and 11 presented hete only for hutore pucposes.
Muze (1909) suggested thet cittic acid was 2 product of incomplete
resprenon, Kostychew (1927) apparently belseved thar the compounds
tocompletely respited were amino sads end other deavage products of
proceins. The laer wotker called atention © the facr thar m the for
maton of amuno acds, brenched carboa chalns are focmed from sugar
Since the carhon framewotk of isalencine o identical with that of atnc
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and,konychcwmggmdd]ummmtbcfomdﬁmthu

amino aad.

H NH,
H—A—CCDH H——é——cmH
B HO——&—-CO()H H—(':——CH, —
H—C~COOH H—-C-CH,
| |
H H

ﬂscrcxsno:rpenmeumlev:dcnc:mmpportdwpmcolyuchypmbuu
mdhrdcﬁmycrtdcnccngvcntontodny

INNBR ALDOLIZATION HYPOTHESIS. Thu hypothess, pro-
posed by Butkewruch (1924) explaned crtric roxd synthesss o occur
ring by the direct oxrdstion of glucose to atric sad

CeHisOy + 3§0: — GHO; + 2HO

Butkewirsch was of the opinson that glicese was oxsdrzed firse to gluconc
scd whrch 1 mem was convered to glucurome sad. Glucnroase sad
was then supposed to ondergo an meramoleculsr aldol coadentaton
with the formatton of & 5 membered ring Breakage of the ring fol-
lowed by oxanon resulted 1n the formaton of atric aad. The carboa
skeleml structures wovolved 1n the larter part of the synthess may be
represented as follows
c—C Cc—
7 /

c—cC
7
—cC —C—C
[
CcC—

C
(—u:%

AN
c—C c—C
Apparently there 1 litle or no experunenial evidence to substannare
thus hypochesis and few if any mvesugators have supporred Butke
witsch s yrew

PROGRESSTVE OXIDATION HYPOTHESIS. Several hypotheses
have been advanced that explan atric aad formanoa as occurriag by
way of metabolic pathways involving the axidanon of glucose to a sugar

acid In & sense the scheme proposed by Butkewitsch would fir mto ths
general category although the aldo! cond >n followed by nng
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breakage sets ft spart from other schemes fn which 2 sugar sad i
thought to be an intermedure. Franzen and Schmurt (1925) suggested
dut amc sad b formed as follows

by b scid
Sagar — Sacchane Acid — sr-Diketaadipe Acld—————Curc Aad
[C———

‘The scheme proposed by Rasstrick and Clark (1919) o volves
the injtl cxidanon of sugar to saccharc sad, According to these 1w
vesngators, glocose s andzed t0 sacchanc acd, which by loss of warer
8 converted to av-diketoadipic ecxd, hydrolytic cleavage of this larer
scd resols m the formanon of oxalacetc sad and acevc sad which
then combine and form dtric acd. Thus, the last stage of thes scheme
would also fit in with the hypotheses clasufied 1n the fourth category
The resctsons involved m the Raistrick and Clath scheme are

o
(l:HOH!O,éHOH—ZH CIIH, ~2H,

oH o to =
bl S
yOH H J;wl J:(x){-[
Challenger and others (1927) wolated mecharic sod from an Ar

pergillas miger fermentanon of glacose. This resule woald seem m add
wcighrrothchypodmvhld:indndemkdnrbuxylkmgumldu
pound 10 the } of amx 1ad. Any scheme
nmhudxmcpmpcnedbyﬁﬂmﬂudﬂukwh}d:exphlmdt
formanon of & 6-carbon ackd molecule from o single molecule of bexose
would allow for the formagon of 192 grams of amc sad from 180
grams of hexose (maximum yweld of theory 106.6 per cent) and
hence could account for the high yields of arnc acld whch are fre
quently obamed m experumental f inns, From the dp
ofyblddoncdm'uuldbem-c:epablchypotbc:h:lnwvﬁ with
voch « scheme 1t o impossible to socount for the synthests of atrxe aad
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from 2 3- 4 5 and 7-carbon molecules unless 1t 13 assumed that s
hexose sugar 13 first synthesized.

SYNTHETIC PROCESS HYPOTHESIS.  Fermentton schemes of
this general caregory all explun arrc acd formation by & serres of
reacuans in which the sugar molecule 1 first broken down o mole
cales of shorter chaun length, which then combine asd form the 6-car
bon, branched-chain molecule of crtric aad. Thus it was early suggested
by Euler (1909) that aceraldehyde was formed from sugar as in the
alcoholic fermentation, and that three molecules were then coadensed
and the condenmation product oxrdized to atne acd

sincoss ot
3CH 110y — 6CHLHO 4+ 6C0
condons tion
2CHO;
and yridrton criria scid

On the basis of this hypothens, the maximum quanaty of crtric 2ad that
could be formed would be rwo molecules from every three molecules
of glucose unlired. Thus 71 1 grams of atric aced would be the max-
mum theoretrcrl yield from 100 grums of glucose, Since yields higher
than 711 per cent are often obtuned, this theory must be regarded
nntemble.

Gudlet (¢f Prescott and Dunn, 1949) postulated Lbuglucmcnrplu
drectly to succinic acd (4-carbon molecule) and acetaldehyde (22
bon molecule) from which citrk acid 19 then formed according to the
following reactions

COOH cooH
én, du, ook
o T ({EHOH . (rEH'
CHuO+ HiO ~ @“.., €QoH ¢ —— “OZHW
ano 2. T oo
ertalded de (!;.‘2‘0.5,{‘ o

Whle Gudiet s fermentation scheme will allow high yields of citrrc sad
from glocose such a scheme could be acoepred only if adequate proot
of the mital reacoon (glocose — sucanic acd and scetaldehyde) 8

supplied.
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According t Foster (1949) sctious consideranon is given woday only
1o those hypothescs that explan the symtbeas of atnc acid on the baan
of ikl formaton of 2 4-carbon dicarboxylic scid molecule and &
2-carbon monocarbaxylic acd molecule from which two molecules the
6-carbon, branched<ram molecale of citric scd 8 then formed. Thus
Chrraszcx and Tiukow (1930) explan citrc acd formaton ss result
ing from the combining of & molecule of malic ackd with one of acetic
10, the malic aad molecule having been formed from 2 molecules of
scetsic aad through sacemic and famarkc acid intermeduates

COOH COCH
+HO %‘uoa

-
—
cH
boon
=

:

-H

4+ —

CH,
doon
acu

—

g =g

S

HgEEg

COOH
J:HOH

(II)OH i HO(LC[DH

9,
o8

g+
g

The scheme presented above seems plamible enough, bowever if it
s swumed that acctic ead is formed from scemmldehyde (the inmal
stages being sumflar o those of the aleoholc fermentton) the high
yuekds of crtric 1ad obained experimentally would rule out this hypothe
su. Bernhaoer Bockl, and Swebensuger (¢f Prescoet and Dunn, 1940)
bave suggested that the eads mvolved are suconic and acetke, while
Grum 10d Brill (1939) have mggested a coodensstion of malic and
glycolic scids. The latrer investigators have found thar the addrmon of
malic scd © 8 A wiger fermenttion incrensed the yield of atric 1ad
© 332 per cent of the mgnr utilzed, the addmon of glyoolc add In
creased the yueld to 132 per cent, and the 1ddiwoa of equimolar quant
tes of malic and glycolic scids camsed the yield 1o be increased to 928
per cent. These increased yields do pot necessanly mplicate malic 10d
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glycolmuudsudmmmcdmpmmnofamcmd,mubpm-
sible that they may have been coovereed (o other aads, which 1 turn
were then converted to atric acd.

Alchoughnstcm:prob&bledmtcrmcaudu:yndmmdthrwghn
senes of reactions ending with the combination of & 2-carbon sad with
n4mbonmd,itnmponiblendmnmcmmmmnlywh:muc
reactions are. In view of the invesuganoas of the Krebs Cycle 1 recent
years, there 1 a strong possibility thae the two scxds wavolved are ox
alscetic and acetic. In order to explain the high yields of ctric sad
obeuned from sugar the fermentation mechanism must not be one that
mvolves the loss of very much carbon dioxide from the system through
the decarborylaton of pyruvic acd. Pechaps the solution might best be
sought by using such techniques a5 those employed by Foster and others
(1941) who showed that when A miger was supplied with carbon
dioxide 1 which the carbon atom was & mdioactive 1sotope 1t synthe
sreed crtric aad 10 which the tmcer carbon was present in s carboxyl
group In veew of thus and similar findings, perhaps & signuficant amoane
of the atric aad synthesized by s fungus may be formed according ©
the following general scheme

siresind pyTUYIC me‘C)-—:CO, + acealdebyde -0

glucose (6C) ——
prrevic acid (J-C)\ /
P
=
e

]

Regardless of the exact mechanum by which atric aad 15 synthe-
sued by fungy, one pomnt seems faurly obvious under the condmons
under which fungt are routinely cultured, even & high yrelding stram
could not be expected to form thus #od w quantry Citric sod forma
ts0n 10 the grear quantities obtunable with some fung! 1s unquestionably
a0 example of shunt metaboleun swace fungs typscally further metsbo-
Iize cirsc scrd as 1t 18 formed, and thus st docs not socumulate i cul-
tures except % hen candisons are so arranged that the major part of the
crbon metaboltam 15 shunted 1ato the atnc acd pathway from othet
metabolic pashways. The reports of the vanous invesagators who have
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concerned themselves with the cine sod fermentanon indicate that
the condrtions most favotuble foc ackd synthesis and sccumulanoa are
certanly noc those most favorable foc growth. The fermentation me
drum wnnlly employed bas a very acd rescijon, a relatrvely hugh sugar
concentration {compered with the concentratons mmlly employed in
the culrare of fung1) and 1 deficient in phosphate and certam esaen
tal trace elements~—condrtiont poc especially optiml for growth.
The fact that ark sd can be formed by fongl on a commeraal
saale i an excellent conmple of how man can adjust the culeure conds
tons 1 order to change the metabolic pathway of & fungus 5o that it

h # desired compound. That the metsbolum of fungi may be
cianged very easily by altering the environmental cooditions has been
demnonstrated many tmes asd 8 one of the mosxt sigoificant featores
of these arganmm, tince it provides almost unlimited possibilines for
their e #3 agents of biosynthens.
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12 Synthesis of Gluconic Acid

CHEMHTRY OF GLUCONIC ACID SYNTHEMS BY FUNGI
PRODUCTION OF GLUCONIC ACID BY FERUMENTATION

THE BACTERIAL SYNTHEs!S of ghuconic acd was reporeed a3
carly as 1880 by Boutroux, but it was not undl 1922 thar chis sugar
scid was discorered among the metabolic produces of a fongus. Molliard
(1922) found that ghiconsc sexd was syntheszed along with crrc sad
and amulic acids by Aspergillss siger and 10 1924 published studies 10
which he described some of the opumum conditons for the formation
of gluconx scd Since glocoase acld 15 an tmpormant chemscal com
pound, cootiderable attention has been grven o the development of &
high-yielding fermentanon process. Especally active in the develop-
ment of the process were May Herrick, Moyer and others of the US.
Department of Agriculture As o resolt of the work of this group and
others, methods are pow used whereby hugh ywelds of glaconic aad can
be obx d through a fe procen in relanvely short penods
of ume,

Becamse of the high solubility of the celanm sit of ghiconic sad, it
is an espechally valoable compound  uwe a3 & means of administering
aldom. Caloum ghiconste can be injected it essoes without cansmg
necrosis and bas been wed for 1njection inm cows suffermg from muilk
fever it has also been employed o mcresse the caleram content of egg
shells of bens suffedag from arlclum defiaency (Ramsbottom, 1936)
Calcmm gluconate 1 used in the manufacture of wothpastes and roo-
tincly s1 a source of calaum dunng

The invesugation of the gheconic sad fermentunon and its develop-
ment (princapally by the Department of Agriculrure group) serves to
illzstrate a principle quite different from that fllustrated in the histoey
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of perucilhin development. In the fatter instance reslly srthing mcreases
1n yreld were not obtaned until the problem was spproached from the
sndpount of the development of special struns of fungi by means of
ultraviolet or X-radunon. In the cuse of the gluconsc aad fermente-
tog, the process was developed almost entirely by invesgaton of eo-
viroaments! conditrons and different types of culture methods, and the
subsequent employment of the condisons under which highest yields
and most reprd fermentations resulted. Ramsbottom (Joc o ) has soated
that modern man does not remain tatshed wich the roethods of hu
ancestors, of even with those of hs iunmediate predecessors he mot
oaly desices to mike two blades of grass grow where ooe grew before
but wants them twice a8 big at half the cost and twice the speed. There
1 1o betier exemplification of this sdea 1n the field of indostmal my-
cology than 1n the senies of nvesugatoas dealing with the development
of the gluconx acd fermentation

Chemistry of Gluconic Acld Synthests
A comparsop of the molecular structures of glocose and gl

conic acd reveals thae these two compounds are quite similar chemr
cally and that the conversion of glicese 1o ginconic sad can be scom-

plished wrth only a slight molecular aleeratian

H H
nd—ou b-don
(H——(L—OH)‘ ('H—J:»OH)

1
LY P

From these stracural formulas st 13 obvious that the converson of
glucose o gluconic acd 18 chemscally umple, lovolving only the oxxda
tron of the aldehyde group of glucose with the resultant formaton ofs
carboxyl group. The sumplified reactoon may be wrnten as follows

CeHuOy + 1305 — CHOr )

From Equatwoa (1) |tu-ppun:mdmzhcdmorcualuwgbryr1dd
gluconxc acd from glucose i3 greates than the glucow atilteed. Com-
plete converston of 100 g of glucose would resuir m 109.8 g of gluconsx
acd
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In the biologwal syntbesis of gluconic acd the reachon Is not quite 30
simple a3 1 Indicated 10 Equason (1) Actwlly one molecule of by
drogen peroxde 1 formed for each molecule of glucose vulzed and
the cquason should resd
CHyOy + HO + 01 — GH O; + HiOy @
With lrving cells the hydrogen peroxide 1 destroped by the enzyme
catalase a3 s00n 21 {t 18 formed, 30 for practical purposes Equation (1) s
generally wed The enzyme involved i the transformauon of glocose
to gloconic acd, called glocose-oxidase or mare properly glwcorswero-
debydrogenase bas been stodied by » number of wockers; for refer
ences to investigations which deal specifically with this enzyme the work
of Foster (1949) should be consulted. It 13 of jnteress o note that glo
cote-scrodehydropenase has been shown w be identical with an and-
hiooc  yarsously known a3 penikillm B, potatin, and penanin. Since tus
enryme has no antibacteral activity 1 the presence of the enryme
aataluse, 1t o obyioms that soc actvuy b duc o the presence of the
bydrogen peroxsde which 18 produced.

Production of Gluconic Acid by Fermentation

Shortly after Mollmrd first repocted the synthess of glocoake
scd by o fungus, Butkewinch (1923) found & stram of Aspergilias
miger which In the presence of calanm carbosare formed gloconse aad
almost 1 the excluson of other scks thrs stram was later stodsed by
Bernhaner (1924) A few years later May and others (1927) 1nuteed
the work of the US. Deparment of Agricaltare group In this country
by testing 172 different sirains of fung] foe ther capacres t synthetae
gloconic ead The fungt tesed belonged to the genera Asperglins
Mwcor Penlallixm and Aomsdie, The calture solunons {n which all
strunt of the Pewicillivm [xtewm-parparogensm group were cultured
beaame srongly acd after seven days, and gluconk scid was recovercd
1 the adqum sale from these solutions m amoants saficent o account
for the enare turatable 10diy On the basw of theur screenmg tesm,
ooc strain of P parparogenam var. rabrosclerctinm was sclecred for
subsequent study Hermck and May (1928) hater determmed some of
th:opunnlumd:mfor-udpmdm:nmbydmmh(ﬂnmNo.
2670) ‘They conducted 1-bieer fr in large Erl flasks
allowing « fermenttion penod of fourteen days. It was found thar  pH
tange of 30 ™ 6.4 was stisfactory for the fermentanon, and & tem-
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perature of approximately 25 C was found to be nearly optimum. The
following murture of mineral safts wes chosen as their smadard solution

Lroms por laer
Mg50, THO 0.25
KC! 003
N2:HPO 12H.0 010
NaNOs 100

Lirtle difference 10 yield was noted between solutions contumng 20
and 25 per cent glucose—the yields obsained with both varying from
516 per cent t0 36 6 per cent. Ratio of the surface area o volume of
the fermentarion solutron was found to be quite smportant, a3 mught
bave been predicred since molecular oxpgen is tavolved in the rezcton.
Rancs of 025 to 030 (sq cm of surface/m! of solutton) were repormed
10 be best for prectical purposes, although the closer che ratto approached
unty the higher the yield that was obmmed. The unpracucality of large
saale production of glucans zad ander conditrons where there 13 0oc
square centimeter of fermentavon medmm surface for every mulliicer
of liquid B obvious, since for the susmuned production of eny large
quantzty limerally acres of surfece area would be required. Even uoder
widely vaying environmenaal condibons, no apprecsble quannty of
actds other than gluconsc were formed by the organnms used by Her
rick and May

May apd others (1929) reported & semuplant scale method of pro-
ducing gluconsc acid by a fermentation process. Their method wavolved
the culture of the orgenism 1 large alumioum pans smilar to those
employed 10 the commerena] production of atrx ead Usng pant
43 X 43 X 2 m. they obtwned ywlds of mote than 57 per cent of
theory 1 4n elevendsy fermentacoa perrod.

Tbeucnnduncemdretmofmhnergtd,:mmdcujmmsmqu
(1928) used an organsm he called Aspergilins fumaricas whxh syo-
theszed muxtares of atric and gluconic sads from glucose He found
that if calcum carbonate was added to the fermentatoa medium wheh
was then agrtaeed and aerated by pasung aur snro ehe soluton, four ™
nixfold increases 1n gluconre 1cd yueld resulted wath the yield of cnnc
a0d unaffected. Thies (1930) also used 4 famaersens and bubbled
axygen wswead of awr throagh the fermentaton medium, obtainmg
yrelds of 64 per cent of dueory 10 fifteen day
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Curric hane, and Findlay (1933) were issoed o patent foc 2 fer
mentnon process for the producnon of gloconsc acid. The eseental
feature of their method o that the fermentadon medium 5 aerared by
agiavon with a hugh-speed sarrer (1000-3000 rpm.) These ipvest
gatocs repotred that within 48 o 60 hrs the sugar bs converted almon
completely to 4 gluconic acd, and that yelds of about 90 per eent of
theory ere obtrined Temperature optuma reposted 10 thes patent dam
are consderably highet than those reported by Hernck and May
Moyer May and Herride (1936) reported that the serain of P
Intexm-parpurogenym which had been used extensively by the US.
Department of Agriculture group m their gluconic #dd investigations,
lacked biochemicu] and vegemtive vigor and dhat close cultural control
w3 pocessary 0 mantan cultares aupable of yeldiog uniform result
They tested over 30 speaies of Penicidliam and found that P chryso-
genam (No. 5034 11) had a greater eapsary for glacoakc ead synthe
1 than any of the others. Unng small coltore ftks conouning medram
of 20-25 per cent glucose concentration and having « surface area/
volume raso of 04-03 they reported thar about 60 per cent of the
glocose was oxsdred to gluconic aad in eight to ten days. No lom of
glocone acd prodacmg ability was observed 10 this orgensm over a
three-year penod.
May and others (1934) conducted submerged-culture fermentations
with P chrysogenam (Fig 80) wn glass washmg bottles equipped with

——
——

Fio. 80 Petri plate cubure of Pemelllivm chrysogenom.
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Fra 81  Laboratory-scale rotary drum apparatus wsed in the Investipe-
tion of the gluconic ocid fermentation. (Courtesy of the Agriciltural Re-
search Service Northern Utilization Research and Development Division
U.S Department of Agriculture )

sintered-glass false bottoms and studied the effects of mcreased air pres-
sure a0d quantity of calcum carbonate on gluconic sad formatoo.
They reported that ac and above a total air pressure of three amos
pheres and with CeCO, supplred at a o of 1 g per 4 g of glucose m
the culture solution, yields of gluconsc acd of 80-87 per cent (based
upon the quantity of sugar supplied) were obtained 1n & culeure peod
of eight days from the ime of inoculation with spores of the organum.

Herrsck Hellbach, and May (1935) sttempted o construet a sans-
factory lsrge scale apparatus partemned after the false-bottomed bortles
used by May and his co-workers, bur satsfactory results were not ob-
tawned because of the difficulty of construcung a satufactory large ar
distributing system. They then designed a laboratory-scale rotary drum
apparatus 10 which the fer dium could be ! 1
acrated and mechanicully agimeed (Fig 81) Using pregerminarcd
spoces a5 wocalam these investigators obmined yicldy of 80 per cent of
theoty 1n 56 hours. Use of this rotary drum apparatus was furthet
studied by Wells and others (1937x) who stated chat the three factoss
which condimon exygen supply (aur flow agitarron, and air pressure)
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harve & proncanced effect upon the fermentanon rte and determine o a
hrgcm!drq:ccdmd:ﬁacﬂcycfdxp:m'rhqurddmgn
(serain No. 67) 1o their investigation because of 1ts capacty to form
spores in Jarger quanuty than P chrysogemum and found that the
opnnnlvﬂnu(uth:d\mhmhsmdghwemu(oum

rpm of dram 13
Arr pressure 451Tb
Aur flow 1.2 1/mn/3200 ml of fermen-

mnon medium

Using pregermumated spores of A. siger In 15 per cent glucose-con
uning mediam, and operating under optmum coodrmons of agranon
air pressure, and wr flow yields of gluconic sad 1 excess of 84 per cent
based on glucose supplied were obained (97 per cent based upen glu
cosc utlzed) 1n eighteen hoars from the ume of Inocolanon. Becanse
of the rapsdity of the fermentanon, these mvesugarors preducred thar
mught be possible o cooduct the fermenmnon withont having to sten-
lize che fer od disuunct adventage applicable to few
fermentation processes. The stages m the progress made by the USD.A.
investigators in the development of a high-nelding, rapld glaconic aad
fermentation are Isted 1n Table 23

Table 23 —Production of gluconic ocid using different fungl and
different types of jermentation equipment

Ther-
mixel Formesty
Yidd thew
Fermewtation  of Acdd ~ Prrd
Toe Orgaism Vasel [CORENCLD]
Sarf1cw caltare P lstwrm- Shallow pan 574 1

parpurrpoemm (alumioum)
Sabmerged (presyure) P chryregossw  Glass bottle 80.4 [
(rintered glas
false bottom)
P chrysegwmam  Botary drum 800 P 3
(alumnem)
“ A g Rotary drum 840 a7s
(alomin m)

Afsor Vally, amd exhens (15372).
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In another report Wells and others (1937b) described 2 pdlor-plant
rotary drum apparatus of 420 fal capacity (Fig 82) Spores of A miger
were pregerminared 1n the small laboratory-scale rotary drum and then
used as mocutum for the larger fermentanon. These 1nVestigatons re
ported that if 1 15 per cent glucose solution was used, pracucally quans-
tanve conversion of glucose o gluconic aod was artained 1 twenty fou
hours by using thus apparatus. Gastrock and others (1938) also obtaned
excellent results with che large scale rotary drum appdratus, repornog

Fro B2 Pilos plant seale rotary drum Jermenter of 420 gal capaclty
(Courtery of the Agricultiral Research Service Northern Utlfiation Re-
search and Development Division US Depariment of Agriculnre )

yields of gluconrc acd 1n excess of 95 per cent (based on sugar present
1n the medim) 1n a twenty four bour fermentation pertod.
Porges and his co-workers (1940 1941) have developed 2 process
for the production of gluconic xexd 00 & semicontinuous basts rather than
by the batch process as employed by other mvesugators. The essential
feature of their fermentation process, which was conducted 1 both the
labosatary-scale and piloc-plant romry drum, 1 char mycela are re-oxed
for several fermentanons, and thus there 13 o conssderable saving of
n.mc.wnccdrchgphueuanmcdmburrhfmnmmuomucbmv
nated afeer the first fermentation. In thetr mital studes they foond
that the use of the same mycelium through thirreen successive ferment2
trons resulted m o decrease 10 actvity” most fermentatons after the
first of the serics were complete in about sune hours. Best resulss were
obtaned with medrum 10 which the glucose concentragon was 113 pt
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Fio 83  Flow sheet for acid production. | tube culture 2
wiation flarks; 3 onall germination drums (17-lter volume)

flucondte storage (From Gastrock and others 1938 )
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ccntwhcnmacmwemmfmofzhcgmmpomonofrhciungmmf
celum (suspeaded 1n 20 per cent of the fermented Liqoors) were made.
In theur later wark these nvestigators used both & leaf-type pressure
ter and « besker-type cenenfuge for more complete separatoa of the my-
celinm from the fermented medrum between fermentanons; they were
thus able to use s full chasge of tresh medium 1n each successrve fermes-
tation Mycelia so recovered sasfacrorily fermented & solution of gle
cose of hugher concentranion (16 per cent) than had been possible shea
the mycelium was separated by flotton,

Research that has been thus far reported would mdicare that a saesfac
tory process for the production of glicooic acd by means of a fungis
fermenation now exists. Fig 83 13 a dagrammatrc representanon of the
flow sheet for gluconx sad prodnction proposed by Gastrock and hrs
co-wotkers.
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FUNGI THAT SYNTHISZE TACONTC ACID

CHEMISTRY OF ITACONIC ACID SYNTHESS

THE ITACONIC ACID FERMENTATION

TTATARTARIC ACID IN THE ITACONIC ACID FERMENTATION
LARGE SCALE FRODUCTION OF ITACONIC AQD

INTEREST IN THE DEVELOPMENT of & process for the produc
von of scontc reud by means of a fungus fermentanon bes in 1ty hgh
pocental of mdustrial value, Esters of methacrylic acid have long been
used (a1 the maaufecrure aof plasticx. Sunce seecorc sad (methylene auc
cinic aad) 15 # substituted methacrylic acsd, 1t would scem that thrs aod

.
(J}—C(xlﬂ
(L_H:

mught also be of same value 1n te plastics industry Traconate esters
polpmerme readily and 2 nonshatterable glass made by usng polymer
1zed dualkyl rtaconate esters was parented over thurty years sgo by Hope
(1927) Foster (1949) states that other polymers of itaconate esters
have propertes thar mahe them particulacly suible for use in the rmans-
facrure of lenses, arufical yewelry and numerous other common objects;
he also suggests that such esters may have some application 1n the feld
of synthetic detergents.

Innconx aod can be produced by strasght chemcal means by the pyrol
s of arric 2, but when prepared 1 thrs way 1t 15 quite expenane
mdunccooommlmmcmtbcphmamdumymmmpcumnrxmd\r
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mote cheaply prepared methyerylic aeid esters. For that reason no ser-
ous conssderaton was given to the commerdial we of maconrc ackd unal

1t was found o be a fungus metbolic product that mught, perhaps be
produced cheaply by & fermennoa method.

Fungl That Synthesize Itaconic Acld

The first investgator 1o describe itacons acid 01 & fengos men
bolic product was kunothita (1929) The organnm sccomplishing the
synthesis was a species of Aspergilins which hrnoshsta had molated from
vinegar made from Japanese sour plams. Beornse of 100 uniue btochem
ical actrvsty 13 dncoverer segarded this fungus & pew species and nsmed
i Atpergiiss Bacomscas. Thom and Raper (1945) 1 thewr ALowss! of
the Aspergells bave reained hincshita s speafic pame but regard tho
species a3 being identical with Aspergrilss yariens The oaly other spe
aes of fungus also reported to have the aapacity of synthenzing iaconx
ecd s Aspergrllns rerress (Fig. 84) The first report of the
of itaconic sad by this lareer speces was made by Calam, Oxford, and
Rasmck (1939) These investigators were studymg the metabolac prod-
ucts of sx different strams of A, errews and poted that one strun formed
maconxe 1cd sloag with fumanc, sucank, and emlic acids.

Fo 84 Fzﬁplazcdmofnlzaao«kacﬂi-lambugmdno/Ajpn
gillos terreos,
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Chemistry of Itaconic Acid Synthesis

The exact sequence of chemical reactions that occur in the bao-
tynd:uuofru:omctadbyfunphunembccudcﬁnicclysublnm
There are, however two suggestons a3 to what these steps mar be. hun-
nshru(l931)wofmcopmmthntdrexyndmuocm¢db,myd
glucontc acrd, aitric aerd, and sconitic aad as mtermediates
CH{ OH CH,OH
don OH EOH é;cm ool
non  dnon on:‘ Ho " codu
J:H _‘*(ILH —— HOC—COOH — —

OH OH ’ \

o gy ou b

- o e

Eunothis found thet when 4. stecomiens was caltured on socrose of
glucose medis conmunung calaum rrbonste sppreciable amounts of
calcum crtrete and calctum glaconate were formed 10 addizon to !
cum racoasre although no scoartic sesd was detected 10 the fermenta
tion medium.

Bernheuer and others (¢f Prescoct and Dunn, 1940) suggested 2
fermentaton scheme o explan the brosynthesis of atc acd by fungt
in which 1t was also postulated that teconic ead was formed from asco-
e aeid elthough the earlier steps i the synthets duffered from those
proposed by Kipashiow. The sequence of reactions as suggested by these
investugueors s s dlustrared on the next page.

Accerding to Calam and others (loc en ) there 18 no evsdence to sup-
ponth:ncwthnramcnudunnmmrmcdmemmpundmthcmdr
313 of 1taconic acd from glucose. These mnvesugators reported that with
pyruvrlod‘mtad.wmﬂmmofmlxmdlmlrﬂl.mlumﬂx
actd 8 formed—an obsstvation that serves to cast some doubr on the
theory of Bernhaver and his co-workers.

At thrs gme 1t 13 impossible o stare how rmaconic aod 13 synthesized by
fungt bawever 1t seems likely that once the mode of formagon of cun
a0d 1 clesr the mechsausm of taconic acrd may be cxpluned shortly
afrerward—if the rwo syntheses are relared a3 13 suggested by the sbove
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—H +H:O
wuoj_ﬂ—m,coaq—..c-lm—.c}l COOH,:'CHOH CDOH

CHCO0H J}l CooH
J:H.COOH (I: G Ho
rmee ——+ HC—COOH —— C—COOH ===

hypotheses. In makmg percentage-yreld calcnlanons most mvesdgarors
asmme that the maximum theorencal yield is one molecule of racoax
scid from one molecule of glucose. Therefore according to thrs assump-
toa the manmum weight of iwconle acdd that could be derrved from
100 g of bexose sugar i1 72.2 g If the sssumpnion 13 made thar racontc
scud s formed by a sequence of reacoons in which the inital steps are
simflar to those mvolved m the alcoholic fermentation, the maximum
weight of jraconic acid that could be produced from 100 g of glucose s
48.1 g Nebon and others (1952) have reporeed yelds grearer than
50 per cent In 20-lter fermentanons Pfeifer and ochers (1952) have
reported yuclds up t0 63 per cent m paloe plant fermentations.

The Itaconic Acid Fermentation

Much of the earlier publuhed work on the itaconic acid fer
mentaton has emapated from the Northern Regional Research Labors
tocy Peotm, Illinoss, although rescarch has undoubiedly been conducred
at ocher |aboratorses, since Kane, Finlay and Amzan (1943) have been
wsocd & very hroad patent (amgned o Chas. Pfirer and Company
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Iua)covmugtheprodumonofmconutddbynfcmmmpmw
Thus patent has aroused considerable interest thronghont the ferments
von 1ndustries bearuse of 13 broad coverage of organusms and there 5
some quesnon 83 © whether a patent of ths type would be upbeld n
any patent Hugaton,

When wotk on thus fermentmnon was 1artueed ac the Peora Labora

Kinoshrta s stran of 4 stacomscns was obeained from Dr George

Smuth 1n England, who had obtatned 1t from the Central! Buresn voor
Schimmelcultures (Moyer and Coghill, 1945) The Pearm investigaros
found thar only traces of itaconic acd wete syntheszed by dhus fungus,
and concluded that erther the straun had lest 13 capeaty to synthese
rtaconk acid or else 1t was not the strun acually used by Kinoshiew. In
view of these almost negative resuls obained with A waconsins Moyer
1wl Coghill then turned to anather fungus A serress the specres used
n England enrlser by Calam and his co-workens. Thurty struns of A. ter-
rexs were tested 1n small flask cultures: oaly one srain of those reseed
gave promung yelds of meconic eod. This stran, NRRL 263 was
then subjected to detmiled mnvestigation 1n order to determine optumm
conditrons for acid producrron. Moger and Coghull investigared (rpes of
nirogen sources, concentrauon oOf nirogen sources, concenritond of
migeral salss, glucose concentratson effects of trace elements and corn
steep liquor addstions, and rempersture: They repocted that a oear op-
tumum medium 13 consttuted as follows

grams
glucose 250
MgSO 023
Kkd 005
NHNO 200
ZaSO 0044

-

Coen steep higoor 40
0 SN HNO 500
H-O to make one liter

In cheir invesuganon of the effects of trace clements Moyer and Cog-
hill prepared the medum with commeroial glurose as che carbon souree
then tested 1t wrth calaum carbonate according o the method of
Seeinberg (1935) 1n order to remove most of the trace elements. Wah
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mdmmthuspunﬁtd,dryfomd:h:tdrc-ddxdono{ﬁmgofm
sulphate and 8 mg of won tastrsee per liter (alooe or 1n combinaton)
resuleed 1n mcreased growth and acid prodoction, best results being ob-
cuned with the iron and znc sale combinanon. With unpunified mediom
prepared with commerctal glocose corn steep iquor end oip water chey
found thar the sddmon of trace clemenn other than zmc Is uanecesacy

Opumum tempersture was found o be in the range of 30-35 C One
senes of cultures meubased at 30 end 35 C yxelded resules whach lead
Moyer and Coghill to sugges: that cultures be incubered for the first
five of axx days st 35C, and then at 30C for the remainder of the
fexmcnunonpcmd.ch:;uxiblydmeremluobumcdmmgdmpm
cedure were doc to 2 lemening of the mhibitory effecos of acc
fermentation peoducts st the lower temperature.

Under optimem cooditrons, A, ferreas (NRRL 265) synthesized 1tz
coax: sad in quentines of 28 w 29 g per 100 g of glucose utilzed dur
mg 2 ten- to twelve-day fermenaroon penod. The aad was recovered by
aysallomanon from the fermentanon medrum 85 per cent of the stz
conx aad was recovered 1n two aysallmatom, and thus valoe was
raged t 90 per cent by two sddor] aysalizatens. Moyer and Cog
hill stared that the sod was believed o be sufficiendy pure to be used
direcrly m the plasnas and derergents mdustries.

Lockwood and Reeves (1943 ) exammed 408 fungms strains to deter
mune therr macoa scd synthesizning aepaancs. Of these sralng, eleven
produced ylelds greater then 45 per cent of theory (assuming that one
mole of glocose yelds ooe mole of ixcoaxc #cid) The best of these
strains (NBRL 1960) was sclecied for more inosive stody It was
found dut macoarc add sccumulates 10 cultares 10 2 pH range below
2.3 i s menbolired by the organum ar pH values above 23 Since
the optimum pH for growth of A. serrens is conssderably higher than
2.3 rt is obviows that the op pH for ecud 1cx &  much
lower than chat for growth. In ths respect the meaconrc s fermentsrron
i quiee malar to the atric acd fermentanon, 20d 1t 15 probable that
the buosynthears of these acds 2 sumtler shunt metabalism is involved,

Opamum cermperature was comndered o be 30 C. Like Moyer and
Coghill, Lockwood and Reeves repocted thar the addroon of 1ron and
zmc sals caused marked mcreases in 2ad yeld. However the latter 1o
vesngarons found that these increases ocrurred only when the pH of the
mediumn weas quice low (2.0) st pH 30 the edditson of these trace ele
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ments resulted 10 increased growth but not m 1neressed e eccumule-
toa,

On the basis of therr findings, Lockwood and Reeves seated that dhe
prcfcncdmcthod[ordnpmducmnofxtxonxmdmhbomorycqmp-
ment involves the cultrvation of A ferress (NRRL 1960) ar 30C
fotteudnpouculmremaimmofdmfoﬂcwmgmmpodtbu

groms
glucose 250
MgSO, 7HLO 45
NHNO, 2.5
NaCl 04
Zn50: 7THsO 00044
!
HNO, (sp.gr 142) 16
Concentrated corn steep Liquor 40

Dusudied H:O o make one lirer

Using A terrexs (NRRL 1960) Lockwood and Ward (1945) de
veloped » fermentarron process for the prodoction of iaconic aad on ¢
semipilot plant scale. Their process wvalves culovavon of the fungus
on the surfaces of shallow layers of medium 1n large alummum pans
(22 X 36 X 21n,) arranged 1n wers in a specal fermenmnan cabuoct
described by Ward, Lockwood, May and Hernck (1935) Each pan
conteuned 12 | of medum. The fermentation was of twelve days durs-
tion daring which ame the temperature was mantaped ar 30-32C
sterilized, humidtfied wir was passed through the cabinet at & rate of 51
per munute. Jacomc aad was recovered from the fermentation bguor
by concentraang 12 1o 1 1on a steem bath. Upon such concentration,
1 slarry of fine crystals of 1aconsc easd resulred. The slurry was cooled
@ room temperature and the crystals sepsrated from the liquid 1 & bas-
ket centmifuge. Dam obtained from two typical pan fermentanoas s
peesented 1a Table 24

In the development of the penicillin industry rather spectaculas yweid
increases were obtaned wath murant strans of fungr derrved as a resalt
of ultraviolet or X rudranon. In view of these results it 1 not sucpeoing
thac simular attempes have been made to derive iaconxc acid from hugh-
yielding strains of A terrens The work of Hollacnder and others
(1915) Raper and otbers (1915) and Lockwood and others (1915)
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indicates that better yrelding murants have been derived from frradated
ondn of A terrexs NRRL 265

As with other fungus fermentanions conducted first i flasks or shallow
pans, attempas have been made to supplant the surface type of culture
method with a process m which the fungus 15 completely submerged In
liqddmcdmm.[udncp-mmf}bmmdodm(kx ) it clumed
that iteconk acd can be produced 10 @ commercially practcable way by
cultunng schecred fungus strains submerged in notnent-conmining me

Table 24 —Production of itaconic acid from glucose
by large pan fermentations

Penl Poa2

Imtual glacose () 1800 1800
Glocose utilized (g) 1583 1539
Teaconie +cdd prodeced (g) b [Fsr3
Yield of trcoesc 2ad based oa
glocose utilized (%) 499 543
Itaconic acld recovered by crystallizs-
tioa (g) 453 50
Recovery efficiency (%5) %7 814
{Recovery weight yueld (%) 2321 na
Mycelial weight (5) pied 114

dﬂ.dmlh-m-pdmﬁnlnd-d‘lmyw;lwhnlhmd:
fluhd‘::nu(huﬂ:-ddmvtlmpmu(‘hu-qvﬂd
From Lockwood aad Werd (15451

drm and g serobk cond! In the fe by mechani
ml-gm:bnufdrnrd}um,orbypudngwmmdxfcrmmmnme

In:kvmﬂmdNeLm(lNG)hmnkoinmﬂglmddrlxodumou
of ftaconic scxd by submerged culrures and have established some of
the optumum cooditions for conducung the fermentation by thes method.
These mvestigatoes used A. rerress NRRL 1960 In shaken-flask cultares
mdfounduhnrcnﬁjdomvhthwmopumnmfud:epmducdmaf
seaconic ackd in submerged cultures were not the same a1 those previ-
ously esublished for surface culrures. The opnmum pH was found t be
1.8. In genersl it ws found thet the optunal concenrratons of the
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varrous medium constiruents were fower than the opumal concentrs
trons of such constituenss 1o medrum for surfrce-culoure fermentatrons
Opamal concentrations per Lrer were as follows com steep lquor
about 15 mi, MgS0, 7H:O 075 g glucose, about 60 g The additwon
of NaCl to the medium resulted 1n greater mycelnl growth accom.
pansed by & sharp reduction 10 acd yield the addioon of unc slphar
was not 23 effective 1 increaniog reconic acad yreld as bad been demoo-
strated with surface coltnres,

For ipoculum for their fetmentations, Lockwood and Nelson wsed my
celial pelles which had been removed from agrated cultures farey-eight

Table 25 —Effect of vartous quantlties of tnoculum on the
production of ltaconic acid from glucose by Aspesgillus
terreus NRRL 1960

Glusw  Acdd  Udeyd S ppimd  Aperlid
N Bllets  Usilcod  Pradwrd  (thewy) (0t el
por Celtew (g/elrmm) (Weslior)  (F) G e

80 205 44 55 1.296

1
2 80 205 404 55 1144
3 50 183 328 nBo 1307
4 80 166 86 207 1243
5 8.0 117 w1 146 1471
8 8.0 068 us 17 1450
10 80 088 151 09 1413
1 79 [} ] 171 121 1545
16 80 0.8% 154 09 1625
0 80 039 68 49 1572
25 80 078 134 97 161
0 80 059 101 75 1635
° 80 3] 15.4 109 1496
100 80 o 134 97 1480
[
I STt e
1 g semcoa sod prodoced
5 lwcoue soppleed
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hours old. In a seres of f designed to d the effect
of inoculem seze upon raconc ackd yckd, it was foand that small inocula
were definrrely supensor o large ones. Agltated cufrares (125 ml of me-
dium per flask) were 1ooculated with varping numbers of mycelial pel
Jets, and best yrelds were obtancd m those flasks which were inoculased
with only one or two sach pelles. The results of these smdes are
preseated i Table 23

Itatartaric Acid in the Itaconlc Acld Fermentation

Stodala and others (1943) invesugared the metabolic prod
ncts of coe of the ultravsolet induced mutant of 4 terrens NRRL 265
and found that part of the extra #ad syntheszed by this mutant was
ftamartanc scid—an acid previously not known © be 2 fengos meaabolie
prodoct. About 5.8 per cent of the total ackds syntheszed by this organ
Bm were shown © be an equilibtlem moace of inncanc 1ad and 1
hctooe. Intertanc acid (sce below ) apparently exists only in the form
of slts oc as the Iactooe and n closely relared chemxaally to 1xconsc
acd

COOH COOH

b by
H(i}—CH.OH i:coou

e —

Althongh intartaric sod i1 st present a rehatirely nalmpoctant chermi-
ol compound (as far a3 industraal usage 15 concerned) it production
by an ulrevioler-mduced mumant suggess umilar possibilities that un
doubredly exmst in the field of fungus biochemestry The synthetic capac
tties of the fungi seem tlmost oolimsted, and yet there is ample evidence
thas these lunits can be further extended by the mvestigation of mutants
derfved from exssung staunt. An 1ateresting point arsey m coanechon
with the mutsat which synthesizes rarmanc acid, and dhat s the qoes-
ton of whether it gained & new synthetxc mechanism through the muta-

too of whether 1t already possessed the capachry to condoer thus syothe
s but oaly 10 such small amounts that the 2ad remuned undeteced.



246 Beneficial Activities of Fungt

Large-Scale Production of Itacontc Acld

The commerasl production of rteconic acid by a fermentanon
method 18 a recent development, although for several years it appeared
ummunent. In 1945 Lockwood and Ward estmated thar reconic sad
could be prodoced and recovered ar a rew materials cost of 22 cents per
pound, their esumare being based upon the assumption of a 25 per cent
recovery yield and @ cost of 3 3 cents per pound of glocose (anhydrous
basis} 25 cenns per pound of corn steep liquor and 0 4 cents for aun-
ent salrs necessary sn the productian of one pound of staconic sod. On
March 16 1955 Chas. Phizer and Company anncunced i the Wall
Streat Journal that it wes prepared w sell ttaconwe ecid 1 carload los at
% cost of 60 cents per pound Beesch and Shull (1955) expressed the
opinion that the price would come down materially as large scale ses
are developed for imaconic acd.
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FUNGI THAT SYNTHEIIZE KOJIC ACID' CARPON SOURCES UTILIZED
THE KOJIC AQD FERMENTATION
CHEMISTRY OF KOJIC ACID SYNTHEMIS

KoJIC ACID WAS FIRST REPORTED a3 octurring emong the
membolic products of fung by Smito (1907) who recovered this com-
pound from the fine-ground mycellum of Aspergi/lus oryzas (Fig 85)
which had been cultured on steamed rice He extracted the fungus
preparanon with ether and from the ether extract obtuined colorlen
needle aysels which wete then further purified by recrystalimaton.
Sarto observed that the aqueous solunon of kojk acid gave a red color
tion with ferric chloride. His qualitatrre tests showed that the com-

Fic. 85 Petri plate cdture of Aspergilius oryzac a widely used fungad
of the Orient
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poundrunotunhc.nxdnx,dmc,mult artatic, of benzosc scid,
and be supposed 1t to be fresorcyl-carbone acad

Shortly afet Sarto s first account of this new fungus metabolic prod-
uct, Yabuta (1912) further investigated the compound and pamed
“kojic acld. This same investigaroe (Yabut, 1924) later establohed
115 chemucs] strocrure and demonstruted that 1t was 3-hydroxy-2-hy
draxymethyl-v-pyrooe

=0

Miagrer (1930) syntheured kojic acid and coafirmed the motecular
srucmare establshed earher by Yabuta

The physal propernes of kojic sd have been listed by Barbam and
Smity (1934) It aypallizes 10 the form of pemadic needles which
sublime in vacuo withour change, kopic acad 15 readily soluble 10 water
ethyl scemste, and scetone and bess soloble In ether alcobol-ether mix
tres, chloroform, 1od pyndine. Melung pounts as repocted by vanous
wnvemngatons range from 151 w 134 C

Although kojxc acd can be eanly produced by means of « fungus fer
menmanon (this beag the only way in which 1 has been prepered 1n
any quanuty) there has been 0o anempt unul recently to manufscrare
this substance on a large scale. Chax. Plrer and Company snnownced
m 1935 the largescale peoducton of kojic sod (Beesch and Shull,
1956) As recendy s 1949 Foster suggested that sn exagperared m
portance had been attached © kojic #ad, and at that time the opinion
weemed fustified, since there were 0o known wses foc the compound 1n
1949 Oa the other hand, if 2 chemscal compound can be produced 10
quantrty from chesp rew marermls there is a very coruderable incentree
o find possible nses for the compound. The prncipel problem with
kojic acd s no been obalning i 1 quantity bat rather with how to
use 1t aftes it 3 obeained. Kojic acxd was thought 1o have some applica
Boa 10 mediine &3 40 antibote (both Sauo and Yabuta mentoned 1
antheptic power) however 133 use a3 sach does not scem posalble 10
view of the work of Fricdemaan (1934) who demonstrated that it was
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toxic i dogs and rabbits. This iavestigator found that the fecha! dose of
the sodium salt 1s aboat 1 g per hg of body weight. Armit and Nolan
(I931)nrcmp:cdmxymhcsmcdmgxafd1c&cmmetypcwh:chhavc
focal anesthetsc valve using kopc acrd as the sarting compound, bt
were unsuccessful Barham and Smuts (loc cx ) are of the opinwn that
such syntheses are possible. In the anpouncement emanating from the
Plizer Company (Chers, and Eng News 33 2556, 1955) 1t was stared
that Lojic acid 13 reacurve at every postron on the fing and that & pumber
of products of value 1 industnal chemustry can be formed from thit
compound metal chelates, pyridones, pyridines, ether, esters, azo dyes,
#ldehyde condensstion products, halogen derrvatrves, Manasch bases,
sad the produces of cyanoethylanon.

Fungt That Synthesize Kojic Acid
Carbon Sources Utilized

A variety of carbon compounds may be osed as carbon sources
for the brosynthests of kojic xod. Tractta Mosca (1914) found that As
pergillns glawess could syntheszze kojk acid from sucrose, glocose fruc
tose, and glycerol Challenger Klemn, and Walker (1929) and Barham
and Smrts (1936) have shown thar 1t may be synthesired from the pes-
tose sugar xylose both by A oryzae and A flerss Prescon and Dunn
(1940) soate thar a large number of carboa compounds cea be fer
mented by fungr with the resultant formation of kojic aad. These mver
tigators list sturches, dextning, sucrose, maltose, glucose, fructose, man-
nose galscrose, xylose arebinose, sorbitol, dalartol, sadenrtol, mufm,
1oositol, glycerol, glyceroB-phosphate gloconk aad dihydroxyacetone,
tartarsc gosd, a8 well as other subsmnces a3 carbon compounds from
whuch kojic acrd can be syntheszzed by fungr. However best yields bave
been obeaned from glucose and xylose.

}(opcnodnfoundamongdwnrmbclxpmo‘umofluumbcrufdd

ferent fungy, which with ooe excepton are all speacs of the genus As-
porgilins In edditron o A. oryzee A glancas and A fleras previowly
mentroned, Tamiye and Hida (1927) showed that A gymnosarde
A avamori A clmasas A candides A fymigatns and A glgantens
razy also synthesire this aod. Prescott and Dunn have expanded the Jut
anth the sddinon of A. albar A effasss A wadvlens A parasdicas
A tamarn a0d Pemallivm daleac Bukmshaw and ho co-workers
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(1931) have clammed that kojic sad productios is & biochemica! diap-
nostic foc the fevws-oryzaetamani group of Aspergilll, provsded that

certamn \ are

The hojic Acld Fermentation

The effects of various environmental condstons upoa kojic aad
yiclds have been conndered by severn! invesngators, most of whom have
conducted the fermentation with surface cultures. hinoshita (1927) ob-
tained « 33 per cent yxld of kojic aad by cultuting 4 oryzes upoa =
fermentation 1 which the carbon source was sucrose and the
altrogen source was cobalt purpureochloride (a colbaltamine) kst
gt and hatahara (1929) tested o large number of carboa compounds
1 order to determine their suitability a3 carbon sources for hojx sad
synthexrs by A oryzes The medum used by these investigarors was us
follows

per cent
M50 TH,0 001
KH PO o010
(NH )50 005
CaCl; 0.01
Carboa compoxnd 500

Katagirl and Kimhara used medium which had an 10l reaction of
#H 50 bat found that an iinal pH of 2 4 was more favorable for kojic
ackd synthetss. In a later paper (1933) these same mvestgaron repocted
yrelds chaained with  large vanety of carbon compoands; the highest
yelds repocted were 40 8 per cent and were obmed with maltose as
the source of carboa. Yields were calculated oa the besis of sngar sup-
plied.

May and others (1931) stadied the production of kope sad by As
perpuins flavas m sarface cultures and obaiined yields of 43 per ceat
based upon glucose supplied (55 per ceot if based upoa ghecose ualized)
m 1 ten-day cnlrure persod. They found that ammonmm nrtrare was the
best nitrogen source and that best yields of sad were obtined when
glucose was supplied fn 20 per cent concentmanon. Highest yelds were
obtuned when the sarface-ares/yolume rauo was 0.3 10 05 A tempers
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ture of 30-35 C was found to promore mpid vegersove development
with high yelds of acd. The medium employed m this wok had the

following composrtron

Lrams per {ster of

glxcose solutron
MgS0. 7TH.0 0500
RCl 0100
H,PO, 0054
NH.NO, 1125

May Ward, and Herrick (1932) wovesugated the effects of forty o
gaox compounds on the syntheuss of kojic acid from glucose by A. flaras
Ofmaccompamdxlheon}yoncdwhndmﬂcn]mnngcﬁmupon
the fermentation was ethylene chlochydrn, which, 1n & concentration of
100 mg per licer of fermentanon medium, brought sbout ¢ deaded m-
erease 1o ecxd productron 1n # fermentation persod of ten days durshon.
Throurea, sodrum thiocpanate, chloracetone, and o- and p-chloro-phenol
exerted inhibitory effects. The effect of ethylene chlothydnn is appar
ently not speafic with respect to Lojic 2ad synthesss, since the dana of
Muy and his co-worken show thar sugar 15 unlred more rapsdly and
that & greater weight of mycehum 1 formed 10 addivon ro the forma
won of increased amounts of Lope acid. The acceleracory effect of cth
ylene chlothydrn 15 probably 10 the same geneml catepory as the a¢
celeratory effects that Jow concentratons of lipid soluble anzesthetics
are known to have oo cell processes. For example Gray and Sova
(1956) found that the use of below-anaesthetk concentratrons of var
ous alcobols and relared compounds resulied n shightly more rapsd un-
lmanon of glocose by Succharomyces cerevsives

Kluyver and Perqun (1933) used submerged cultures of 4 farus
10 thewr research on the kojic acd fermentmpon and encounfered cssen-
tually the same findings as those of Lodkwood and Nelson (1916)
connectron wath therr investganon of the producnon of itaconic sod by
the submerged culture method. Whale previous invesugarors for the
mast pare had recommended 1nttal pH valoes of 2 10 3 Kluyver aod
Perquim obrained best conversion of sugar to kopc ead in replacement
cultures when the mitial pH of the medium was somew hat Joner (/H
19) At this value conversion was of the order of 78 per cent of theory
(based apon the assumptson that oae mole of glucose yxelds onc mole
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of kofic sdd) When the mnitial acdity was redoced shghtly (to pH
2.2) the convernon of sogar to kopc said was reduced to 49 6 per cent
of theory Apparently w the koj acd fermentavon we are agan deal-
tng with & siwabon 10 which, by esblishing very sad cond the
metabolism of the fupgus is shunted into another pathway—in this in
stance the pathway that keads to kojic ecsd syntheste.

Chemistry of Kojic Acid Synthesls

Yabata, who first established the chemucal sructare of kojic
#cld, apparendy beleved that th componnd was formed direcely from
ghocose by  process of cxdatoa and dehydranoo—s view shared by
Kinothita (1927) and Haworth (1929) The reactioa visualized by
Yabure may be illustraced as follows

[o]
CH OH

HO HC \CH OH \§0| H C/ \C OoH
P: g_' + 3HO
HOH,C H OH —JH.D CHOH H
N/
) [+
A e 2k

The above equanon works ont quite well anthmetcally: it fails, how
ever to explam how kojic 1cd may be formed from compounds contun
ing lexs than 6 carbon 1roms tch w1 the penmse suges, xylose and sesh-
mose, or sach compounds as glycerol or dibydroxycetone,

Corbellins and Gregonni (1930) fermented several carbon com
pounds with A. flaras a5d obtained kojxc acld. From thetr studses they
concluded that the pyrone nockeos of kojic scsd 18 synthexzred from sub-
stances containing s chaln of three carbon atoms resalung from the frag
mentation of sach larger molecules o3 those of the pentoses o hexoses.
According © these investiguroes the syathesis of kopc aad may be ex-
plained by the reactnons shown at the top of pege 254,

Bitkinshaw 20d ochers (1931) suggested two pomible mechantumy by
vhi:hkopcludmxghib:fucmcdimmpenmuemgm (1) breakdown
of the pentose to scetaldehyde with cond resaltng
mchefa'unnmofknit-ud,md(l)fomnno{n reserve  materal
(polysacchansdal, with hexose units?) i the mycelinm which rs Later




254 Beneficlal Activities of Fungi

CHO (o)
S
CHOH CHO COH CHOH
E + | ] -1HO
N 56—&4,051 —CH HG-CHOH ———
H HO H H
o
[}
AN
HOC CH
Hi E CHOH
N/

o}

hydrolyzed and its units converted to kojtc acad. Challenger Rlein and
Walker (1931) stae thar it is not necessary o assume hexose forma
ton duting the coaversion of pentoses to kojic acid, as they obcaned
mote than 30 per cent of the theorenal yreld by culturing A. oryzee i
solutions 1o which the sole carbon source was dibydroxyacetone (sce
alcoholic fermentaton scheme, Chapter 9) Other investgaroas had
shown dhat glycerol could be used as a carbon source for the Lojic acd
fermenrstion  Challenger and hy assocares demoostrared that when
A psger 1 cultured oo 5 per cent glycerol plus inorganic sales, dibydrox
yacetone (or glyceraldehyde) may be recovered as the phenylhydrarzone
On the basu of these findings they suggested the following scheme 3
« possible explananon of kojic said synthens

OH HCHOH co
e N\ SN
HC COH -3H:O0 HC COH
1 [R—— I +3HO
HO H,C—~C CH +4360,HO HC [
AN N
OH HO o

Gould (1938) tested the two hypotheses edvanced by Birhunshaw and
hus co-workers and was unable to obtam results that would suppoct e+
ther hypothests. Mycelia of A. tawtars (Fig 86) from culrures on meds
contaming hexosss, glyceral crytharol, xylase, sod fucrose wer
l:;hcd.dntd,grmmdmnﬁ.nc[m’dﬁ!ndwpplrdudturbm
source 1n Czapel Dox medium. Nipe-day-old mycels were then auns-
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Fro, 85 Petri plate cudture of Aspergilles tamaril, one of the severol
species of fungl capable of synthesizing Lojic ocld.

feered to thes medium and incubated at 20 C. No koye scid could be de-
tecred cven after ainety days incubstion, which sndicates that A femerr]
does noc contain e reserve palysaccharide or cellular coasttuent from
which kojic aad may be formed. In the presence of an skdehyde fixing
sgent such a3 dimedon (dumethyldihyd 10al) kojic scid forma
toa from agar wis not inhibited. When sodram sulplute was oaed o5
the fixing agent kojic acd formaton wes slowed down, but Gould at
tribared this to the alkaime reacnon of the medium rither than to an
interference cansed by the fixation of acerabdehyde. On the basm of these
obeervations, the hypothesss that ko said 1 formed from scetaldehyde
must be regarded a1 untenable.

In view of the pancity of expenimental evidence peesented 1o date, it
is impotrible to state with cerounty the seqoence of chemical reactons
involved m the synthetis of kojk acid. Hypotheses explaining its forma-
tion by the condensanon of two 3-carbon intermedustes as suggested by
Corbellint and Gregorinl, and by Chellenger and ochers, seem more
feasible than any slternate hypotheses that bave been sdvanced. The
mechanum of kojic acd synthesn by fungi v of theoretcnl impormnce
m fongus bsachemustry since en elucdsnon of this mechanam mighe
provide & general explanstion of the formanoa of cyelx compounds by
nng closures m living ceils.
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15 Fungus Enzymes

INVERTASE
STARCH DHGESTING ENZYME FREPARATIONS
OTHER USES OF FUNGUS ENZYMES

IN VIEW OF the tremendows number of different types of o
geax compounds that can be utilized or synthesrzed by fungy, it logieally
follows that these organisms synthesize & grear vanety of different en-
zymes, It 18 a relatively sumple matrer to demonstrate thae « single 5pe
cies 13 capable of formung & lacge number of enzymes, and if the eonre
group of fung s conmdered, the number of different enzymes synche-
suzed 18 very grest indeed. Prescoct and Dunn (1940) and Wolf and
Wolf (1947) bave compiled parual lists the reader may consule these
10 determune what enrymes have been reported from fungr as well s
the species which synthesze them.

Some spectes may synthestze a0 enzyme that other species do pot; 18
not uncommon o find that two strans of the same species may prodoce
different quantitses of the same enzyme or may sometmes differ qualia
tvely with respect to their respective enzyme complemena, An exampke
of thes larrer condivon was reported m the work of Fax end Gray
(1950) who found that one manng type of the albino-2 mumnt of
Newrospora crassa (Srain 15,300) formed the enzyme syrosmase
wheress the other marting cype did not.

Altbough the varsety of enrymes synthesized by fungs o very great, ¢
relaavely small number have been produced tn quantity on a commer
cul scale With farther advances i industry food technology and med-
xane, 1t might be reasonably expected that addizonal large-scate wsage

of fungus enzymes wall occur
Euzymdmnybewmmlychxnﬁtdmdxlnsuofchctypco{drmk
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cal reactions which they aualyre (e, oxwdiring bydrolytc ew) ot on
the batis of whether of not they may diffuse oxt of the cells in which
they are formed (exvensymes and endoenzymes) More recently they
have been clasufied as particalde or moxpartsenlate on the basis of
whether or not they are amocated with definlte minnte parucles In the
cell. The two enxymes of fungus crigin that probably have been most
widely med commeranlly are both hydrolytc: however ooe of thes,
farertase Is an endocnryme, while the other nvylets B8 an exoenryme
The procedures employed m the lxol of ymoes are quiee dif
ferent from chose wsed for the Bolanoa of endoenrymes.

Invertase

Invertase specifically catalyzes the resction In which 2 molecule
of the 12-carbon dmsacchande sucrose (canc sugar) Is split o # mole
cule of glucose and & molecule of fructose throngh the eddmoa of &
molecule of water This reacton may be repeesented a8 follows

CnHx0 1 + HO——CHuOy + CHuO
—cr— rrtass phocoor rec

When sicrose 18 50 hydrolyzed, the resultant morure of two bhexose
sugars is often referred to a3 jovert suger hence the name Invertase.

Invettsse thongh koown and studied for many yeart, has been pro-
doced o & commercial scale only 10 comparsurely recent years. Ir bs
syntheszed by many different fungi, but for fty commeraal peoducson
the yeast Saccharomyces cersvisies 8 commonly used, Since 1t o an en-
domzyme,invu—medoumtdl&usemxo{:heyuucr_umdhmacm-
0ot be recovered from the mednm In which the yeast was anlwored, it
o liberated from yeast cells by allowmng them to sutolyze.

Dufferent strains of § crevasses vary in their capscities to synthesize
invertase. According to Wallerstein (1939) certin straing have been
sclected and cultsvated primanly becawse of their capaaty m synthesize
hrgeqmmmun{d:hcnzyme,]uﬁuothetycutmmhvebmn
sclected on the basis of their capacity to synthesoe large quantitres of al
cobol. Bven with high-yielding stralos, bowever considerable care must
be exeresed m the cultreation of the yeest in order to oboun mexmmum
enzyme actrvity Cane sugar shoald be ued a9 the carbohydrate sonrce,
the pH of the medium should be controlled, and the culture medram
clrtfullyuzumdmcrdcrmmdcolnlmdodﬁmbulrpmd-
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ucts of yeast. When manimum wnvertase sctvity has been armamed, the
yuncclhmtcpunccdfromtbemlm:emdmmmdwmlyzrdmdx
presence of toluene,

Further stcps 10 the prepareton of wvertase (Wallkerstein, 1933) are
preapiaaton of the enzyme from the autolysate with ethy) alcohol, fol
lowed by re solution of the preapitate m a glycerol soluson o other
sumble solvent of faitly high concentrancn the preparudon o chen
tmndnrdlmd.Wlllcrrmnmpomdn:mnddmoomhqmdpmmm,
# dry wvertase of very high activiry 1s also prepared.

The prinapal commerenl use of invermse is 1n the preparanon of
cerrain confectsons, a nse that arose ag the result of a peed for & method
for producing chocolasecoated candies with & soft cream center 1 which
the sugas would not crysullize What was desired was a center hard
enough and firm enough to be molded and conted with chocolate, yet
one that would later soften to & permanent and poncrystallzable cream
of desurable consestency Booker (1919) first affered 8 solupon t the
problem by wcorporanng compressed yeast inw the fondant murure
(cream center) depending upon the peast invertase to hydrolyre the
sucrose and therehy yrelding & moxture of glacose and fructose, Smce o
mixture of the invert sugars is more soluble then sucrose, crystallzanon
of the sugar would be prevented #ad 2 creamy consistency would result.
Wallersten pomes out that Booker s method atn grve satsfactory resula,
but dhat {r 13 difficalt to use because of the nonuniformuty of yeast, and
because undeuirable properties may be imparted to the fondane moxrure,
Paine and Hamilton (1922) proposed and patented & process, in wide
e today 1n which a standardred nvertase preparanon 1 weed msead
of lrving yeast cells,

In additzoa to the preparation of confections, another use for invermse
13 in the partal hydrolyss of sugar syrups. Invert sugars are sometunes
used as plastrazing agents 1n che manufscture of certam types of paper
and Dichm (1938) has suggested that invertase might be used 10 the
paper mill in the preparation of such agents.

Starch Digesting Enzyme Preparations
Oneofcbepunapuluxsohm:chd:ngngcnzyme(myhx.

drstase) mmucwnuyumdwcmvmaono!m:chw(crmcnubk

sugars 1n the akohol industry Suce the beverage alcohol prodecd 1n
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the Unuted States o mede primarily fram cereal grams, large quantties
of such enzpmes are wed m place of an scxd hydrolyss process, which i
peohibed by lew m the beverage slcobol indwstry Sumilarly fungus
enzymes have no¢ been used 1 the preparabon of skcohobc beverages in
this conntry since the lew speafies only the use of malt enzymes. In
onental countnes sach as Japan and China, where sach laws do not exust,
smylolytic enrymes derived from filamentous fungt have been osed on
s large scule 1n the preparstion of alcoholic beverages and other ma
termls in the manufsctare of which grain sarch most be coaverted o
sugar Waksmen (¢f Willaman, 1940) has cotrectly pomnteed out that
the drvision of the world 10to Occldent and Otxent may be made not coly
upoa ethnologual, geographrcal, and ocher groands, bur also on the basts
of the type of disstatc enzymes used m the respective glcobolic fermen-
tatrons of these regions. What malt drstase is to the Ocodent, fungm
dusese 18 to the Onent. Ope akabol process tavolving the use of fangus
enzymes has been used to a cermain extent in Earope but mn the United
States the law snll prevens the use of enzymes of fungus ongia 10 all
phases of the alcobol mdustry except that where alcchol s produced
for nonbeverage purposes

Ooe of the carbest advocates of the wse of fungm emylases 1n the al-
cobol Industry in thrs country wws Takemuine (19131, 1913b, 1914
1913 1918, 1923) whose rescerches form the besoy for the produc
oon of sach preperanons, Ope fungus, Aspergulixs oryzas has been
used extensovely 1n Japan for many yeurs In the manafacrure of active
enzyme prepararioos. The fungus & cultured on seamed e, and the
moldy resulont preparation is known 23 Kog Some idea of the extenuve
wse 0 which the preperation has been pot is ganed from the work of
Atsuld (1929) who repocted that about 10 per cont of the toal e
production of Japan 1 converted to the nenonsl drnk, seke In the peep-
aratoa of sake, rce starch 13 coaverted o fermeneable sugar by the en
zymes in Koju. In hus rescasches m the Unrted Seares, Takamine (1914)
substituted wheat bran for tice a5 & substrate for the growth of A. oryzer
and designated the resulnt moldy hran product es “Take-Kop. He
recommended the substitution of Teks Kop for barkey malt as the con-
::nb:gm(mﬁlndrdcoholmdmylndmmddnwaﬂxbnn

transformed into an sctive In about
ool enyme preperanon forty-
The producton of a crude enzryme preperanon (mold bean) which
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hunb;ghumy!olyucmmrydlmughdtu&cofﬂﬁmgmmchndor)
zz¢ jnvolves the culturmg of the fungus on whear bran until the beap
13 thoroughly permeated with mycelium. The older process, as described
by Takamine, was as follows The bran was first morstened with warer ¢
and then steamed. Duriag the steamung process the bran was sterilired,
2nd the small amount of starch remawning on the bran was gelanawed,
The steamed bran was then cooled to about 40 C, fungus spores moed
with It, and the muxture spread on a concrete floor tn & layer shout 114
in. deep, or placed 1n wooden or metal trays with false bortoms of fine
wire neming The room in which the spoculared bean was placed way
muneaned ar & eemperarure of sbout 30 C by piping Live steam directly
o the room—a procedure that not only serves 1o beat the room bt
also o keep the humidity st a high Jevel. Within sixteen to eighreen
hours the fungus grows rapudly and the remperature of the room mes
as a result of the great amount of fungus respiration. By the cod of
twenty to twenty four bours the temperature may rise so high that the
steamn must be turned off und the room coaled by the meroduction of
cool air High remperature (40 to 42 C) prevails for eight ot ten bours,
and then the tempemture falls. Marimam duststc sarength is reached
1n about forty-eight hours under these conditions, When thes occurs dey
wr should be introduced 1nto the room in order to dry the Taka Rojras
rapidly as possible and thus prevent the growth of bactenal contam
nants that mught destroy the ensyme, The reduction of the moisture oo
tent of the mold bran to a value of 10 to 15 per cent renders the prodoct
too dry to permst the growth of bacrerra! contaminants, and the bran
may be stored without Joss of activity for several onths if the momture
content 15 kepe below ths value, Takamine recommended the use of ent-
septies such es formaldehyde, benzosc ecd, oe malicylic acd to mhibit the
growth of conmmunants. Sach eatoepacs are edded before the baa 4
moculu:cd,wdcbcfungmdmﬂdbe:cclmumdmzhcpmcuhrmd
sepuc used by culturing it for @ number of passages og mediem contun-
mg this antrsepeic. Coocentranons recommended by Takamioe were |
partm2300fm'formtldchyde,mdlpanm}00fo:bcnzornodot
salicylic acd.

The use of concrete Aoors or traps 15 subgect to the same difficulucs

reminy
Moce recent smvestigruons ar the Ion  Sute Coliege have ibos  that herier
D4y be cbained 1f diloee HQA (G.1 10 03 N) ot wsed mucrad of sect for moisEsg e
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the oe of shallow pans of hqud medmm for fungus fermentatons.
Takamine azempted o produce mold bran by more economical means
mvolving less hand labor and offeting less oppoctunuty for the entrance
ufcwnmmuugugmhnu.l-[eﬁmmcdmll revolving drums, bot
evenrmally he mccessfully used # large drum of 4800-1b capecity The
drum was s plain iron cylinder with an inlet on onc side and an outlet
on the other 50 arranged that axt could be passed through the drum by
means of & sucuon fan mounted o the outlet side. An Iron pipe ex
tended throagh the center of the drum, and erther water ot steam could
be watroduced through thn pipe. Preparetion of mald bran in the drom
was accomplished as follows Bran was placed m the drum, the proper
amount of water added the steam turned on, and the drum placed 1n
moton, After sufficient stearming to sccompluh seerllimason, the bran
was cooled © 45 C with cool, molst ur Antseptics were then added,
and the wheat bran inocnlated with spores of A. oryzee The drum was
not rurned durmg the firsz rovelve bonrs; however at the end of thus
time the temperature smrred to fue, the drum was put In mouoa
(1 rpm) and a shght current of air way pased into the dram. The proc
&3 was complete about forry-eight hours after inoculadon durmg the
process the tempertrure was prevented from rsing above 38 C by in-
troduang air

Takamine poed that the fungus mycebiom grew primarily on the
inner sides of the bean flakes He stared that the amount of boc ex
pended in connrcton with the drum process o caly one sixth of thar
expended 1n the older tray proces. Underkofler and Hickey (1934)
noce that some dustrs] enzyme plants carrentdy use drums, but that in
othets droms have been abandoned for the older tray or aabinet culture
methods, These workers point out that durlng the eacly stages of growth
in the roeting drum the delicate mycelam may be damaged by the rub-
bung sction of the bran parncles, but with carcful control excelient en
Tyme occurs m plaos oslng the drum system.

Owen (1933) has reported on & process for producing induserml al
cobol known as the amylo process. In this procem grain mash (soch as
com) is fiest cooked under pressure, then cooled to about 40 C, and
inoculated with Rbizopas delemar ot Axcor sp (boch Phycomycetes)
After tweary-foor bours the fermenter contents are cooled to 32 C and
thea lnoculated with yesst. The amylo process 1 reported o have been
used both in France and in Belgmm. In the Boalerd process yeast and
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fungus are edded ro the maun mash simultencously end the process =
sad o be complete 10 forty-eight hours.

In more recent years consderuble research on fungus amylases has
been conducted at the Iowa Staee College (Underkofier and others,
1939- Hao, 1943) These mvestigatars reported that better akobal
yrelds were obtawed from gran mashes in which fungus enzymes were
used than from nmilar mashes 1n which the coaversion agent was malt
smylase. They poioted out that the rew matermls nsed in the produc
von of mold braa are cheaper than those used in the production of barley
malt, and that mold bran can be prepared n & much shorter persod of
tume than barley male In a later paper (Underkofler and others, 1946)
it was stated that & gran bill usiog 2.5 w 4.0 per cent mold braa gave
resules equrvalent to a gram bil} which contained 9 to 10 per cent make

DurlquofldWer a government hemp mul at Eagle Grove,
Iowa was converted o a mold bran plant (Boyer and Upnderkofer
1945) and commerasl tonmages of the matenal were produced under

Grove
7 mﬁwwtumo/wmuw
f:ﬂa(Fm Boyer and Underhofler 1945 reprinsed by permlssion from
Chemucal Engincering.)
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he brand name “Eaglezyme. It was reported that at the Omaha plant
f the Defense Plant Corporation, 4 Ib of mold bran per 100 Ib of grain
acomplished the mme sacchanfication of starch #s the 10 Ib of basley
nale cutromanly wed. Seccharificenon end fermentanon in the 150
00 gal fermenters of the Omaha plent was accomplished m abot
turty4x bours. The flow drgram for producton of mold bran ac the
Eaghe Grove plant it shown In Fig 87 resules of plantsaale tests of
nald bean are presented m Table 26

Table 26 —Results of plant scale texts of mold bran

Aragy Alcrbel Y old
Sucharsfrrg Agrwt  Saharrfring Agrat Stondord Basbel
Newder of ia Formreser I Youst Calrwer G 10

Frrmewsrs Aaths Alsde (ol g proe)
9 10% malt 22% male 477 241
47 9-10% malt 8 6% male plus

4 3% mold bean s 272
6 4% mald bexn 8.6 malt plis

4 3% mold bean 524 27
12 9-10% male 8 6% malt plus

4 5 mald bran 5.5 7

7 3.9-6.250 male plus  8.6% malt plos
22-0 9% mold bean 4 3% mold bean 5.26 77

1 9-10% malk 8.65% male plus
4 3% mold bran 3.23 275

Afrer Unduckofier sad others (IM7)

Usnderkofier and others (1947) reported that foc commerchal and
semicommerasl production of mold bean, the nmplest incubaton sy
tem involves the use of trayw with & bran depth of not over 2 10. They
alo used tocobation cells in which the fungns was cultured 1a thicker
leyers of bran through which air was forced.

L:M:m:mdhnm—wtru(l%?)hvcfourﬂlhnfungmmd:—
digesnng enxymes may #ho be produced m submerged cultares 1n decp
vars. These investugamnes cultured strains of Aspergilins miger under sub-
merged aerobuc conditions and found in Iaboratory trials that the caltnre
Iiquor coald be used to replace barley malt completely in the akobalic
fermenmation of grain mashes, Pilor plant operanons were coodncted In
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maxunum afrer sbout sorey hours. Saccharificenon was satsfactocy and
alcobol yields were comparable to those obtaed with barkey malt con-
vcrmdmuhuwbcnfungmculmmhqwcqumlmzm&-wrﬂam
of the final mash volume was used. LeMense and others estmated the
cosz of this amylase 0 be 6.06 cents per bushel of grain processed as
compared with 121 cents for male. More evidence 13 sccumulatg o
support the view that starch converszon cun be conducted more econom-
scally m the grun alcohol industry through the use of fungal amylases.
As has already been pornted out, howevet the use of enzymes of such
origmn 1n the producuon of beverage alcohol 1 will prevented by lsw

Although mold bran as prepared by Takamine and the mote recent
wortkers mennoned above can be used durectly o 2 subuture for malt, 2
mote-of less purified prepasanon can be readily made by extractng the
enzymes from mold bean by percolating water through 1t and then pre
apranng out the enzyme from water solution by adding strong alcahol
until the alcohol content of the muxture 18 70 per cent by volume The
white, flocculent preiprtate can then be dehydrated with strong alechol
The pteapitate 50 prepared 1 2 white ot yellowssh white powder which
1 mually marketed under the name of Taka Drastase A preapimre pre
pared 1n this way has & very high amylolynce power but 1t 5 not pure
amylase, consmting actually of & muxture of many epsymes. Harad2
(1931) states thae the following enzymes have been 1solated from thes
type of preparanon maltase dexttimase, invertase lipase pepease, €fep-
tase, rennet, trypun, amylase, catalsse, lactse 1nulase Julfatase amr
dase glycerophosphatase emulsin, and esterase.

Much of the emphesis on fungus sarch-digesting enzymes has been
phzedondmtncmrheconvcﬂmofgmmmmhamtbedmholt
fermenraton industry yet these enzpmes have also been used 1n other
peoceses. For emmple Oshima and Church (1923} have repareed the
use of fangus amylase preparations as desizing rgenty in the cexule m
dasry 1 certun fabrcs woven from cocton, jute or sunilar fibers, the
rexule manufacturer often finds 1t necessary to oversize the warp (loags
wdinal) threads 1n order o facthiate weaving Such practke imparts
added strength 1o the threads duning the actual weaving process, but the
heavily suzed threads are undenrable i the finuhed cloch. After the
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fabx B woven, the extra szing materal (frequently search) 1 re
moved by pesmng the cloth through o bath of starchdigesnng enzyme
solatlon.

Starch-digesting enzymes have also beeo used in dhe preparanon of
pecun and frue jurces. The presence of starch has always been u da-
trbing factor in the producnon of pecun from spple pomace. Daughters
(1927) and Douglas (1932) have recommended the use of destatkc
enzymes 1n the preparation of fruit juices and pecddn, and Wallerseeln
(1939) seates that fungw enrymes soch as those produced by A. oryzee
arc especially suitable bearuse of ther marked sctvity a2 low pH valoes.

Other Uses of Fungus Enzymes

Pecnn, like starch, 3 another material thee creases diffculies
in the preparsnon of clear frurt jukces. Fungus cnzymes have also been
wu!todmnpnepcaimmllyhthepmpumono{-pplc[m

are calioidal in namre and henee cause considerable

dxﬁcukymdxeﬁ]mnmofﬁ'uﬂrukﬁ.ﬂxmxymcp«ummam]ym
the comveruon of pectuns to umpler compounds which ere noe colloidal
and bence do not Interfere with filoranon, According to herterz (1930)
such enzyme prepartrons s “Taks Dusase, “Pol Oryzyme,
a5d “Protozyme  have been employed m the clarification of frust jukes.
Kertesz reports that Penscilliam glawcam i an excellent source of en
xpmes suttable foe the clanfication of dder The effects of enzyme treac
ment oa fresh apple joice are shown in Fig. 88

It 18 not uncommon for tarmares © aysalliz out of botked grape
jukce—a phenomenon that apparently does not affect the palarabiloy
of the grape jusce but may well arouse buyer reustance. Barton (1933)
found that Aspergilins versicolor synthenizes an enzyme capable of de
sroymg tartrates and rec ded iy use In the ¢ | prepare
toa of grape juice.

Fungus processes have been osed to 1 certain extent m the tanning 10~
dstry and there are several manefacurers who marker enrymes of thu
type. After fresh hudes have undergooe the processes of rimmmg, soak
g, liming, flething, dehainng, and scodding they are subjecred o the
process of bating, the purpose of which is to prepare the hides for tan-
ning. Farly monens candeced the bating process by putting hides in «
suspension of bud oc dog dung; bowever m 1898 Wood demonstrased
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Fia. 88  Samples of apple cider before and after clanfication with motd
enzyme preparations

that the bating action was duc not to dung but to the actron of enzymes
which are synthesed by bacrena present in dung, Today the batng
procens 13 conducted with enzyme preparanons, some of which are de-
rived from funge

Cowncdental with the widespread development of econamical refrig
eraton in this country the growing demand that beer be served cold
has created problems in the brewing industry that are not encontered
in countries where beer is served at room temperature. One of the prob-
lems of the American brewer has been the producuon of a chull-proof
beer that 15, one that does not become cloudy or turbad when cold K
has been common practice to add enzymes of green plant origin such &
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pepam ot bromelin (proteolyne enzymes) to produce greater smbility
1n beer when cooled. Wallersten (1937) recommends that fungus o
bocrerlal enzpme preparations be sdded also, since he found that sach
preparatrons enhance the sctvrty of the papaun and bromelin,

A fungus enzyme recendy placed oa the market 15 glocose-oxidase
(glocose serodehydrog ) whxh s ok d along with the enzyme
catalate from Aspergllas msger by 0 sabmerped culture method (Lock
wood, 1932) Marketed as # powder ths enzyme preparanon o used
to remave glacose fram eggs befoce they are dned in order o peevent
browning. Glucose acrodebydrogenase cutalyzes the oxsdatlon of glu-
cose to gluconic acd wath the smuloncous formanon of hydrogen
peroxide, which hatter compound is destroyed by catalase (see Chap-
ter 12)

Suer and Prokesch (1943) recommend a rather unusual we for &
fungus enzyme. These invesngarors found that punfied moshroom ty
rosinase (a phenol oxeduse) catalyzes the oxidatos of the toxe prin
dples of a large number of different commercual powon Ivy concentrates
3 well a3 excraces of relaced maternls from pouon oak, Japanese la,
and cashew nut shell. They foand that tyrennese would mactvate soch
umicants not caly m e1r0 bur also when appbed 10 the human skin
simultancomly wrth or a few hours after the coxicants On the bass of
these findings, Sizer and Prokesch suggested the use of tyroninase 10 the
treatment of pouon ivy dermants 1o i3 early stages,
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16 Fermentation Process for Glycerol
Production

USBS OF GLYCEROL
THE GLYCTROL FERMENTATION
RECENT DEVELOPMENTS IN THE GLYCEROL FERMENTATION

TE ORDINARILY THINK only of alcohol and carboa dsoxsde

in conoection with a fermentation 1nvolving yeast. Pastenr

(1838) demonstrated many years ago that in the course of the akoholx
fermenmtron small amounts of glyrerol and sucank sad are also
formed 1n addition to these two compounds. Glyverol, the simplest m-
hydric alcobol, 13 & common chemtcal compound and has many uses. It

H
H—(}—OH
H—(—OH
H—é—OH
i
15 2 clear colorless, syrupy almost odarless Iiquid having a sweer tste.
It boils ar 290 C, but 1f kept long at this temperature it undergoes partal
decomponinon. For ths reason 1t 15 best punfied by dunllanon undet

redured pressure. Ordinanily glycerol 1 obmuned by the hydrolyss of
fats and ouls and 15 @ by-product of the soap sndastry where the sodum
sales of fatry acuds (s0aps) are prepared by beaung anumal of vegetable
fats with sodium hydroxide The reaction 1s gven i the following equa
ton, which tlustrates the hydrolysss of trpalmitin, 0a¢ of the ¢ ™
fars of beef mllow
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Table 27 —Ylelds of glycerol and acetaldehyde with
varying proportions of rodium sulphite

Patts Usd Part Prodwed M““‘ :

NeiOy 5 gur Aldebrds  Ghoel Glyorrsd

33 100 190 2337 119

50 100 1252 2486 1188
Eb 100 13 89 2762 1188
150 100 1865 3690 1198
After Lawrle (1528).
Uses of Glycerol

Glyeerol has meny and varsed uses. It 13 & component of miro-
glycerine and an impornt materl in the manufacture of synthenc
rubber sdhestves, antfreere, as well as & solvent i sumerous processes
and industries. Glycerol 18 widely nsed 1n medsane (Lesser and Mur
phy 1936abc) one of rs most impormnt atrribares being it hygro-
scopic nature Many of the substances used 10 medicinal preparznons
(todme bromwe tannun alkwiosds, thymol, phenol borc aad ew)
are much more soluble 1 glycerol than 10 water

Glycerol has been ased as 2 sweetening agent 10 medicing] prepars
tons. Because of 1ts syrupy consistency « s @ wseful vehucle for many
substances that wonld settle out of a less viscous substance such as water
It has defimre antiseptrc properties ( probably because of 1y hygroscopa
action and the slow rare at which it penetrares cell membranes) and B
extensively employed a3 a vehicle for vanous vecanes and allergeni
extracns. In the United States Pharmacopotis %I more than {2 per ceat
of the galenreals Iisted contain glycerol 1 the Naooaal Formulary V1,
st 13 an sngredeent n mare than 16 per cent of the 481 preparanons
lusted

The Glycerol Fermentation

Glycerol production by a fermenmuon process was apparently
fest accomplished 1n Germany durmg Wocld War I as an outgron th of
the acute fat shortage i that country The resulang shortage of glycerol
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w be 30~32 C, with optumum sugar concentration berween 17.5 aad
20 g per 100 ml. They wuned therr yeast strain by sddmg 05-1.0
pcrccnrxodlumcnrbomtemtbcmcdmmm“h:chdmycmwuml-
tured 1 preparation for 1ts use as inoculum. At completion of the fer
mentation, 20-25 per cent of the sapar surally preseat i the mesh was
converted w plycerol practucally all of the rematng sugar bemg con-
verted to alcoho! and carbon dioxade.

Cocking and Lully (1922) developed and patented s modificstion of
the German or sulphite fermeaation process for glycerol prodecnon.
Therr process duffers from that of Connstern aod Lidedhe m that insread
of adding sulphite to the fermentation, 2 morture of sulphites and br
sulphrtes 13 added. The addinon of bisulphite causes scetaldebyde w be
fixed ac ag eacker smge buc besuse of the antseptc propetoes of b
sulphutes they czanot be added (o 1 fermentanon 1n any grear quanaty
Lully (1935) states chac the muxrure of sulphite and busulphuce should
be such that the medrum has g nearly peutrnl reactzon. When the fermen-
oieron 18 complete, toda esh of other mild alkais equal w of greater dun
the onginal buulphste present 5 added  scemldehyde and alcohiol are
then removed from the alkalioe solunion by dsallanon. The reacton of
the restdual liquor 18 restoced with sulphur dioxude sulpharous acd,
or soluble bisulphice fresh cubohydnite 5 added, and the liquor then
used for a sccond fermentenon. According to Lally ths procedure may
be repeated several tumes.

From the tume of the inmal discovery up to 1928 (Lawrw, 1928)
pstensy relarrve 1o the producton of glycerol by fermenation processes
sumulsr to chose discussed above have been issued as foliows Unard
Staces, etght patents Greae Bnimn, eigh; Germany eleven France,
five Japan, one. In eddion to these parents granred, there were five
applied foe i Hungaty two appleed for a Austrus, #nd ane apphed for
in Germany

Recent Dexelopments in The Glycerol Fermentation

During World War 1 and tn the immediate postwar penod
there wefe numerous wvesugapoas of the glycerol fermenesnon but
after 1928 1aterest m this process diminmshed. The processes develaped
up w0 1928 are known a3 strered  fermentanions, since the yeast me-
tabolism 13 shunted from rts usual pathway into one thar results gl
cerol {ocmation. Such fermentanons were sieered by sulphutes o alkah,
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mno[d)cuf:nyaadL\Vldlh)dlecanwcd,gtntuq\nnmo{
unsatursted fatty acds were formed at the lower temperature. The work
of Barber (1929) tndrcates that the natuse of the fat 13 ot affeceed by
carbon soucce. He cultured a speces of Pescallier 1olated From corn
starch paste on media contumng glucose, sucrose, xylose or ghycerol
a5 the carbon source and found that the same fat or mixrure of fags was
formed on each type of medrum. Barber also reported drac the far
synthesized by thu organism consisted of palminc, stears, olere, and @
and B Imolerc acids, both free and o glycerides.

Fungi That Synthesi.e Fats

As far as 15 Lnown 2!l fungr are capable of synthesuing lipids
(fass and fatlike materials) but same have received especia] artennon
with respect o ths capacity Pruess and others (1934) determuned the
toral lipd contenwts of 24 species of fungt (Paeclomyces 1 Pesi
alliam 4 and Aspergeiss 19) and found that the fat content noc only
vaned with the speaes of fungus but also with the type of medizm on
which the organisms were cultured Far content vared from 11 pet
cent in Aspergding carborarmus to 199 pet cent in Aspergilins andulans
(on glucose-inorgansc salts medium) and varied from 15 per ceat m
Aspergillns crarosporas to 24.4 per cent in Aspergillus pnsaetns when
cultured on glucose malt sprouts medmum.

Lockwood end athers (1934) surveped 120 cultures of Aspergill for
thewr capaaity to produce fat, and Ward and hs co-workers (1935)
studsed 22 Aspeegile eod 39 Penrailla for this same purpose. These Lat
ter mvestigators extracted the crnde fars and found thar of the 61 fung:
studred, ten contained mare than 13 per cone crude far of these, sx
contuned more than 20 per cent. Nooe of the speces of Aspergdlles
contaned more than 20 per cent and only one contamed more than
15 ;ﬂaﬂLMﬁndmgsmmmdmmdulothaemugcnmd
very cammon molds, members of the genus Pewscillswre are somewhat
beceer sources of fat than are members of the geous Aspergdins (T2
ble 28)

Many other specres of fungt have been used 1n fas synthests research,
but the fungs mosc commenly studwed are speccs of Pemsallmrs ot
Aspergilins For example Lockwood snd others (Joc ) wod P
seranscsm  Krocker snd others (1935) used P anrarsro-branmesrs
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Table 28 —Crude fat content of fungl

Ormde Fat Coutemst
#f Driad Mol cem
Specher &)
Penscillivm flosncimriam 213
26-28
oxalscam 24 4
regueforts 229
Jaransonm 22
ppl 202
Hristam 184
crri xm 181
Halewmrnn 170
Aspeegillas faras 160
Afcrr Werd nd oxhen (19340

Prill and ochers (1935) used A. fircheri and Swong and Peterson
(1934) used A spfowd. In sddmwon o the flamentous fungl, yeasss
and yeastlike organums have also been conndered as potential sources
of fat; however these organsms will be treased separately lacer

Factors Affecting Lipid Synthesls

One of the most extenssve myestiganoas of the fectors inflo-
encing the yrelds of lipids synthesored by ilamentous fung: was repoceed
by Lockwood and others (1934) who used P peramecns for their re
searches. They wed 200 ml Erlenmeyer flasks contuung 75 ml of
nurient medmam for therr studres and incubared the cultures foc penods
of from four to sty deys. The mycelnl man contnoed o gain wesght
throughout the sxry-dey incubanon persod, but their analyses showed
that mamunom percentage of fac was aramed after twenty-eight days
(Table 29)

The studses by Lockwood and his co-workers on the relation of sugar
concentratian o fat formanon were condocted m gmall fasks with »
twelvedey incubadoa period. They found tht whike the greatest per
ceotage of fat was formed when the fungus was coltured 10 medrm of
40 per cent sugar coocentranca, the greatest toml quentrty of far was
formed 10 medium of 30 per cent suger coocentration (Table 30)
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Table 29 —Relatlon of culture age and lipid
content of Penicillium javanicum

Caltwey Ackd  Glasse

Ap Mo g  Fat Eqairalenr  Concwmed
[C:0) @ ) (=N/oad) (p
4 0 405 a3 14 19
8 1584 243 47 67
12 2,396 21 123 100
16 2660 281 174 126
0 3001 327 220 145
24 im 295 188 147
28 2.823 326 166 40
32 32 321 129 153
3% 3 465 255 100 153
4“4 3645 283 133 153
52 3870 7s 123 160
60 3977 73 131 16.5
From Lockw ood and ockees (19343,

Table 30 —Eflect of ghicose concentration on fat
formation by Penicillium javenicum

Glaow  Mat gkt Fat Equnddest  Cowsnoed

(€2 w ) (N (g
20 23522 50 149 103
30 2 400 346 209 13
© 1564 413 148 99
50 1021 352 20 52

From Lockwood and orhers (1934)

Lockwood and his associates also conssdered such factoes as MgSO
and hH PO concentrations, effect of pressure pH type of carbon
source effect of varrous sons, and surface volume rano. Ther highest
Lipsd yrelds were obtained when the MgSO  7H.O concentranon wai
4 g per liter and the KHaPO concentration 015 Cultures were inar
bnn:dformghtdlysunderwpfemue!mngmgfmonrwnghrlf
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mospheres. It was found that mcreasing the sl pressure cesaleed fn 2
decrease 1 sugar uilization, mycelal weight, and ntramble andny &
well as Liped conmne.

Calrures were prepared using medsa in which the qural H vassed
from 2.1 to 7.9 but the ranpe of tokrance of thay organom was so
greas that & was conclnded chat foe ordinary potposes it o not neces-
fary o regnlate pH.

“The ra00 of surface area of medium to volume of medrum n the col
ture flask was found to have & macked effect upon fee productoa. The
highrst yleld was obtamed when this rano wes 0413 (Table 31)

Table 3] —Relatlon of surface area-volume ratio io far formation
by Peniclibum Javankeum

Jurfacr- Alw  Caltmw Ad Glocsw

Vol s V dhaw Weght  Equinsbant  Cocsomd Tonsl fat Fat
Rotw ()] @ GNBd O @ %
Q413 m 3418 u3 140 a7 2
oxT m 4103 164 158 0.697 170
[BY)] 33 4183 169 86 o3 171
0103 444 4176 148 no 0675 158

At Lockmoot med oders (1934)

Changing the rarfsce-volame rano had & very grear effect opoa the eft
cency of the procens wherehy glucose wat converted o fet, ance 193
g of ghucose wese required at & £a00 of 0413 for the production of ooe
gram of far, xs compared with 31 1 g requured at & muo of 0103

locoociusive results were otbaned whes 52 compounds were edded
ungly @ coltmrer m ocdet o fenr the effects of vanoas ooos on fat
formaswon. Some were wai and others apparemly resulted 1 slight in-
crewses 1 fer spnthens, Of twenty-two componnds eosed for thewr sar
abidury #3 carboa sources fac far formunon, it was foand that xylose sod
glucowe were mont sumble for tus puspose, theae twro sagan beng
ualosd nesrdy equally well.

Ward, Lockwood, May and Hernck (1935) later repocted on the
producnen of fac from glocose by P peemecurm 1o o lacge-scle Iabars-
toey apparstus.

Prll, Wenck, and Peterson (193%) afso smdxed some of the factors
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mfiuenang dre synthens of fat, bur employed 1n their work a differenr
organism from that used by Lockwood and his asocuates. These m-
vestigators screened nine different cultures of Aspergiliss fischers and
then selected for further studses the one yrelding the grearest amoont
of far. They investgated the effect of nrtrogen content of the medrm,
using NH«NO, 10 coacentravons ranging from 0.2 ro 10 per cent.
A greater percentage of glucose was unlized when the NHINO, coa
tent was 0.2 per cent—= predictable finding, since 1f an organum 5
supplied with adequate amouass of sugar and a high concentranon of 8
surtable nitrogen soarce 1t would synthesize protemn rather than fat,
Prll and hrs co-workers cultured A. fischers at 20 30 and 37C
and found thar the grearest percenmge of fae was formed ar 30C
(257 per cent) although this value was only slightly higher than the
percentage of far i mycelm cultured et 20 C. They coacluded from
ther studses that seratron has no significant effecr npon far producuon.
Like Lockwood and his sssocrates, however they found that jmstal con-
cenravon of glucose has a marked effect npon the percentage of fat
formed 1n the myceiom (Table 32)

Table 32 —Effect of inltial glucose concentration
upon synthesis of fat by Aspergillus fischen

Glocas

Added 1 Apcrirew
100 wi of Glacsx  Peradsf  por grom

Selstron Unrirzed lucnhatrem  of Gloen Far

@ ® o) Unsliowd (%)
1 o84 4 038 104
3 2.35 5 037 us
5 465 7 oM 108
10 93 8 03 131
15 144 10 032 156
0 192 12 029 180
30 %0 14 028 233
0 394 16 028 281
15 495 2 0126 N3
70 686 28 on 360

e

After Prill and others (1933)
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Compositlon of Fungus Liplds
Several fuvestdgators have culmured vanous fungi, extracted the
Lipids from the mycelus wuch fat solvents of one type or another and then
analyred dbe exeraceed lipidt Browne reporeed oa the nature of the far
by Citromyces ™ Barber on an vanamed speowes of Pesk
eelisam Ward and Jamweson (1934) on Penicillism saranscxm Strong
and Petenson (1934) on A. sydowd and Peterson s0d others (1933)
on Pemcillinm tho- The p of the umple
puds of A spdowi as repored by Swong and Pewerson 1 sbown In
Table 33

Table 33 —Comporition of the fmple

lipids of Aspergillas sydowt
%
Farty sads 0.8
Volatile acsds
(calculated as butytic) 046
Sarurated acds 2.6
Palmitic 88
Steanc no
#-Tetracosanle a9
Ussataraeed acids 2y
Olele 96
Linalesc 163
Higher acads 17
818
Total sterobs 536
Glycero! 42
From Scrong sad Prswros (1934,

Ward sand Jarueson state that the fat obesined from P wvwnsowm ks
enarely drfferent from the fat solxted by Browne from Ci#tromyces”
bat somewhat similar to the fst holated by Barber from & speces of
Pemeeiiliem. 1t would be expected thet fany from different specses of
fangi would heve different characrersstics; the repoer of Pearson and
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Raper would also Indicate thac there s @ possibility of varymg the com-
pmmonofthcfn(tyndmmdbynmgleqrcubymeudpmnmof
certain environmental canditions.

Yeast and Yeastlike Organisms as a Source of Fat

The lipsds of yeasts and peastlike organums bave been cxren-
svely studied, the mvestigation of therr production for food
tecerving connderable impetns by the food shortmges of both world wars.
The study of yeast lipids goes back ar least a3 far a5 1879 to the worl. of
Hoppe Seyler Since that date many papers have appeared on thes sub-
fect. Most of the erlier work on yeast lipxds was conducted with bakers
and brewers yeasts (Seccharomyces cerevusioe) Welter (1915) re
poreed that in that year Lindper produced @ yeast contzinung 17 per
cent fat, based on dry weight. When this yeast was cultured oa cloth i
& large pan ar 20 C, a3 much a3 50 per cent of the dry weight was Lipal.
The yeast could be removed from the cloth eaxdly then pressed und
dred. The far thus obmuned seemed sumilar to olive o1l and could be
used to produce a good soap During the years {920 to 1928, Smedley-
MacLern and her assocmtes published a series of papers on the merha
nusm of fat formauon 10 peast and the mfoence of certatn condibens oo
the amount 1nd narure of the lipsds produced. Several of the papers of
ths serses are listed 10 the lrrerature aeations at the end of this chapter

A number of ather yeasts and yeastlike organams betrdes § corerimse
seem far more pr g, from the dp of therr capacroes ©
:ynduxmflu.t}undwmmmmmufcbcbahngmdbmzmgw
dustrres. According to Reschel (1940) Endomyces vernalis was osed
for the largescale producton of fat for food use 1n Germany The o
ganism was culured i shallow pans on a molasses medrum and
yelded a fat that was not very suimable for food purposes, since it 3000
became rancd. [ production ceased after the war Nadson and Aonako-
una (1924) found that when cultured on beer wort medium, 25 pet
ceaz of the dry weight of E sernalis was far

Docren de Jong (1926) solsred a new yeast, Toralopss (Torsks)
Ispofers which was used for studwes of lipsd syntheas by Klenreller
(1944) Ths latcer investigator reported thar the Iipsd content of ths
nonsporulanng yeast vaned from 18 o 43 per cent of the dey woight.
Nlsson and others (1943 ) culuvared scveral yeasss both on plares end
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in submerged cultures in thelr wearch for a sumble otgansm for the
producton of food fats, They used Toralopris paleberrima var varsablls
T hipofersa E vernalls Rbodotornla gixtinis and S cereriisas and on
plate caltures all of these ofganmms contained over 15 per cent lipuds,
bur only R glatenis gave satufacrory yelds m submerged culture. The
Lipd yeld of this organsm could be rased o 33 per cent of the dry
weight by varying the subserate.

Enebo and others (1946) used R. gracalss in their studies on the pro-
duction of food fats by yeasts and found that under optimum conditions
of growth the compamition of the cells of this organism was as follows
proteln, 13 per cent carbohydrate, 24 per cent; Lipid, 60 per cent;
minerals, 3 per cent,

Sufficaent cvdence bas been peesented 10 the above brief sccounns
indscute that yeasts or yeantlike organfsms scem to represent 1 poten-
tally grester sousce of fat than the flamentons fung: that bave been
saudied and reporeed on thms far Not only are the percenmges of fat
higher in the yeass than in the filamentous fungy, but the calturing
of yeast on & large saale 1 vnally conduced with contiderably lem
difficulty than the largescake culture of filamentons fungL Yeas muld-
ply rapidly when maintuned under the proper condinons, moceover the
problems of obtainmg sufficsent ocutum for large-scale cultres are
not encountered, smce with these organhuns vegetanve cells rather
than spotes are wsed a3 woocolum.
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18 Miscellaneous Fungus Activities

PRODUCTION OF PLASTIC MATERIALS

UIE OF FUNGI AS$ AGENTS OF PIOLIGICAL CONTROL

BOTRYTIZED GRAPTS AND THE FRODUCTION OF SYEET TABLE WINES
SYNTHEWIS O GROWTIH( FROMOTING SUBSTANCES

ROLE OF FUNGI IN $OfL STRUCTURN [MPROYIMENT

FUNGI AND THE YPATILLRING OF ROCKS

FUNGI AND COAL FORMATION
MOCTLLANEOUS METABROLIC PRODUCTS OF FUNGI
POTENTIALITIES OF FUNGI AS AGENTI OF BIOSYNTHENS

SOME OF THE BENEFICIAL ACTIVITIES of fung: docussed fn
the preceding chapters are qurte forturtous, while others ere conrralled
and drrected by man. An example of the latter type is provided by the
commerca! prodection of antblogos, which has berome 1 large and
growing mdostry m recent years. Other benefiaal fungus sctrvities chat
may be further explolted to mans adventage are described below

Production of Plastic Materials

At the peesent tme, the grestest pocentil coatribatioa of my
cology 1o the plastcs jndustry lies m the produchon of itaconsc acid
by mexns of & fungm fermenmtica (Chapeer 13) Esters of this acid
may be polymerzed to provide pew resina that prodece plastcy of nniqoe
cheractersace.

Pror tw the development of & good fermentation process for the
large-scude production of itacoaic scid by Aspergsllas terress st was sug
gested thst some plasnas could be made from alightly cruder fangos
materrly. Sanborn (1936) proposed the wae of certain fungus agglom-



Fiu 89 (Top to bottom) Crude gum sheets of gum
objects made from hardened gum and pressed cake of
Owdiumn gum (From Sanborn 1936 )
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mmngumhdrmuhnmdmppcmh:mmddmﬂuux
ful objerts (Fig 89) The Invesugaror found that 1 speaics of fungus
resembling Osdiam Lectss (often referred to as the milk fungm —see
Chapeer 24) produces high ywlds of gums frem glucose, glycerol,
and mannase, which could be variomly moulded and hardened. Much
earhier Herrog (¢f Sanborn) hnd been greoted a patent for # proces
mvolving & umilar use for fungus gums.

Although litle conmderation seems to be given to the use of such
crude gums today there may exist some fungus speaies that form gums
rumable for me in making phstic objects having certaln desirable prop-
erties.

Use of Fungl as Agents of Blological Control

Specics of livmg organims have Jong been known to peey
wpon oc parasitre other living specres. The biological balance thus es-
tablished between these species b maintained undl i i disturbed by
outnde agents. Man humaclf is probably one of the greatest dusturbers of
blological balances. Though In many instances such disturbances are
petestary of intentional, the regult i that man often creates addmional
environmental problems for humself.
Fot example the clearing of wooded land may result In & gross reduc
ton m the bird population of the area thereapon the imect populanon,
00 longer kept within ecological bounds, may increase and Inflict setions
damuge 10 food crops. Sometimes 1t becomes necermry o recstablish
the otiginal bird populanon by ref: 00 1n otdet 0 malnmin some
measure of control over the wsect.
The use of one speoet of lrving organtsm to ellminare or hold In check
anocher specses 8 known s biological conrol. Farmers sometimes
untraduce blackenakey in grain fields o destroy small rodents that caose
crop damage 1f jo ame the blackenakes threaten to grow too tmmerous,
2 knowmg farmer merely turos his bogs Into the field after harvest 1o
reduce the soake population. Western man s eating habits, espectally
with reference o ho preferred proem foods, o in o sense  form of
large-scale brological control. In Inde, where it 13 sacred and henee not
extzn, the cow has become & destroctrve pest.
Buological control was pescrced during Woeld War I when army sut
geoms, untsded by modern pencillin sod nimilar sotdiiwotics, had e
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course to  maggot therapy”™ for the treatment and preventon of wound
infections. Control of infectous microorganisms was frequently ef
fected simply by plaang fly larvae on open wounds. The larvae dom
fected the wound by consumung dead ussue together with the microor
gansms prowing 1n the ussue

The use of fangt 1n the control of insect pests offers itriguing poss-
biities, since many fung: are known to parasitize msecss (Fig 90 91)
Entomogenous fungt (fungl thar parasitize insects) are widely duserib-
uted but Shanor (1949) states chat a larger number of species are

-%. P
4 $'
l" w‘ ¢

scale
Filoc 90 Some entomogenous fungi Left Aschersonia aleyrodis on o

nsect. above) Isaria farinosa on moth pupa Right {
i)mn :cpt.llig!m(lu o:zrw fies (From Shanor 1949 )
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Fro. 91 Estomogenons fungl end thelr hasts, Abwe
Jonthae on may beette larra Below Cmdyctpmh}ufhmgm
pupa. {From Shawor 1949 3

found ta tropice] reguwns han in temperate regoas. Ths difference m
distribution may well be due to the fact that the generally higher eem
petatures and homsdives prevadiag ln the topics grendy influence the
growth of funge

Like ochet paeasites cntomogenos fungl may be enber qubte Limired
o therr host range af may prrnairze & great many different speaes of -
secrs. Some quickly Il the msecr host, others appesr m wfiacr brde if
suy injury

In order o use fungt for the effectrve coatrol of Insecn, man-made
epaderucs must be generted, the soccen of thy opersoon depending to
2 lerge exvent upoa prevasling clnane caedimons. There 15 coamder
abie doube that fungr may be snccenfully aaed t coptro) large oumbery
of wmecty excepx in regoas whete cunanc coediions grestly favor the

binh of the prratstic rek brp and penmat the rapud develop-
ment of eprdemcs among insect populitoas. Aaouediag to Shasoe sach
condsons exst m ceroun parts of the Gulf Sates end 1n Florxds, where
fangs have been wsed sucomsbully to reduce mfestanons of Sen Jese
Scale und Citras Whrte Fly He also etaes chat among the most effectrre
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Fia. 92 Frudring bodies of Podonectria cocclcola w hich Aave developed
on scale insects (From Shanor 1949 )

fungi used in Flonda for the contro! of scele insects are Sphaerostilbe
axranticola and Podopsctras coceicolu (Fig 92) and that nfestatoas
by these two species have been mutuated by tying cwigs fected with
scele 1nsects to hranches of trees. Thus same guthor stares that Beawrens
ghobalifernm was used unsoccessfully 1 the conwrol of chinch bug m
Illinows, but that Mleterrhrarwm anusoplies has been used In coatrolimg
the beet weevil 1o Europe and the frog hopper of sugar beet n Trmdad.
The use of AL anssoples has been suggesied foe resricang the spread
of Japanese beetles.

Botrytized Grapes and the Production of Sneet Toble Wines

Although the imperfect fangus Botrysis anered 1s often found
on grapes in many climstes, the grestest amount of infecuon of mamre
or nearly mature grapes by this ofganum oceurs i regrons where the
relatrve humidity 15 high. It i seldam encountered 1n hot dry regoes.
Infectron of grapes by Bosryss under the proper set of condivons may
paradonically be 2 helpful fungus acuvity- fine sweer table wines fike
Sauternes are made from grapes mfecred with B. erxerea of botryrzed”
grapes. The effecrs on the fruie after infection by B cmerea arc not ol
ways the same Laborde (1908) nored that cold, wet weather followmg
1nfectron caused an excessive growth of the fungus unsccompansed by
drying of the frurt. On the other hand, if mfecrion s followed by warm
sunny weather the berries lose monure shivel (Fig 93) and the
percentage of sugar ncreases.

Muller Thurgau ( 1888) reporred that the must (unfermented fuice)
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from 100 botryuzed White Rieshing grapes contained 30.26 per cent
sagar compared with 1824 per cent sugas in must from unmfected
graper The molded grapes ywlded only 32 ml of must, while the
unmfected grapes yelded 100 ml, Thus the effect of the fenguws s to re
duce only slightly the ot sugar content while pready increasng the
percentage of sugar per unit volume of must. The toml sadiy of the
must from infected bermes was 079 compared with 0.89 per cent
i the must from sound bernes; hence the fangas redoced the toral
amount of 1cid t a quantity samew hat less than ooe half thar of the
engunl. In eddmon, Bosrysus mmparts s parucalacly desirable odor to the
wine,

The use of botrytized grapes for the prodoction of fine wmes has been
practiced in yanous Earopean countres for many yeart. For example,
Laberde (Jor ¢t ) reported that this practice occurred 1a the Sauternes

Fo 93 Bon)rfzn"gmpe: Both of the above clusters were ixfected with
cincrea however the cluster at the left way incubated under con-

the greater mmount of vidble frorgus th on the left cluster and the
mmla{nbrwﬂnxolynpahﬁtdg-‘um The on
mlh:ﬁghxmpmprflybwyllmd and coudd be wred in the pr of

table wines of the Saternes type (From Nelson snd Amerine 1957b )
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region of Bordeaux, France as early as 1845 Thus method of wine peo-
ductron has been practced also i Germany and Hungary (Moller
1930) Rutsia (Khovrenho, 1910) Italy (Garino-Cantna and odhers,
1951) and Portugal (Everett, 1954) Preobrazhanskii (1947) cor
ducred some experumentatson 1n inducing infecton by 1noculatmg dos-
t;ﬂthhrpomnupcnnoosorpltmngm{ecmdbcmamnnm!cmd
clusters,

Nelson snd Amenne (1957a) state that the Californss vitcufture m-
dustry has been unable o produce a Sauternes-type wine because ol
matic condinons prevarhing in Califorrus prevent B eimeres from de-
veloping as it docs 1n certan European aress. These investigarors coo-
ducted a sertes of experiments designed to determune if grapes could
be arnficrally infected and conditrons then o controlled that desirable
musts might be obtaned Therr studies volved the inoculaoon of
grapes (both on and off the vine) with conrdra of Botrysis bat in most
of therr experiments the grapes were moculared after they kad been
harvested. After moculat:on the grapes were first placed under hamd
conditrons to permut infectson and then under dry condtions o facilitate
water loss. Vanous combinatons of temperztures and relagve hums-
1ues as well as length of the 1nfection and drying persods were tried and
evaluated. Thetr avtempes o produce musts of high sugar conteat from
grapes woculated on the vine were unsuccessful. High dayome tear
peratures made 1t difficult to mantain the high mosture condiboos
necessary for infection for pertods of ume sulficiently Jong They dud,
however find that musts of the desired type could be obtained by har
vesting oaly mature frurt, ipoculanng 1, and then mammuning it under
controlled condmons during the sncubanon period. On the bass of
their expertmental results Nelson and Amerine concluded dhat m Cal
fornm the production of wine from bowrynzed grapes required earefully
controlled conditoss, but evencually mught result 1n a new and desira

ble wine type.

Synthess of Growth Promoting Substances by Fungl

& common plant discase of the Orent, *3%
first reported 1n Japan by Hori in 1898 (Seodala and others, 193%)
This disease 15 naited by an imperfect fungus, Fasariar moniiforme
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the perfect stage of which o an Ascomycete, Gibberella fafibwrod. Since
first reported occurring in fice nurscrzes In Japan, the discase has sub-
tqmndybccnubadvcdluGﬁm,Indh,d:ePhdrpfm,quon,and

Britsh Guuns (Peirms, 1951) A charscreristic festure of Bakanae-byo
oa nce s that infected seedimgs grow to sboormal length. Kurosawa
(¢f Stodala and odhers, 1953) demonstrated in 1926 that filtrates from

cultures of the Bakanac fungus accelerated growth i length of nce
seedlings in much the same manner as the fungus iself

Yabuta and Hayashi (1939) who molated @ colotiess, amorphous
powder from senlized culture filrates of the Bakanse fungns fonnd
thiy powder to be effective on rice seedlings in very munute amounts
(0.00002 per cent solution) Later Yabum and Sumiks resolved the
amorphons powder into two crystalline substances named Gibberellin
A and Gibberellin B—the former active 1n promotung growth, the latter
less potent.

Stodels and others (Joc ¢nr ) have peoduced growth-promoting sub-
stances on 2 pot-plant sale by gradually bailding up the quaauey of
inocolum of u selected strain of Fasariam momiliforms and nsing it 1o
woculare 154 gal of medum m & 300-gal sainless steel fermenter
equipped with both aur sparger and agiaoe After & sxry-five-hour in-
cubanon period durmg which the medim wus serated and agitated,
recovery operations began, and sbout 12 g of crude crysalhine gib-
berellm was obeained. This was 2 mxture of Gibberellin A and 2 com-
paound which they called Gibberellin X (C #H::04)

Carts and Crom (1934) attempted to molate Gibberellin A from
culture filerates but mstead molated another compound with umilar bxo-
logical properties which they named Gibberellic Aad. Just as the do-
covery of pemcillin led to an cxenuve search for other antibeotics
amang the fungy, 30 has the discovery of gibberellin led to the search
for other fungt which synthesze growth-promoting substances. An ex
sample of this bs provrded by the work of Cartis (1957) who surveyed
about 1000 fang: and 500 aecnomycetes for their capsanes w form
growth-promotng substances, but was unable to demonstrate the ex
fnence of such subscances using corn seedlmpgs s the test organsm.

Research on the mode of ection of gibberellm a3 well 23 on 1o practs-
cal epplicatons bas corrently become fashionable in cermn plant-scence
wrear a3 a reselt o 8 DOW being produced by several different mannfac
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torers Impenal Chemical Industries, Bkt Lally Merdk, Phrer 8 B
Penuck, Abhott, snd American Cyanamsd (Beesch and Shall, 1997}
Durng the early siges of 10 production gibberelin was quite expen-
arve but it bas recently been priced in large quantitses ar $10 per grm.

A subsiance with growth promoting acavites somewher samiler 0
those of gibberellin may have been mvolved In the studies conducerd
by Jomp (1938) Thu invesugator nowed the prevalence of absormal
bifurcenan of red piie trees 10 secuons of the portheastern Unied Saams
and found that this condition was caused by extraseasonal latera) shooe
elongation (Fig 54) This condinon resulted m # greater susceptibibyy
w the cevages of wood-decayiag fungt, because in chu eype of forkeg
the inner sutfaces of the fork do not unste complerely during subsequent
diametric growth of the branches, and open fissures are formed through
whech wood-decaying fungi may gatn entry (Fig. 95) Jump made so-
latioas from buds of abnozmally elongared lateral branches and recov
ered Dematinms palinlans in the majponty of coses. Subsequent e
periments revealed that this fungus synibeuzes & growth-promonsy

4 1) Seven-year-old red (ree with abrormal bifurcaiion
f:ungl by e(gnmtﬂ);:nlh ina mﬂl branch (From $ump 19381
Fio 95 (nght) Lorguudinal section through abrormdly forked Ifdi}‘;':
tree Note the Incomplete union of ianer xusfaces of branches and i
rure through which decay Jungl have gained eniry (From Jump
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smbstance capable of causing elonganoa of enolated hupme hypocogyl,
Jump advanced the theory that extraseasonal growth of & pine bud may
be mimased through the action of & phytohormone formed by the fangas
kving wrthin the tssues.

Role of Fungl in Sofl Structure Improvement

Soil scxeotisty, agrooomusts and agrculturists have known for
many years thar the plowmg under of green munures deadedly 1m-
proves soil sructure—~a rathet common pracice when the strocture of
2 30il 18 pot especizlly good. It bas been definucely esmblished however
that green manures per s¢ do 00t improve soil structure, The m
portance of green manure 19 mdirect in that 1t provides u source of raw
marernls from which soildwelling ocganisms may synthesure the com
plex matenals thar bead o an mproved soil structure

Soul containg 1ocganic partcles of clay wle, aod mnd, which by
themselves form s 301 with very poor structure. Improvement m strac
ture 8 attained when the partcles of morganic marerial ere  cemented
together into groups called soil aggregaes. The cementng materiel
conisns of long-chaln polysacchande polymers coatsining urons ecd
(sugar scxds with an eldebyde gronp) umis. Apparendy such mucro-
organiums es filsmentons fungt, bacters, scunomyretes, aod yeast are
capable of synibesizring these  cementing materuls 1t o generally be
Leved, howerer that flamentous fungs are most important in chrs capac
ity Gum-productg fongs are of course also impormat 1n the synthes:s
of soil-cementng meterals Among ochers, specaes of Absidu Macor
Rbizopas Chettomizm Futariam and Aspergpllss are koown to
prodoce materisls that atnst in the formation of sl eggreguees,

Smce fungus-synthesized polysacchandes are not petmanent soll com-
ponennbcautofd:wnuarpuhmymdlgabuhy-umyo{nd
mscroocgansmy, the soil< l moest be
npb&dby:ilimydguodnﬂmmumbemmuhﬁln
comparanvely recaent yeass anempo have been made o improve soil
sructure by the addinon of synthetic polyeleceralytes (for erample
Krllium) which are not destroyed by mraoorguosms. Soch synthenc
rosterals serve quite well in the formaton of sdl aggregates, but st
present their hugh pexce prevents therr econoaucal we on a lacge saale,
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Fungl and the Weathering of Rocks

The type of soul that develops on rock surfaces 15 the resul of
many physical, chemucal and brological factors. Not the least important
1t the 1uta] processes of soul formatron 18 the ecton of lichens (Fig
96) which are dual plants conssang of both  fungus and an alge

Fia 96 Foliose lichen growing on a bare rock surface (Courtesy of
Robert Giesy )

These organusms, which have the capaaity o grow under very dry coo-
dmom,:f:zfmnth:ﬁmoccupunuofsbammckmrfm Ther growth
lcndsma\ﬂkmmgoftherodu.uncehd)cmuscmmco{dwnu:
mlublerodmmunmumdamcdwmcbmmmugmmmxgl
of mossture Moisture retention makes for a more mpd breakmeg up >
the rocks through the mechanium of freezing and thamng Moreovel

hach resuls m
temperature changes cuse expasion and contraction »
the l;”ti.::mncm of sull smaller rock fragments. When these fragmeots
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become mixed with the decaying remains of the licehen thally, a thin
layer of soul 13 formed, thus changing the environment suffioentdy so that
eventually other larger plants may become establhed.

“That procets of so1l formatioa 13 obviously very slow many yearselaps-
Ing before vegetanon ocher than Iichens may grow on what was for
merly bare rock. The succesnon of other plants contribates to further
s0dl formatson, smce each m turn adds to the organx content of the soil
and auds in forther dmintegranon of the underlping rodk, The later ar
rrvals probably disintegrate more rod. and add grester amounts of or
gank materul to the developing so1l but 10 many instaoces the process
B first initated by Iichens.

Fungl and Coal Formation

Any attempt t0 evaluate the ponible role of fang tn coal foc
manon must of necesity be highly specolatve, yet there u Lmle
doubt that fungy, along wnth ocher microorganms, were contributory
to ths impormat process. Wakeman (1938) refers to coal a3 fosnl
humus and sdds, Coal represenss « number of bamxs typas in an wd
vanced state of decomposaion produced from varrons plant ressdues o
different pariods durmg prebisoric times and later compressed by super
smposed Leyers of mrueral matter

Vanom theores bave been advanced to explain coal formanon, How
ever aunce chemical analyses of coal mdscate 153 relations up wath hurmas,
1t must be recogaured that, regardless of what theary 1 udged most ac
ceptable, the organiams of decay played a significant part 10 at least the
exrly stapes of coal formation becanse of theit known roles 10 humus
formanoa.

Miscellaneous Metabolic Products of Fungl

In addrton to the commercial metabolic products of fungr ol
ready desaibed 1n eardwet chapters, » grear many other chemxal com-
pounds have been molated. Some of these are known to be synthesized
only by fung: (1n some instances by only one tpecies of fungus) while
others are symtbesed by & vadety of different living organismy. With-
out ateempaing to coumerate all of these compounds, certain categories
with representative examples from each will be beiefly mentioned here.
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ALCOHOLS. The commercial production of ethyl alcobol, u-
g Saccharomyces corevisiae as the agent of brosynthesss, 1 discossed m
gome detal in Chapeer 9 Although the synthesss of ethyl akobol 1
poptﬂx:lybdrvcdmbcubndmlmldnnmmco{ymnuy
living organisms are cepable of synthesming this compound, and it may
possibly play an smportant role 1n the functoning of many Iving cell
Many filamentous fungi (Perlman, 1950) also synthesze thys akobal,
although nooe are as yer known thar do 50 with the speed and efi-
aency of yeast. Other alcohols than ethyl are known to be synthesaed
by fung. For example, Birlinshaw and others (1943) have repormd
finding genusy! alcohol (2 5-dihydroxybenzyl alcohol) among the
metabolic products of Pemsallians patalam and Bukinshaw et of. had
previonsly described (1931) the synthens of mannitol, the sugar a
cohol, by several species of Aspergilins In some myances yields of mao-
ol up to ebout 50 per cent were obtuned.

ALDEHYDES. The synthens of zcetaldehyde, & common inter
medumte metabolic product of many fungl, woald naturally be ex
pected to occur as & result of the actrvity of any fungus with & well-de-
veloped glycolyss mechansm. Another aldehyde—anusaldehyde—bns
als0 been reported as bemng synthemized by a fungus, since Birlunthaw
and others (1944) detected thu aldehyde among the products of me
tabolsm of the Bassdiomycete, Trameres suaveolens

ESTERs. The synthesss of esters by fungt has noc been ex
tenstvely invesugated. Bukinshaw and others (1931) found dhat ethyl
acetare was synthesized by Pemcillem digaatam the organim chiefy
respoasible for the decay of amus frurts, Gray (1949) discovered %
among the volaule peurrs] membolic products of the yeast, Hansenals
snomala while Gordon (1950) reporred that 1t was syntheszed by
Endoconsdropbora monssformss

NITROGENOUS SUBSTANCES. The capacites of many fungl
to synthesize amino acxds and proteins are obvious from theur ebilry 0
thnveonlmcdnumcouwumgonlymmcn!ntu.-mrbohydnrr andan
1worganic itrogen compound. Other nitrogenous compoands such 43
a&nh@.umtnddnhucmlhoknownmbctrnduntdbyf\mg"
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slthough the rynthesss of such sabstances by fungt bas not been suff
aently wnvesdgared.

CHLORINE COMPOUNDS.  For the most part the blologst re

gards the metabolic products of living organisms & being composed of
the ensentual chemical elementy, yet organisms are known to be capable

of incorp g cermaln tizl e} Into organs compound:
which they synthenre. There is no evidence that chlonpe b an es-
sennal clement for fung, bat Rastrck and Smith (1936) repored

the malaton of two chlarme-containing organk compounds whch
are syathetized by Aspergulss terrexs The molecalar consumtions
of these two compounds (geodin and erdin) were lacer established

by Calam and others (1939) with empirical formulee a3 follows
CuHeO:ChL(OCH) (grodin) and CuH:O0«Cl:O0CH, (erdin) An-
other synthesss of organic ds m which a tal element

uw‘pontcdmmthcmolrmichchuo[mhlmsmrmmpwnd:
described in Chapter 19 on the use of fungt m beologscal assays.

SULPHUR COMPOUNDS.  There is at least ooe repoct of the
synthexss by fung of # miphur-containing organse compoand other than
amino sads. Woolley and Peterson (1937) workmg en the chemotry
of mold nssue have reported that cyclic choline sulphate 15 foemed by
Aspergsllas sydows,

FUNGUS PIGMENTS. In some speaes of fungl both the
spores and mycelium are white, whereas in others one or both may be
veromly colored. It has frequently been suggested that perhaps certam
fungs might be employed for the peoducnon of pigments for use us
dyestaffs. According o Henrid (1947) AMonascas parpurens which
forms & red pigmen, has long been used by the Chinese for colormg
rxce and other materialy. The we of Chlorospleniam cerwgmosem foc
arnficlly coloring lumber 15 discussed 10 Chapter 21 A great vamety
of fungm pigments have been hotated, and sndied, and heve bad therr
molecular stractures established. Condensed ning strocures with the
anthracene or pbenenthrene nuclees are commoa among fungus pig-
mmmﬁmdﬁxpombummmcrchlvdue.drnudyufmd:
compounds may lesd to infocmation coocerning their mode of synthesis
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Table 34 —Some plgments synthesized by fungt

Pigowss Color Sracke bxod by Refowncr
Atromentin - Beown Paxillas arrossntorss h8gl and Becker (1928)
Boletol  Bloe Beleons lwredas K8gl and Delgs (1934)

Belorxs catanns
Catensin~ Red Helmrssbasporam spp  Ralstrick, Robinson and
Todd (1934)
Citrimin Yellow Penicillism cirinem  Hethenogron and Ras-
ek (1931)
Emodle Orange Penicillism cyclepizm  Anslow Beeen and Ran-

acid trick (1940)

Famigatin  Maroon Asprgiling fumigasns  Amlow and Ranmmek
1938
Phoenscin  Yellow red  Pewsrsll s phoemicrams Posternak (1938)
o violet
Spisulosia Bloe-purple  Prawslltew spixwlesxm Amlow aod Raumck
Q1938)
Telephoric  Indigo-blae  Thelophora 53 K8gl Erxleben and Jir
2cd necke (1930)

by lving cells. A few examples of fungus pigments are listed 1n Table
34 their chemucal structures ace dhustrared in Fig 97

ACTDS.  Among the vanious groups of [ving organfsms de
fungi seem to be aad formers par excellence over forty different organt
acuds having been recovered from smong the metbolic products of
fangr It 18 not surprising thar scds are commonly syntheiszed by fungt
unce these otgansms are highly serobrc, and such oxwdized compounds
a3 organic tads would be expected to be synthesized 1n some quantiy
Yﬁdlﬂcrmtmmmofdlcumchmgmqmmyexhﬂmunartﬁtd
varicty with respect to sad synthess. For example, one srain of Af
pergrlles miger may form ammc acd 1 almost theorencal quantitcs, -
other may form gluconx actd exclusively whle sall apother may form
gallic acd

Another surpriung feature of acid formung fung 15 the great vancty
oflodldmm:ybc:yndmxd.Acxdlknownmbcformtdbyfungl
range from formsx aad—the sunplest of all organx acds~—o complr
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Fio. 97  Molecular structures of some pigments synthesied by fungl

cated condensed fing strucrures such as mycophenolic ead (G HwOs)
(Clutterbuck and Ruistnck, 1933) Thus farscdswith 1 2,3 4,5 6,
7 89 10 11 14 13 16 17 and 18 carbon amms in the molecule
bave been reporred a3 bewng synthestred by a vanety of fungt A ungle
speacs of fungus mey synthestre several different sads nomlmncomly
(Bashnell 1955) but often ft 15 possible to 0 sdfust environmental
condinons that & sngle prnapal acod 1 focmed.

Most of the scads sdentified from fungus metabolic prodocts, =3 well
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as many of the other compounds hriefly mentioned here, are of scudem
wnterest oaly but, s our chemical knowledge develops further and oor
chemucal needs change a demand for some of these products may be
creared. Both Porter (1946) and Henndl (1947) have compikd &
tenssve wables lating these compounds which should be consglied
Among the leaders m the field of fungus brochemntry are Rasstreck end
hus collegues at the London School of Hygrene and Tropical Mediane.
For the serrous student of fungus biochemustry familnrnity with the e
tenstve works of this group s 2o absolute necesnity Their first exghien
papers are i Volume 220 (Sertes B) of the Philosophucal Traps
ons of the Royal Society of London, and many of their later papers ap-
pear 1n the Biochemrcal Journsl

Potentialities of Fungl as Agents of Blosynthesis

When the number of commercul processes relying oo the sc
uviy of fung: » compared with the number of specwes of fung, of
with the number of different orgnnic chemical compounds known to o¢
cur among the products of fungus metabolism, 1t becomes quite appar
ent that the fung) have not been fully explosted commercrally Durmg
the past severn} decades fangr have been mnerenaingly used for the lasge
scale synthesis of chemicals without exhansung the field of appho-
tons.

The development of the penscillin industry and ocher les spectacalar
fungns-dependent processes (atrc acd, 1mcomc acid, glycerol) can be
traced 1o an 1mpetus created by emergencies or by beavy demands re-
sulung from new developments m other areas. Penucillin was known for
a decade befoce the outbresk of World War 1l when suddenly ths
mirscle dmng  became urgently needed for the wrearment of wat
wounds, The fermentanon process for atric sad producton was de-
veloped only when heavy mport dutier were levied on crerc acid end
crude calgum atrate of cutrus fruse ongin The rmped development of
the plastics mndustry made raconic aad of sufficent potental value 0
warrant the development of & process for synthesinng 1t brologreully by
means of Aspergilins terrens The high price and scaraty of mbofiann
kdmdrdn-e;opmcmofnlcucqtmmmcdwd[ormpmdm-’
@fmnmmapfmmm}vwgdxmcufnfmgm;mhogcﬂnm
corton, Sumilar cases can be made for the development of the othet fet
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mentanon procenses Involving the use of fungi with the exception of the
kool fer the Inital develop of which 1 Jost m ag-

oquity

All to0 often the rapd develop of processes lsted by emer
gency needs are possible oaly through tremendous expendirures of nme
mﬂgylndmmulmkmﬂdmpmﬂdmt,d:udom.
t use some forenght In such matters end o prowade for the meeting of
emergencies before they actually arme, With ever increasing industiah.
zanoa the demands for organic chemials are becoming heavier and
moce varied. For that rexson 1t might be well to scrudnee the fung
much moce cosely a3 potental agents of large-scale biosynthess.
The extended researches of Rumrick and by colleagpes in England,
3 well as those of imresugatons 1n other countries, have dearly pomeed
the way to the great host of different chemical compounds which fung:
are shie o synthesize. Withoat Implymg any crincsm of these excellent
mvestgatoa, it o probeble that the subpect has just barely been touched
upoa, smce systematic researches of thus type bave been conducted with
a relacively small percentage of the rotal pomber of fungos speacs.
As the Engluh group ined end idenufied the metbobic prodects
of fungus after fungns, an increasingly greater number of complex chem-
sca] compounds ceme o light. On the baals of the wock by Ralserick
and his colleagues it seems safe o predict thet ay the fungi are sull for
ther sysemancally Investigsted, moce and more different compounds
will be disovered, Many of these may be of acedemsc interest oaly
while others may be of immediste value to industry o mediane. Ooe
may ate en example from the Seld of bactersology The fact that cer
tain bacteris coold synthesize acetone was known many years before the
outbeeak of Woeld Wiar I, bat the fermentatioa was got explored sm
ply becsuse there wes lirde demand for acetooe. With the Introduecdon
of large-scale seral warfare a hesvy demand for the compound was
crested, becanse it waa an important ingtedient of the dope used in
the coastructon of wirplane wings. The allies went immedseely w &
largescale fermentanoa process, matking the begmang of the com-
mercial acetone-butyl alcobol process.

Acrording to Foster (1949) there is no evidence that fung: form da-
nmilstion products of 2oy soct in & narn habhat such ey the wofl, His
cooclosoa 5 that the fungs dwelling in soll oxidire thetr curbon-con-
taining substrates completely w carboa dioxide snd water except for
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the portlon convereed to asumilaton products (materals of cell oo
satoents) Thus the question arises why fungt, when culavated m the
Iabotatory or industrml plent, syothesize large amounts of metabole
products ocher than those of cell material. Foster s explananon Js thar
the metbolism of the fangus becomes deranged a8 u result of the -
fluence of abnormal  enviroamental—an explanaton that o o
dcuht:dlycorma,smcenophﬂcof:bephydologmlmuadfmg
1 more susceptible w alteranons resulnng from slight changes m e
vironmental conditions than 18 carbon metabolism.

A change m environmenml condrions commonly results m what
termed & metabolic shunt, several of which have alreedy been described
1n preceding chapters. A striking exemple of shunt metabolusm 1 pro-
vided by the glycerol fermentanon wnvolving yeast. Under natural con
dittons, or under the condibons usually maintuned tn the labosarory o
plant for the culuvauon of thu orgamsm, it s unlikely that sufphre o
busulphrte 18 a constituent of 15 chemaxcal eovironment, so that the
acetnldehpde which 1t forms 13 reduced to ethyl alcobol. If the environ-
ment 15 aftered by the addinon of sulphite or buulphite howerer
sceaaldehyde (which umally acts a5 2 hydrogen acreptor from reduced
DPN and bence 1 reduced to ethyl alcohol) is no Jonger svadlable. As
2 result & three-carbon fragment formed esslier in the process of hexose
breskdown functrons as the hydrogen acceptoe 2ad from th fragment
giycerol 15 formed. Geneucally the yeast was capable of forming gire
erol, nince the pathway leading o thrs compound was alresdy 10 exst
ence: all that the sulphite did was to alter the enviroamental condwons
%0 thar the major past of the hexose utilzed was metebolized through
ope pathway rather than anocher

Mersbolic shunts are by no means charscreensne only of the fungt The
farmer who sdds too much hiph-nuraee fernlizer to his pocto parch us-
wirtingly changes the enviroament i such fashion that metabolism is
shunted 10t0 # pathway other than the denired one Under Yoxury
conditzons of avatlable mirogen, the potro plant uses much of jts Sugas
mdx:ynxbuunhmmowdundpmmmndmzhmmrduﬂﬂmx
@ horurant wp growth with litle tuber productron.

Tbetcu::numbﬂo!mmoncnmpla-buchmg\xsarbm
mcubolmu:hunmdmto-nodxr[mb“ybydnngamdmcchcmxﬂ
environment. In the cousse of the wsnal akobolic fermentatoa, yrast
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docs not synthessze accrylphenylcarbinol, however if the chemical en
viroament 15 altered by the addinon of benzaldehyde, part of the acer
dd:hydc'hld:mldmrm:becrrdlxcdmchyldcnbolmcu'nh
the benzaldehyde with the rerultant f acetylphenyhoarbinol
—-compo‘mdthumybe\mdfmlhctyndm:oll-ephcdnnc.m
chemcal precursoss of the impoctant hormone cormsone are formed m
similar fashson  sterosds are introduced 1010 the chemsca! enviroament
of a varicty of different fungt with the result that the steroad may be
sltered 10 2 number of ways and st 4 variety of posrons in the molecule,
Changes in the phyncal environment may also result i a metabolic
shunt. For example, slight changes in temperarure may boung sbout
marked changes in the rato of one fungus metabolic product w another
On the basss of the vanous published reports it 1 obvious thar a shighe
alteratron of lmost any ooe envircnmennal factor may result 1o & con-
suderably altered type of metabolzsm. When one contemplares all of the
possible environmenta! changes, the harge numbers of funges speces
described, the number and vanety of fungus metabolic products that
have been nolated, and the variety of metabolic pathways described for
Irving organsms, the potentlraes of fungi a3 agents of biosynthews ap-
pear overw belmingly large.

Much of the systemanc wotk on fungus metabolam hey been con-
cerned with fungi of the mold type (ocder Momiliales of the Fungy
Imperfectn) and especially members of the genera Aspergrdias and
Penicillsam It 1 undenstandable that these two genera would have re
cerved intentive study mince they are eauly culuvated and widely dn-
tributed, moreover it was with them that the pomibility of unng fungt
13 sgenns of buosynthers was fiest clearly demoastrated. It b now tme
to apply the thorough methods of Rantrck and others to sull other
groaps of fangt As far a3 aatibiotics are concerned, Robhins and hn
colleagnes have screened the vanows specics of Basidiomycetes, and
Gray and Bathnell (1953) have cxamined certain speaes of Ascomy
cetes and Bandsomycetes and pornted out that under the laboratory con-
dinons they maintalned, most of the species studied did noc convert sub-
wate carthon completely to assimilation prodocts and carbon dsaxide,
but to solable metabolsc products which &3 yet have ot been sdentufied.
Same species converted 3 much &3 90 per cent of the carboa of the
sugar wilered o prodocs other than curboa dioxide and asumilatog
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pmdeurthnmniuofthury'pemnymmlthccxinmoiqmu
of fung: whech convert most of the carbon of the substrate o valzable
membolic produces.
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B-VITAMIN ASSAYS

ASIAYS FOR AMINO ACIDM

SOTL ANALTID

BIOASIAY FOR ARSINIC

CROTTH SUBSTANCE ASSAY

ASIAY POR MILDEW AND ROT RESISTANCE IN FARRICH

ONE OF THE FUNDAMENTAL OBJECTIVES n quantitative
chemucal analyws 15 to develop methods that yaeld resalts of the highest
degree of accuracy combined with the grearest case of mampulanen.
Unformnstely for the amlyst, the qanutative determmanon of many
cnmpamdsbypumlycb:mnlmmuxmplnhcdonlydnmughdr
ue of extemuve, tune< h
myhmwmdsdxvdmebumcdthmghth:mddtbm

chemical methods are not absolure, nor are cosung methods for the
detex of some compounds entrely reliable.

For quanmtatree amlyses of cerun complex compounds, & sumber
of biological wssys have been developed, especially in the quanttatee
admmnolphylnbguﬂyncdvembmncuminmnvha:uq
rapsd L B more deursble than an ly igh degree
ofn:runcy Smhbbamy:mmhetheu:dhvmsmmpnm
foc determmmg the presence o esumating the umounts of cermam
am:pomdx'l'beqmnmyofmyqrafxmpmdmdrmu:ul
under st B g d by g the amount o rate of
gmwthuftheoxgmmn,o:bymamnugdrnmufmelped&c
physologiaal actviry upon which the compond i known to have an
acceleramng oc depresing effece. The feeding of cermum food materuls
© rxo in order to escertaln the Vitmm D content of sach matenals s
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an example of a bio-wssay By feeding different quanates of swch ma
termls (mxed with Viemin-D-free rations) to different groups of ras
#0d thus determining the munmum quantity required to prevent ricket,
a very practical estumate of the Vimamin D content can be made Some
tumes brological assay methods nced only be qualimtive 1n character
examples of such methods are fests for pregrancy which mvolve the
use of rbbsts or frogs as tost organssms.

A vanety of different organisms, incloding the fungy, have been osed
1n bro-assays, however 10 actuality therr possible uses as test organssms
tn x large number of assay methods have been relatrvely unexplored.
Since the culturing end mamtenznce of fung: s a comparatrvely funple
and ipexpensive process, it would be profitable further to lovestgate
their potenealines 1n thus area,

A scarch of the htemmure reveals many repotted methods for the
quannatve determinanon of various sugars by serctly chemical means.
Fermentable sugars were frequently determined quantumurvely by earlier
mvesngators by a method nvolving the use of brewers yeast. The
sugar<ontiirung macerial was fermented with yeast and the alcoho!
thus produced was then determmed quantitatively the amount of sogar
present 1n the arignal marern! being ailculated on the basis of the fol

lowing equation
CHHOy — ﬂﬂpﬂ + 2Oy
{fwcowc) ¢ 1}

(earbon daare)
Obviowsly such & method could yreld only approximare sesulss, smce
all of the sugar may noc be converred to aleohol. Hence the method 8
hardly © be recommended 1o vrew of the faster more accuraet
chemnical methods extant.

In the quanamuve esumaton of sucrose and starch, fungus prepara-
ons are wsially emploped 1n certain steps of the analyses, aldouch
these analyucal methods cannot be classed as bo-assays Yeast mvernse
preparanons are vsed o hydrolyze sucrose to reduang sugars prsoc fo
analysis, end filamentous fungus preparecions (commonly from As
pergillus oryzae) are sumularly employed o digest starch n an carly step
10 the quanumtve estimaton of this polpsaccharide.

The use of fungt 1n brological assays has probably had 1 wadest ap-
plicaon m assay methods for varrous B~camplex vitamuns. Many funts
mumblcm:yndﬁuewpumtuhrﬂvnmnun‘mdhanmwb
supplied with the particular vieamin for whech dicy are deticwent of they
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are  be maintuned in culture. With soch organmsms the emount or
rate of growth 1 ofren directly proportional to the guantity of vitamm
supplied 1n the culture medhum, if & suible range of concentranons 1
employed. By incorporanng a known amount of the mawerml being
tested into & medmm otherwrse free of the vitamun being assayed—but
complete in all other respecs—the growth of the organbm an be
determuned and compured wach s growth on medfa contuning known
amoants of the vrtamn. Since many environmentz] fectors have a very
marked effect on the growth of fungl, soch assays must be condected
under & rigadly ¢ lled st of standard condrtions. Temperature, com-
posmon of culture medmm, reacton of the medfom and length of
meubation persod all are important and must be crefully coatrofled of
rellahle, replicable results are to be obmined. Of equal importance 1
the selectron of the proper speces wnd straun of test organsm. The fact
that one wvesnptor repocts the use of w speces of fungus a3 & test oc
ganism for a particular bio-assy does not necesarily mean thar other
strains of the same species may be 30 used.

a b .

' r N —_
[~ -

Fra. 98. Long culture tubes used for the determination of growth rates
of fungl In the above rubes Neorospora cras ir growing on media with
different onounts olarﬁdcdnogm ranging from kow concentration in
the top pair of tubes to /% concentration in the jowermont pair
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The growth of fungi can be determined by vanous means, ol
though the most accurate method s probably that 1 which the mypee
humuremovadfmmﬁcculnucmcdmm,dmd.mduugiwd.Gmrh
13 esumated 1n some of the proposed astay methods by measuring the
dumeters of colonies on petrt plates. In others, growth rate 5 de
termined by measuring the advance of the mycelium over a parrow
strip of egar medum 1n « long be (Fig 98) a method described by
Fawcerr (1925) With noafilamentous fungi such as yeasts, wheeh aan
be suspended umformly throughout Iiqud medium, growth an be
esumnated by measuning the turbadicy of cultures by suemble means. In
Table 35 are Isted a number of fungi which have been used by

Table 35 —Fungl used in bioaxsays for B-complex \ltamins

Fomgss Daw Inest gater
TriasaN
Saccharamycrs cxresssrm 1941 Schole, Atkin and Frey
1941  Williamts McMahso sod Eakin
Phycomycss blakesloownns 1942 Chaves 2nd Martoso
1943 Schopfer
Prthasm ascophalion 1945 Leoasanaed Lifty
Pramoxmvx
Saccharonm)cts corvissio 1941 Willixms Eakin and McMshan
sriformss 1943 Barkholder
carlshergemsis 1943 Atkun Schalee, Williams and Frey
Nearospors s iephels 1943 Stokes Laren Woodward and
Foscer
Ceratestomella plesrsonnnlats 1945 Leoausnand Lally
] 1945 Leooiansnd Lifty
Afyroderma valsda 1945 Leonunand Liily
PanToTnENIC ACD
Sacrharmoyces carlebergre s 145 Atk n Williams Schules and Frey
corecisiae 1945  Leomaoand Lilly
b‘;::::r-vm arnasse 1841 Willizms  Stomr Mitchell and
MMahan
1941 Woolley
1944 Beadle

Newte porsiTassd
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Table 35 -—~Fungl used In bloassays for B-complex vitaming

(Continued)
Fougn Dow Inrrstigater

Nxcornae Aap

Z3ge accharoncpors marxsans 1945 Leoaun and Lilly
P-Aunrorowzor Aap

Newrvspwacr 110 1941 Tammand Beadle

1943 Thompeon Inbell and Mirchell

Brotie

Saccharemyer cereiisio 140  Soell Bakinand W Hams

1943 Her
Zygacacharomycs merchenns 1933 Leooo and Lilly
Dabarysarcr matracheti

axbglobesns 1945

Ceratustomella ips 1945

s ixn 1943

peui 1943

Sordersa fimesc 1943

Newrespor crasse 1943

o phla 1943

Caouwx

Nowrvspora cracse 143 Horowitz and Beadle

vatous wvestgatons foc astaying B<omplex vrtamint. No artempt b
made a1 completeness i thu listing” however the list serves to Mustrare
the kunds of fungr thae have been vsed m bio-assays of tha type. The
scver] eramples that follow Dlustram the vatsouws procedures com
monly followed 10 bwologreal esseps of the B virmios. Foe more de
miled descriptions of the varous methods the ongmal publcanons
should be consulted.

B Vitamis Assays

PAMINOBENZOIC AID. Temm and Beadle (1942) de
veloped en smey method for this virmun vamg matant seens of the
red mald Newrospors crasia ipcapable of synthenzng paminobenroc
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acd. Becawse of ther inability to synthestze this vicamun, such straos
can be cultured only of 1t 13 socluded in the medrum. Tatum and Beadle
cuftured such a strain m medis 10 which the paminobenzoic sad cor-
centration varied over 2 wide range, and found chat afrer & threedsy
incubatson period the relaton between mycelil weighe sod viamn
content was almast linear up to a concentranon of 025 gamma/25 ml.
Using the same organims these invesugators also developed a “logg
tube  apay method for pammobenroc sad, recommending the
method s more sansfactoty then the method involving the harresnag,
drying, and weighing of mpcelium. In this later assay method, vitamm
content 13 estumated on the baus of the mte of progresson of the
mycelnl front along the surface of the agar 1n & narrow  honzoatally
placed culture tube. Measurementy can be made 1n a relatrvely short
perrod of tme, and the assay 15 rather easily performed. Fig. 99 11
lustrates the relationship between growth rate as measured in tho
fashron and paminobenzoic aaid concentratron of the medium.
Thompson, Ishell, and Mirchell (1943) also propossd an assay
method for p-amobentorc 2cid using & mucant seram of N erasea ob-

/ﬂ -
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- n

o
a

AT T T T PR
0004 o6 o062 Q28 05 Lo 20
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Advance of mycelium of a  p-aminobenzoiclers strafn of
mmua{wﬂ«{:‘o( n_o¥c octd contens of the medivm
(Redrowa from Tatum ond Beodle 992
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Fia, 100. The relation berween paminobengic ocld comtem of the

medium and colorry diameters of Neurcspora crassa after 24 hoirs incuba-

ton af 30 C* (Redrawn from Thompson Isbell and Mhchell 1943 )

tuned from Tatum and Besdle Their method differs from rthose dus-
cossed above 1n that the trs3s are conducted on petrt plates, and growth
o esumated on the basis of fungus colony diameter after 24 hours
inxcubation at 30 C. Figure 100 shows the type of standsrd curve ob-
tuned by these wockers when colony dmmeter was plotted agamst mills
mokograms of p-amenobenzok acxd, Thus an sapproximaton of the
wmount of ths viamin 10 & materil being amayed cxa be made by
1ncocpocating vanous quandties of the unknown 1 portions of the
saandard medium, then Inoculeting, incubatmg, and mestunng the
coloay dmmetert. By Interpolation on the rtanderd curve an esumenon
of the yiamin coatnt can be made.

THIAMIN  Seversl asmays have been described for Vitamin
B: but the ooe developed by Schultr, Ackdn, and Frey (1941) n
chosen for duscumon here since 1t provides an exnmple of & bio-esay 10
which the rute of ¢ speafic process s messured and m which the quanary
of the viamm 1 the subsrate 1 estimated oa the bass of the process
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rare. The test has 1ts basis in the observaron that, under & grven set of
conditons, added thiamin has & marked accelerating efect opon the
rare of yeast fermentation. The test organmsm used by Schultz and hss
co-wotkers is bakers yeast (Flenchmanns) and the assays are coo-
ducted 10 2 spectal respirometer which they call @ fermentomerer As
says are made rapidly by this method since the measurement of fer
mentation rate 15 accomplished sunply by messuring the amount of
carbon droxrde evolved during the course of & three hour fermentaton
perrod. Dama from the original paper by Schulz and others are pre
sented 1n Table 36 and demonstrace the sccelerating effect of thumm
upoa fermentavon rate of chis yeast.

Table 36 —Effect of added thlamin on fermen-
tation rate of Fleischmanns straln of bakers

yeast
Thismees
Distelled Selsrren
Buthe Tater Iagm  GarE sl
Nuwber &) () e
1 » 0 120
1 29 10 1353
3 28 20 184
4 0 0 118
s 29 10 154
6 3 20 184

FYRIDOXINE. A method for the determination of pyndoxne
devised by Adun Schultz, Williams, and Frey (1943) al30 uscs & yeast
(Saccharomyces carlsbergensss) us the test ocganum. r differs, how
ever from any of the assay methods thus far described 1n thar growik 5
measured turbidimetracally rather than by the longer xod more labors
method of harvesung drying, end weighing the fangus tmssucy, Assaps
are made by woculaang media contamng verows diluons of the
material under test, incubating at 30 C with continuous shakimg foe
16-18 he and then measurmg the turbdity of the culaures The
amount of pyndoxine i the unknown o then estrmated by mrerpols-
w0 on a reference curve which 15 based upon rurbidity measuremenss
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made on 2 st of tubes contaming 0 5 10 15 20 30 and 40 mulli-
crograms of pyndoxme The anthors of this method recommend that
such a standard series be mcluded with each assay run. Figure 101

™ 7

3

3

g

PERCENT ABSORFTION
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3 ] 13 20 23 20 as 40
MLLWCROGRAMS — PYRIDOMINE
Fw 101 Reference cwrve wsed In pyridoxine anay by the method of
Atkin Schalty, Willlams ond Frey (1943)
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w 20 A0 a0
MCROGAAMS OF PYRIDQUNE

Fro 102 Reference curve obtained for pyndoxine In the C. pleurian-

oedana apay jor this vitemin (Redrawn jrom Leonlan end Lily 1945 )
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xbomdtetypcofrcfcmc:cumobmncdwhcnpctmrhghnb-
sorpron 15 plotted agaimnst pyridoxine concentratron.

Leonman and Lilly (1943) found that the vanons speces of Cera
tostomella with whuich they worked seem to require » number of axes-
sory growth factors and subsequently used C. plesrunslas and
C montim for the assay of pyndoxine. Growth was estimated on the
basis of dry weight of mycelum. A reference carve which they ob
wined with C plesriannnlata 13 shown 10 Fig 102,

PANTOTHENIC ACID. Atkmn, Willums, Schula, sod Frep
(1944) also developed 1 yeast bio-assay for thus B vitamun, and, a3 m
therr method for assaying pyndoxine, the test organsm 15 a stram of
Saccharomyces carlsbergensss The method 15 quite simular in 113 opers-
tioa to therr method for pyrdoxine 1n that growth is measured tur
bidimetrkzlly Reference curves obmined by these invesugators are
presented i Fig 103
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103 The relation of othenate content of the medium to i
f;cn'm of 8. p::l Fleischmann culture No 47?8 (Redran®
from Atkin W iiliams .. and Frey 1944)
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Fro, 104 Standard curve for inodtol ateay by the method of 1t

using S. cerevisiee ar the text organism, (Redrawn from Woolley 1941 )

INOSITOL,  For the esumanon of chis viamin, Woolley
(1941) recommended the wie of a stram of Saccharomyces crresiries
the common yeast of industry He found that withn a certain rage of
mositol concentranons, growth (measired turbidmmetrically) 1 pro-
porsosal o conc 0, and hence s dard curve can be dertved
smply by plotang torbiday resdings (using an Evelyn photoelectne
m)@mmlmumﬂglotmm
and others (1941) abo used S corevisies ln their asmy for inomtol,
while Beadle (1944) emplofed & munant strun of Neavospora.

NICOTINIC ACID.  Leonuan and Lily (1943) used & yeast,
Zyposaccharomycas marenns for the amy of niounk aad and
mummdgmvtbbahnnbid:metruﬂymdouthehmufd:ymghz
ofymcdhform:d.ﬂ:mfdﬂmcurmmajindmmymcdmd
wre shown 1 Fig, 105

BIOTTN Sc:ﬂ,Elkm,-ndWill.hm(l%O)repoﬂzdonl
biotin asmy method based oa the wse of § €41 15040 03 the te3t organ-
mn,H:tu(l943)Pm[n’cdlmodsﬁmnmddmmcdndmvolnng
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Fio 105 The relation of nicotinic acld content of the medium to culoare
nrbldity and dry weight of cells formed by Zygosaccharomyces mardanis
(Redrawn from Leonian and Lilly 1945 )
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the incloxon of cusewn hydrolysate In the mednam. Herz chumed that
the addrtion of biotin free caseln hydrolysee 1o the test medmm 10
creases both the speaficity and the range of brotin determunations
made by the method of Socll and his co-workers. Reference curves
obmalned by Hera using both the medium devised by the esrlier work
ers and the new medum which be proposed are included 10 Fig 106

CHOLINL. Whether ot not choline shoald be classifed a3 »
vimin is & debatable point; however all agree tint 1t 15 an 1mpoctant
bolite and for o jence 1t wall be ¢ deted here wrth the B
vimins, Horowltz and Besdle (1943) developed an asmy method
for cholme unng & chohncles mutant of Nesrospora crassa (No.
34486) derrved from the wild type N erasse through ultraveolet
irredration. They found that the growth rate of thrs murant strain is &
function of the choline concentraton of the medrum, and that growth
incresses with choline content up to a level of 30 gamma per 25 ml
of medium. Growth was messured by hacvesuny, drying, and weighing
the mycelum the relanoothp between mycelial weight end cholioe
coatent of the mednm 1 shown in Fig 107

60

30

[ 20 X 40 30
MG CHOLINE PER 25 ML
Fo. 107 GM(WMM ) of @ cholineless murtant
function of dﬂ’i: i

Newrospora crassa cortent of the culture medism,
(Redrawr from HamwitzndBcaﬂt 1943)
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Assays for Amino Aclds

The production by irradraton of mutant struns of Newrospors
cratss which are deficient for (unsble to syntheszze) cermin of the &
seatnl amuno scds has provided not only the tools for invesugatmg
the chemscal steps Involved in the synthess of these tmportant com-
pounds, but also 2 number of test organtms for the assay of these ands
If 2 fungus 15 unable to synthesrze one of the essental ammo ackds, ths
acd must be supplied 1n the culture medum 10 order to obtam growth
(Fig 108) Fuorthermore, wrtun a certun concentranon rance
growth 1 proportional to the amount of the amiro sad supplsed. For
example, Regnery (1944) reported obtinmg # stran of N orans
which was unable to synthestze leuane and Ryan and Brand (1944)
subsequently employed this stramn for the quannmove determination
of levane n protemn hydrolpsates and foodstuffs. Their method 1 ©
culture the organiam for 8.5 days at 30 C on levane free basal mednm
to which the material bemng assayed was added, ac the end of the incubs-
vont pertod, the myrelium s harvested, drsed and weighed. They rec
ommend that the samples of marerral under test be of such sme that
they contien 0 2 0 0.8 mg of leuane, and umuybercnml’ig.lw

Fio. 108. Cultures of a “prolineless” mutant of } pora erasu &8
media with proline (right) and without proine (left)
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Fx. 109 Relation of growth of mycellum of a leucincless” mutant of

ctama to 1(+)deucine content of the culture mediwm (Re
dm-n’ rom Ryart end Brand 1944))
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Fuo. 110 Thzrdoﬂmb«w«nlymmaﬂmmudmal
it mutant of N pora crasa, (Red. from Doer
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& swaight hine relatonship exssts between mycelinm  weight and
() Jeucme content of the medium. Apparendy dhe test i quite spe
cific, since m thewr expenments there was no unlznon of 4 soleoane,
0 somer of leucine which o separated from leuane chemcally only
with great difficulty

A bio-assay for lyune has been developed by Doermann (1945)
which elso uses @ mutane Nesrospora. Doermann found that boch
Iysine apd broue must be added to culture medium m order w obun
growth of Strain 4343 and that when both are present 10 the medim,
growth s specifically & function of the avalable lpune (probably be-
cause of the very Jow bionn requirement of the fungus) Consequenty
he was able to employ thss strain for bio-assay work, aod obaamed s
ceference curve such as that i Fig 110 whuch shows that the relanoa
between mycelal growth and J(+) lyune 15 almost linear op 2
concentration of 0.6 mg

The rescarch of Stb and Horowrez (1944) has provided mutant
strains of N crassé which could probably be used for the bio-assay of
several compounds, slthongh these invesugarors made oo speafic et
ommendatons to the effect. They were pmanly concerned with the
genetic control of the omithuine cycle n Newrospore and studscd #
number of mutent souns which were unsble w complete ceram

E 20}

5|oL

g | L= S S T S

§ 3 -2 -1
LOG CONC. OF AMINO ACIDS

(M. MOLS PER 20 ML)

Fro. 111 The relotionship betw cen mycelial weight of Neuroy e
(Strain 36703} and orgimne concentration of the medium. (Rejm-n from

Srb and Horowirz, 1934 )
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chemical steps fn this cycle. According to these workers the steps m the
syntbeshs of arguune from ornidune are as follows

——— —soenithine _, , cltrulline , arginioe

The seven mutant strains with which Srb end Horowitz worked were
all arginineless (unable o grow in the absence of argmine oc ooe of 13
precursors)  Straing 21502, 27947 29997 and 34105 woukd grow if
omrthine was suppled, indcaning thar they were able w syntheuze
etrulline from ormuthme and argmine from dtrulline but roable o
synthesge ornrthine of one of o precursors, Seraing 33442 and 30300
were anable to grow with ornrthine bot woald grow af arrulline or
wgnine was sdded, thus indrcating @ genetic block  ar the step 1n
which dtrulline was syathesized from oenithine. Stran 36703 would
grow oaly if argmine was supplied thus the genetic blodk m this serain
involved the amulline_, argimine step. From these observanoms 1
seemms cvident that Sarsin 26703 coald be used 10 & bio-assay for arginioe,
and the curve (Fig 111) whach shows the relation between mryeelial
weight and arginine coatent of the medum, might be med as & refer
ence curve m such an assay
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LOG CONC. OF AMINO ACIDS
(M MOLS PER 20 ML)
Fro. 112, Growth of Neurospora crassa (Strain 33442) as a function of

dicitradline or 1(+)-wginine comcentration of the medium (Redrawn
from Srb and Horowltz, 1944 )
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Seram 33442 mught also be employed m arginme assay work o
vided o ctrulline was present 10 the medmm and conversely thn
same strun might be used for the sssay of citrulline if the medmm con-
tuned no argiome. Figure 112 ilustrates the relanonship betwer
mycelnal weight and arginine concentranon or amulline mocentranon.

Soil Analyses

The use of fung: as test organisms for the blological assay of
certatn so1l consntuents in order o determme ferulizer
has been suggésed by several invesugators. Mehlich Fred and Troog
(1934) proposed s method for measuring svailable soil phasphorat
using cither Cxmnngbamella elegans ot C. blakeslecans as the st
organum. The method 15 quite sumple 1n operatron  the 30il onder eest
1 thoroughly mued with phosphorus-frec mineral salt solanon,
smoothed 0l plaques are then prepared in petri dahes, and a drop of
spore susp of G ghamells 1 introduced in the center of exch
soil plaque. After a 48- to 50-hr incubanon ar 28-29 C, growth 5
estimated on the basis of the dmmeter of the fungus colony Mehhch
and others suggest that the approximate relavoaship between hateral
growth of the fungus and phosphate ferulizer requirements 1 as fok
lows

Colony Diameter mm Phospbate Fersdrzer Reqammed
10 great need
11-15 moderate need
16-21 slight nced
22 no need

The above values will vary somewhat, depending upon the kind of
crops to be planted and the species of Canmimghamella used m the s
Nevertheless this test scems to be a rather reliable one since the /-
suls obtatned with soils from widely separated areas showed good
agrecment of field resules. The anthors parmcularly recommended the
test for use with calcarcous sorls that give great difficuley wsth ot
methods used for the determmnation of available phosphoras. Figur
113 sllustrates the growth of Cwmmgbamells on phosphate-poot soil
to which varying amounts of phosphate have been sdded

Several workers have used Aspergrlias miger for the csumanon of
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Fio. 113 Growth of Cunninghameils an sofls with differerz amounts of
avalable phosphoray (Mehlich Truop and Fred 1934)

Upper row a sofl comtaning 12 ppm avallable phosphorus end treated
with the following increasing ppm of soluble phosphorus. (1) 0 (2) 20
(3) 40 (4) 60 and (5) 80

Lower row 0fls wnreated containing the foflowing amounts of avall
able phosphorus as revealed by chemical method.

({) 4ppm Responds markedly to phosphate in the fietd.
(2) 12ppm  Responds markedly to phosphate in the fiekd.
{3y 17ppm Responds moderaiely to phosphaie in the field
(4) 64 ppm  No rexponse to phosphate in the field
{5) 152 ppm  No resporse to phasphate in the field,

certun muneral constriouents of the wil. Butkewnnch (1909) apparently
was the first © employ this well known fongus for bwologaat sssays of
thus type, and variom ocher workers have since used it m dmular fashjon.
Mo recently the Wisconsm wortkers (Mehixh, Truog, and Fred,
1933) have recommended the we of A mrger 43 & et organsm for
mexrurmg the amount of vailsble porssshim 1 soil. In boef thelr
method 13 condueaaed s follows 25 g porbons of seved 204l are placed
n flaks oo iog 30ml of p {ree mmenal st sofobon.
After inocolanon with 05 ml of spore suspenon of A miger the fasks
are incubated 1t 35 C for A4 days, The myceliom Iy then hasvesred
and weighed, and the amount of svsilable pocastram m the toil 18 esa-
mated by wnmwrpolenon oo » curve such oy that fn Fig 114 or by
d g the p ge of p m the mycelum,
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For ¢ comparison of the Cunmnghamelle and A miger methods
described above with the older Neubover method (1925) whuh
utilizes rye as the test organum, the reader should consult the work
of Mooers (1938)

In 1938 Mulder (cf Foster 1939) described a method fo sy
tng coppet in soils using A. #rger s the test organsm. This methad 5
based on the correlation between copper content of the nutrient medsm
and spore production and pigmentation 1n this speases. In nutnent meda

|

0 0 30 40 50 © L 0
MG, KO ADDED OR FOUND Y ANALYSS, M THE MYCELIA
ON THE BASIS OF 100 QMS. OF SO0

Fro 114 The relation of potassium to mycelial weight of Asperpilss
niger (Redrawn from Mehlich Truog and Fred 1933)

of very low copper content, the mycelum 15 whute end complerrly
wrthout spores. With increase 1n copper content, however spores ait
formed and the incensity of pigmentation increnses with copper oo
tent through colors from yellow 1o yellowteown o black. Mekdt
added so1l samples to purtfied nutrient soluton, moculared wih
A miger wcubated the cultures, and then compared spore pigmentt
noa with that of cultures growing 1n a series of standards coatuning
Lnown amounts of copper Maximum pigmentanon occarred with
6.25 mrcrograms of copper per 100 ml.

Andrews (1937) proposed a novel method for esimaung crop

p to so1l linng the mxcroorgamisms occurfing
paturally 10 the soil as the test organsms This 1nvestigatos added
500 mg of mannirol to cach 100 g soil sample to which ware? wd
feruilizer had been edded the sosl was then incubated for 21 hoort, the
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emount of carboa dxide formed by the mucroorganisms dunng chus
perod being determined by absorpoon on ssaurire. Andrews found
high correlanon between the response of conon w hme phosphoras,
and phosphonus and nitrogen and the formation of carbon dioxde 10
mannrolreared s0il. He noted that resuln obmmed by this method
tend to correlate with crop response o 301 trestment in some ceses but
not m others. Obvaouly the method requires fusther enady 10 order o
d if the me w3 may be el d by some modifica
ton of the rest procedare. Copper manganese, and zinc deficcences
could pot be demonstrated by this method.

Bio-assay for Arsenkc

The earlier practice of utflidng anenic compounds 1a the pig
ments of wallpapers and plasters occassonally cansed possonmg that
someumes resulted m death. Aaordmg @ Challenger (1935) a faral
asc of the type occarred 1o England as recently as 1931 Apparently
thrs type of posonung was known m the early nipetrenth century and
recerved the attention of & number of workers who ascribed the
potsoning to volatile arsenic compounds liberated from the wallpaper
or plaster Vanous suggessons were made as to the nature of the volanle
materzl, but it was not until 1933 dhat 1t was definutely characeenzed
chemscally The fact that the rooms where such possonmps occarred
were damp and moldy led Goto (¢f Challenger 1935) to invesngate
the problem m 1891 He found that if potato mash contsining arsensous
ande was exposed o air 20 odor of gatlic was prodoced when fongs de
veloped on the mash, Several fungi were concerned  Aspergillss
glaxcas A, vooms Alacor mucedo and Pemecillovms brevicanle of these
organnms, P brevicanls was found 1o be especully active m the pro-
ducton of the characretisne garlic odoe which was due to 2 volatile
ursenxe compound. Ths volasile compound (often called Goso gas)
was fonnd by Challenger Higginbottom, and Ells (1933) o be -
methylarune (CHa)sAs These same workers found that severnl other
-ncnkmmpound:muldbe:rmhenztdbyP brﬂ,m.ll methyl

diethylane from dsett acid, dimethyl spropyl from
- \ o, aod d chylaliylassine from allyl aaid.
ﬂnmlndklpcr(l932)dnmnsu’ucddnz|n:uyofd4ﬁmfung|

could produce aesenscal gra
Goxo developed » 23t for asenic said © be more senttive than the
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Marsh west. Matenal suspected of contaming arsenx 15 extracted with
water the extract concentrated added to & stenilized potaro slke xheh
s then moculated with P brevicanle and incubated. A garlic odoc ill
develop if arsentc 5 present, and the test repuredly can be wsed
detect this element sn quantrties s low a5 0000 001 gram of arsenics
oxide per gram of maternal Abba (1898) Abel and Burtenburg
(1900) and Scholez (1899) have artested to the extreme delicacy of
this test for arsenic, although Lerrigo (1932) was unable ro obsene
any volaule arsenic compounds formed 21 a result of mold growh,

Growth Substance Assay

Woarley and Duggar (1938) developed a bio-assay methol
in which one fungus speces 1s used as a fest organusm to esaumate the
quantey of growth substance formed by another speacs. Rbroprt
swenxs syntheszes a hesc stable growth substince which exerss an
fuence on the dry weight yreld of Aspergilins miger but does oot caune
curvature of eat coleoptile By including varous amounts of fileare
from Iiqusd cultures of R samius 1n agar medium m petrt plates they
found that 1t was possible  estimate the strength of the filram by
measuring diemeter increments of colonct of Colletotrichum arcmams
growang 1o the platex

Assmy for Mildew and Rot Resistance in Fabrics

Since the length of service of many fabtwcs 13 very short unkess
they are treated with some type of fungiadal compound, rt ts common
practice to 1ncorparate some such materal i fabrics that are o be used
under condrtions where they might rot or mildew A vanety of o8
have been devised to determine rot and mildew regssrances of m rerus
so trented. These tesss are discussed in Chapter 22 on Tropscal Deeer-

ofaton.
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20 Plant Disease

FUNGI THAT CAUSE PLANT DISEASDY
NUMBIR OF PLANT PATHOGINIC FUNGI
THE $CIENCE OF PLANT PATHOLOGY
LXAMPLFS OF PLANT DESEASPS
PRINQPLES OF PLANT DISEASE CONTROL
SUMMARY

IN PART [ we have seen how the fungy, through their myrisd
ectrvites, may react toward oo s benefit m s vancty of waps and
hence heve a very deaded effect upoa the many facets of hus dauly life.
Unfortupately bowever all fungus sctivines canpot be recorded on
the credit mide of the ledger & number are dstinetly barmfal © mao-
keod.

Through the ages ooe of mans prncipal concerns has been food
pthering When he shufted from a nomsdsic  an agrcultonl enst
ence the food problem (temporarily et least) seemed largely solved.
However mas soon learncd char bu crops were subpect 0 many
vicnsitudes—depredatons of other sumals, bail, dronght, cowdmg
by other plana (whach be hes since come to all weeds) fire, floods,
maccr damage, and doturbances referred w collecavely m cacher umes
1 “blighs —moit of which were probebly varous types of planc
discases.

Peniodacally man suffers great losses becanse of the above factors,
bos o esumate the extent of agricultural Josses due o any sngle
#gency a8 rather difficalt sk, especully of they involve a large land
sres 0 which sgriculture 1 qurre diversified, repocts coocerning the
magnitude of ruch bosees are at best only esumares. In & more localized
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Fio 115  Late Blight of potato caused by Phytophthora infestans. The

Plants at the right were sprayed with copper aerosol, those af the left were

g .rp;'ﬂ)ed and the foliage Is dead due to Late Blight (Courtesy o C
ett

situanion such as thae of the Irsh famune of 184546, attributed to the
fulure of the potaro crop as the result of a smgle plant disease (Fig
115) lrupmsﬂalctoemmmd)cdamgc 1n g vanety of ways—num-
ber of deaths due to starvation, number of people emigrating from
country of reduction 1 total yweld—although mast agncultural josss
are usually reported 1n terms of acrual money losses. On the whoke &
would appear that greatest losses of agricultural crops are the resule
of insect damage and plant discases, with the latter probably the lager
of the two facrors,

Plant diseases are inated by several different agenes  bactena, v
ruses, nematodes (eel worms) and fung, Of these varrous agents the
fungr probably cause the most scvere losses, although there are senodk
plant dnscases caused by pathogens belonging o all of the four groups
mentoned. The plant pathogenic fungt greatly outnumber the plaot
pathogensc bacrera and viruses. Ellett (1956) has esnmated chat ia
the saate of Ohio there are 1000 diseases of plants inated by fung
and oaly 50 mnated by bacterm (with about 100 caused by viruses) In
estumates of crop damage the losses due to plant discases are usually n
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scparated on the basty of the causal agents from sach reports, therefore
it 1 umpossible to determune the extent of the Josses due to fongus ac
trvity ahone, We do know thar such lasses directly auributable to fung:
are very conmderable. Table 37 grves some concept of the lotses sus-
mmdbylgnculuueunrtml(o{plamdammmblc.whxchm

clodes figures taken from & US. Department of Agriculture report, 18
based on estimated annual losses in the Unieed Soates, especully dunag

Table 37 —Estimated annual production and lottes In
the United States due to plant diseases

Tual Prodocra Pr-lmi-h.u
(rboasonds of t

Ty of Cup ol )
Field crops 11 436,305 1,579,519 1381
Focage crops 2,387 558 803 163 B
Fruit 20d nut crops 1,093 778 94,310 862
Vegetable crops 1,572,749 353.9% 1131
Drug plant crops 9194 Lm 1318
Ornamental crops 6713 724 81 609 122
Totals 10 N3 648 2,913 103 1326 vg

Beved 00 Lecner st Apwdiory  pood muwaury q,...—:/-m.- Published by the

Agrculornl Reserch Servace, U3 Drpartmens of Agncurars, i coopsrinon

wch ocher departmental ead fadera] gances, Junt, 1934
the years 1942-51 with the losscs evalunted 10 terms of 1942-51
pexcer.

From Table 37 whuch 1t based upoa the best estmares obeamable, o
sppears that agriculture sustxins lomes oa the average of over 13 per
cent anonally a3 a resalt of plant daeases. It 15 true that the mble shows
mlylmwtyloa.buvacrtcmppmdmucqmlmwcnly:hghdy
m excen of crop increase of
ﬂmo{uﬂmmllyltnvydkcncinadenc:m]ghtmvolvelmme:n—
ous lon.

It i ible completely to sess the harm done to
mans mreress by » phnrdm:inm—mxodxrdnndolh:lm
For cxample, the discuse of our native chestout, Chestant Blight (Fig
116) which 18 cansed by an incoduced purasite (Erdoshss perastsca)




Fro 116 Twoiews showing chestnut trees Miled by Endothla paraduc,
the cauzel agent of Chestnnt Bbflu Such wiens are By throwghout the
enire range of the American Chestnut (Couriesy of the Agriculnrd Re-
search Senice US Department of Agrculture "Beitnille Marybond )

has for all pracucal purposcs elummated thus valuable umber and mit
crop tree from the United States, The loss 1o succeeding generanond
cnnoc be esamared noe can the value of this tree speasces be evaluared
s & part of the soml and mossture-holding vegetaton on the steep
mountan tlopes 1 io3 natural range Likewse it 15 tmpossible fo et
maze che [oas sustaned by the homeowner when farge elm erees sermaf
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Fro. 117 Shade trees of American Elm which have died of Durch Elm

Diseare (Courtesy of Agricwitural Rexearch Service US Departmens of

Agricuttoe )

landscaping and shade purposes are killed by Coraocyass simi, the
cxum] sgent of Dmch Elm Dasesse (Fig 117)
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fungt do considerable damage to crops of culuvated mashrooms, and
sometumes are the cause of unsightly areas on lawns when sporangn
form on grass leaves. With the exception ofﬂuhiyxornmnun-
noc be sad that one class 15 more impartant than anotber a5 crul

Fro. 118 Black Stem Rust of W heat incited by Pucdnlannml
nheat stems with uredinial sori (red rust stage) bottom sters
on lower surfoce of barberry leaf (Courtesy of C W Ellett )

agenos of plant disease untrwdﬂcnscsmmwcdbym:mbtﬂ:
all of the larger groups of fangi For example Downy Mﬂdﬂ;s)
Grapes (Figs. 123 124) and Lace Blight of Poeatoes (Figs. 113 16

are diseases caused by Phycomyretes Chestnur Biight (Fig 11 ;
Peach Leaf Curl (Figs. 127 128) Durch Elm Discose (Figs 1)

130) and Net Blotch of Barley (Fig 120) are caused by Ascomyettes;
Russs and Smues (Figr. 118 119) are caused by Basdromyeeter Bt



agent of thiy diseare
cimmthosporinm teres.

the imperfect stage of whick i H

Ellett )

£I
/4

Barley leaf with Net Blotch. The causal

A

it
Fxo 119 Oat snuus Plant at beft with covered onut inclted by Ustilago
koBerl plans at ripht with loose smut incited by Ustilago avemc, (Coiwrtery

l{
L\,

\
of C W Ellert)
(Courary

Fu. 120
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Fra 121 Characteristic symptoms of Apple Blotch a disease which b
incited by Phyllosticta solitaris. (Cowurtesy of C 18 Ellent }

Leaf Spot (Figs. 131 133) Apple Blotch (Fig 121) and Mapk
Leaf Spor (Fig 122) are caused by Fung Imperfecte

Number of Plant Pathogenic Fungi

The exact number of species of fungi capable of incitng div
¢ase 1n plants 15 not known—a mituaton thar s due to several factons. In
the first place not all plant diseases are known or have been described,
since the tendency of the plant pathologust has usiaily been to concen
trate his efforts on studses of the diseases of only cconomically impor
mat plants. Another factor 13 our incomplete knowledge of the taxon-
amy of fungr. An mvestigator n one arca may describe a plant diseas
and 1solate and name the causal fungus, whercas another invesngat®
1n & different area may consider the disease ro be due to an entirely &f
ferent ocganum. Conversely two differenc invesugarors may report
that the same spectes of fungus 1s the responsible agent in the ausinoa
of two different diseascs, and some subsequent tnvestigator may dem-
onstrate that they were dealing with tmo different speaies.

As early as 1913 Stevens in bus Fumgs wbrch Cawse Plmt Diseare
Iisted over 2000 specres of fungt which up o thar ume had been
ported to be capable of causing a wide varicty of plant discascs. oo
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Fo 122 Mpi‘uafb‘pot To-p lwmdwwin\ga&rmaim'cm

honnmhlghhnugﬂﬂed lnwidl:‘lp)amédlﬂnl?&)‘t;rﬂmmjnhnn,
cawsal organlom may be seen. (Courtesy of C W

of the speacs names thar Stevens Insted were undoubeedly synooyms,
bmothcnhansmbccunm-mmrqxﬂm:neulmmmd
there are undoubaedly ommuons from the list. In the more than four
decades since the firsr appesrance of Swevens book 2 grest many new
plant pathogenic fungi huve been dmcovered and described, 80 thar
the liw 15 now conuderably larger In spie of the facr thar from the
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standpoine of numbers the plant pathogenic fungi seem to be very
abundant, on a percentage basis they are still in the minority when all
species of fungi are considered.

The Science of Plant Pathology

No field of plant science has had such a rapid and constantly
expanding development as plant pathology, which is concerned with
the study of plant diseases. Starting about the middle of the ninetcenth
century with the researches of the famous European boranist Anton de
Bary, plant pathology as a recognized science has conti Iy ex-
panded and s today one of the major fields of plant study. Although
European in its origin, much of the development of plant pathology is
directly attributable to Ametican investigators.

The duties of the plant pathologist are myriad. He must consider
many facets of the plant disease problems which he encounters—
symptoms of discase, causal agents (including their correct identities
and all of the details of their life histaries), establishment and enforce-
ment of quarantine measures to hale the geographic spread of a dis-
case until some measure of control is attained, and the development of
adequate control measures. Sometimes an extensive educational pro-
gram must first be conducted as a prelude to the establishment of really
effective control measures, as for example in the batberry eradication
program set up in connection with the control of Black Stem Rust of
Wheat, and the gooseberry and cutrant eradication program involved
in the control of White Pine Blister Rust.

States in which agriculture is one of the major industries usually have
one or more extension plant pathologists, who act in a consulant
capacity for the agriculturists as well as initiate and implement educa-
tion programs with lectures, distribution of literature, preparation of
descriptive bulletins, and personal interviews. They may also condutt
research programs on a number of plant discases.

Both the state and federal governments make use of the services of
a great many plant pathologists at experiment STations and'simlhf
government installations. The duty of most plant pn(hologiszs‘ in these
situations is primarily of a research nature, although in some fnstances
they may alsa have extension and teaching dutics. Private industry 0
day also retans many plant pathologists, since research in the cure and
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DOWNY MILDEW OF GRAPES—A PHYCOMYCLTOUS DIs-
EASE. In a number of highly publicized insrances the causal organ-
isms of very devastating plant diseases have been introduced into the
United States from other countries, and once introduced have become
well established, causing great damage to cerrain valuable plant species.
Notable among these introduced pathogens are the causal agents of
Chestnue Blight, White Pine Blister Rust, and Dutch Elm Discase.
However, the transportation of pathogenic fungi may be accomplished
in two directions, the causal organism of Downy Mildew of Grape
being an example of a plant pathogen shich was introduced into France
from America. According to Melhus and Kent (1939), this disease
was known in America as early as 1834 bur apparently was not in-
troduced into France until 1875. The causal organism, Plismopars
viticola, was introduced into France on rootstocks of native American
grape varieties, which were taken to France because of their resiseance
to a disturbance caused by an insect (Phyloxera), then a source of
considerable trouble to the French grape growers. The pathogen has
now spread to many other areas of the world. Losses due to Downy

ny Mildew i incited by the Phycontycete.
Fic. 123. Downy Mildew of Grape, a discase incited eX
Plasmopara viticola. (Courtesy of C. C. Allison.)
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Mildew have been much geeater in Europe than in the United States
because of the greater susceptibility of the European grape varieties.
All parts of the grapevine excepe the oot may be invaded by P. ¢/
ticola. Plants may lose all of their leaves and tendrils, Bowers may not
set, and frujts may be destroyed. The early symptoms of the disease
are round, light-green spots which have 2n oily appearance 2nd occur
on the upper surfaces of the leaves (Fig.
123). Tufts of white, downy hyphae
soon appear on the lower sucfaces of the
leaves in the areas immediately below
the light-green spots. The spots later be-
come yellow or variegated (yellow and
reddish-brown) and form patches be-
tween the larger veins of the feaf which
are itregular in shape. Atabout this time,
when the leaves are dying, the fungus
emers the sexual stage of its fife cycle
and thick-walled, over-wintering spotes
form within the tissues of the leaf.
Being a Phycomycete, P. viticolahasa
nonseptate mycelium that grows intet-  Fig. 124. Diagram of coni-
cellularly in the host tissues. The only di: and fo'{i‘!iﬂlpha’!: l:i 1:11_35-
patts of the mycelium that actually pene- ;"’"g:;";l a"s ot e ;’ o e
trate the walls of the hostcells ate small,  joeed grape leaf.
specialized hyphal branches, baustoria,
which are not unique to this organism but are developed by a number of
other pathogenic fungi. Long, y-branched, white conidiopt de-
velop from the intercetiular mycelium and emerge in clustets from the
stomates of the leaves (Fig. 124) and are responsible for the downy ap-
pearance of the lower leaf surface. Conidia, borne at the tips of the
branches, are casily detached and may be blown by the wind to other
plants, whete they may germinate forming zoospares which may initiate
other infections.

The sexual spotes (oospores) develop in the tissues of the host, where
the gametangia (antheridia and cogonia) were developing while the
conidiophores and conidia were forming, The oospores are dark-colored,
thick-walled spores which remain dormant during the winter but ges-
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minate when mote favorable conditions prevail in the spring. Upon
germination, the oospore forms a stout conidiophore bearing a single
conidium which may be blown by the wind to a susceptible host.
There the conidium germinates by forming zoospores which may then
initiate primary infection. The host relations and sequence of events of
the life history of P. viticola ate represeated in Fig, 125. According to
Melhus and Kent (Joc. cit.), the fungus can overwinter as perennial
mycelia in the buds and crowns of plants as well as in the COSpore stage.

PAmHOGEE
VILTIPLIES

SECODART
TarEsTIoN

2oospeRes

conroi

coTPaRE
GERiTLtIon

D Lueves L0 go1L
Fic. 125. Diagram of the host relation of Plasmopara viticolfl:, a plar'xf
pathogenic fungus which survives the winter in the form of odspores in
plant refuse. (Based on Melhus and Kent, 1939.)

Plasmopara viticola is closely related to Phytophthora infestans, the
causal agent of Potato Late Blight (Fig. 126) and several other rather
serious plant pathogens. i
Controf of Downy Mildew can be accomplished by the practice &

sanitary measures in the vineyard and by spraying. Any dead grape
leaves may contain oospores; therefore, primary invasion in the sprl:g
can be prevented to a certain extent if the fallen leaves are plow "
under or raked and burned. According to Chester (1912), conxrollc

the disease depends not only upon destroying the dead leaves but als0
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upon the application, five or six times during the growing season, of
a spray such as 8-8~100 Bordeaux mixture.

Many diseases of important economic plants are caused by other
species of Phycomycetes; a few such diseases, with the host plants and
pathogens, are listed in Table 38,

PEACH LEAF CURL—AN ASCOMYCETOUS DISEASE—ULcaf
curl disease of peach and related trees is a common disease caused by
the Ascomycete, Taphrina deformans. This organism is a member of
the subclass Protoascomycetes (Hemiascomycetes), in which the asci
are not grouped together in any type of characteristic fruiting body
(ascocarp). According to Butler and Jones (1949}, the disease occurs
in America, Europe, Asia, Africa, Australia, and New Zealand.

The symptoms of Peach Leaf Curl are very striking and quite char.
acteristic (Fig. 127). As the invaded young leaves emerge from the
bud in the spring they are arched and reddened. Shortly after the
leaves are well out of the bud, some of them appear to be distorted and
fold aver so that the tips ate directed backwards. More heavily invaded
leaves may curl so much that the lamina look like small, inflated paper
bags. The blistered patts of the diseased leaves are softer and thicker
than the uninvaded parts; they turn yellow and finally reddish-purple,

hick have several leaves infected by

" 5 g
Fie. 127. Twigs of peach tree w e Conntesy of

Taphrina deformans, the causal agent of Peach
C. W. Ellen.)
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soon becoming covered with a whitish bloom (usually on the upper
pat of the leaf). Leaves so diseased fall early, and premature defolia-
tion in trees heavily diseased may occur in late spring. The tree may
form a second crop of leaves, but if this discase occurs for several years
the teee may be killed outright (Chester, 1942). The second crop of
leaves does not become diseased, probably because the fungus cannot
theive at high temy The mini P for growth
of T. deformans is below 10C, the optimum at about 20 C, and the
maximum berween 26 and 30C

The whitish bloom that appears on the leaves consists of a large
number of asci which develop in palisade fashion and break through

FiG. 128, Diagram of leaf cross-section with mature and immature asci
of Taphrina deformans arranged in palisade fashion on the leaf surface.

the cuticle of the leaf (Fig. 128). Each ascus contains eight (some-
times fewer) globose ascospores. The ascospores may bud before or
after they ace expelled from the ascus, and the buds ate small secondaty
spores which are usually referred to as conidia. The life history of
T. deformans is outlined in Fig. 129.

The ascospores and/or conidia are forcibly ejected from the asci
in early summer and may be blown about by the wind or splashed about
in raindrops. Some of the conidia have thicker walls than the others
and ate referred to as resting conidia (Martin, 1925). Such thick-
walled conidia apparently do not germinate by immediate budding
but form a short germ-tube, from which thin-walled conidm are formed
by budding.

It was believed by earlier workers that this pathogen survives the
winter months as a perennial mycelmm in the shoots, but according to
Busler and Jones (loc. cit.), the general opinion now appears to be that
primary inoculum tn the sprng consists of conidia that had lodged on
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FiG. 129. The host reflation of Taphrina deformans, an ascomycetous
plant pathogen. This fungus may survive the winter in the conidial stage
on the surface of the host plant. (Based on Melhus and Kent, 1939.)

some sheltered parr of the kost during the winter. Anderson (1956)
concurs in this view and states that there is no evidence that the my-
celium becomes perennial in infected twigs. Conidia present beneath
the bud scales may constitute important inoculum.

Table 39.—Some plant discases caused by species of Ascomycetes

Disease Hotr or Hosts Pathogen
Chestnur blight American chestnut Endothys parastics
Brown rot Stone frutes Sclerstina fructscols
Ergot Rye Clatsceps parpurts
Leaf spot Alfalfa Prendopeziza medicagsnss
Scab Apple Ventursa pnaequalis
Powdery mildew Grape Uncinala nccater
Scab Cereals Gubberella 2eae
Bhister canker Apple Numpalarta discrets

Powdery mildew Roses Sphacestheis Lumuls
Cocconnycer bremalts

Leaf spot Cherry
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symptoms of the disease; insert is a cross section of branch showing the
brown discoloration of the annual rings of the wood. Bottom: Culture of
C. ulmi on elm wood showing the appearance of the imperfect stage in
which numerous coremia bearing thousands of conidia in droplets are
formed. Conidia are carried by elm bark beetles and are the principal means
of spread of the pathogen. (Courtesy of Agricultural Research Service, U.S.
Department of Agriculture.)

Considerable damage can be caused by Peach Leaf Curl. As noted
above, repeated defoliation of the tree for several years will lead to its
death; however, if defoliation is not this severe, the disease will lead
o a reduced fruit set. Anderson (Joc. cit.) states that this disease is
one of the few serious diseases of peach which may be cheaply and ef-
fectively controlled, and notes that if sprays are applied at the correct
time and if the correct materials are used, a 95 10 98 per cent control is
usually attained. This writer notes that Leaf Curl cannot be controlled
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after the host tissue has been invaded in the spring and that applica.
tions of protectants must be made before the buds begin to swell.

A grear many other diseases of economically important plants are
caused by Ascomycetes; among these is Dutch Elm Discase (Fig. 130),
which is caused by Ceratocystis ulmi. The causal organism of Dutch
Elm Disease was first considered o be an imperfect fungus and was
placed in the form genus Graphinm; however, as the pathogen was
further investigared, the perfect (sexual) stage was found. Other
plant diseases which are caused by species of Ascomycetes are listed in
Table 39.

CERCOSPORA LEAF SPOT OF BEET-—INCITED BY AN M-
PERFECT FUNGUS. Leaf Spot of Beet, caused by Cercospora bericola,

extensively wvaded by Cercospora

. 131 Beet leaf which has been F
e ! the causal agent of Beet Leaf Spot.

beticola, an imperject fungus whicl is
(Courtesy of C. C. Allison.)
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is a disease of the foliage of sugar beets, garden beets, mangel, and
Swiss chard, It was formerly considered a very destructive disease of
sugar beets, and in 1939 Melhus and Kenr stated chat in some sections
of the United States losses of 5O per cent may resule from defoliation,
reduction in sugy peicentage, 2nd reduction in torel tonnage yield of
beets. The discase is no longer considered of significance on sugar beets,

STLITY 1% 229?
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Fic. 132. A diagram of the host relation of Cercospora beticola, an im-
perfect fungus. This plant pathogen survives the swinter either as mycefium
in plant refuse or as conidia on seed balls. (Based on Melhus and Kent,
1939.)

since sesistant varieties of sugar beet ate now available (Walker,
1952).

The principal symptoms of the disease ate the small spots (less than
one centimeter in diameter) that develop on the leaf; these spots are
brownssh with reddish-putple borders but become ashen in color as a
result of the production of conidia over the central portions. When in-
fection is heavy (Fig. 131}, the spots may be so numerous that they
almost cover the entire leaf sutface. When extensively invaded, the
leaf turns yellow, shrivels, and dies. If environmental conditions favos-
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able for the growth of the parasite prevail, it spreads to the next older
leaves and thus continues to advance over the plant, New leaves con-
tinue to develop and in turn become invaded, which leads to the deple-
tion of the supply of sugar accurnulated in the roat. As new leaves are
formed and then destroyed, the crown of the plant becomes clongated
and roughened.

Being an imperfect fungus with no known sexual stage, the life
history of C. beticola (Fig. 132) is relatively simple. Only one type of

. spore is known, and this is formed in acer-

vuli on the surface of invaded leaves (Fig.
133). Apparently the pathogen overwin-
ters primarily as a mycelium on plant re-
fuse; however, infected sced may also be a
source of inoculum, although Walker states
that this latter is of minor importance.

Prior to the development of resistant va-
rieties of sugar beet, sanitation was the best
means of controlling C. bericala; it was usu-
ally recommended that diseased leaves be
removed from the field or plowed under.
Sceds were treated with a mercury dust, and
since the organism invaded the host more
readily under conditions of high humidity,
wide spacing between plants was recom-
mended. Melhus and Kent (Joc. et} state
that spraying has been recommended, but
Fic. 133. Diagram of ac-  that in practice it was only partly successful
ervilus of Cercospora beti-  and was too expensive. Since resistant sugar
cola on beet leaf. beets are now avaslable, Leaf Spot is of no
consequence in the production of this crop plant. Resistant varieties of
garden beet have not, however, been developed, and the discase can
cause damage to this plant. Walker states thar while fungicides may be
used to protect garden becrs, this precaution is usually not necessary of
proper sotation procedures ate followed.

Many other plant diseases are caused by organisms now d;s’s‘ufm! aj
imperfect fungy, a aumber of which are often called “wilts,” “rots,
and "anthracnoses.” A few such diseases are histed 1n Table 40.
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Table 40.—Some plant discases caused by species of Fungi

Imperfecti

Diseasse Hosr or Hosts Pathogen
Cotton wilt Cotton Fusarium sasinfectum
Tomato wile Tomato Fusariun lycopersrci
Stem 1ot Sweet potato Fusarsum batatatss
Texas root rot 1700 species Phymatotrichur emnitorum
Gray mold neck rot Qnions Botrytis alls
Scab Peach Cladosporium carpopbilum
Cereal anthracnose Cereals Calletosrichurn graminicolum
Dean anthracnose Beans Colletotrichum lindemuthoanum
Anthracnose Clover & alfalfa Colletotrichum trifolsi
Blotch Apple Phyllosticta solstarta
Late blighe Celery Seproria apis

WHITE PINE BLISTER RUST—A BASIDIOMYCETOUS DIS-
EASE, Like the causal organisms of several other serious diseases of
certain of our native trees, the causal organism of White Pine Blister
Rust was introduced into this country from abroad. Melhus and Kent
(foc. ¢it.) state that the pathogen is considered to be a native of the
Baltic Provinces of the USS.R., where it was first found on Ribes
(curtant and gooseberry) in 1854. The first collection of the organism
in North America was made in New York in 1906.

The causal organism of White Pine Blister Rust, Cronartinm ribi-
¢ola, does nor have a relatively simple life history as do the other plant
pathogens discussed above, but instead forms 2 number of different
spore types and is pathogenic on two lated groups of pla he
five-needle pines, of which the white pine is probably the most impor-
tant, and gooseberries and currants, which ate members of the genus
Ribes. Not only does this pathogen invade and incite disease in both
of these hosts, but it alternates between them in the course of its life
cycle; if one or the other host is missing, the life cycle is not com-
pleted. Such a rust organism which alternates between two different
hosts has the most complicated life cycle of all fungi and is known as an
heteroecious rust.
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Other heteroecious rust fungi ate Puccinia graminis, the causal agent
of Black Stemn Rust of Wheat, which has the common barberey as its
alternate host; Gymnosporangivm juniperi-virginianae, the organism
which causes Cedar-Apple Rust; and Puccinia coronata, the causal
agent of Crown Rust of Oats, the alternate hosts of which are species of
Rbamnus (buckthorn).

Appatently C. ribicola usually does not injure the Ribes host to any
great extent, although defoliation by severe infection has been re-
ported. Nevertheless the disease is extremely serious in white pine and
could cause major lasses chroughout all of the white pine area of the
United States and Canada. Cronartium ribicols may invade needles,
twigs, branches, and main trunks of white pine trees, but it is on this
latter that it causes greatest damage (Fig. 131). Trees may be killed
or rendered commercially valueless in a period of five to ten years
after initial invasion depending upon the size of the tree at the time jt
was first invaded. The infected tissues of the tree often swell into a
mare or less spindle-shaped ealargement on which one of the types of
spores formed by this fungus develop. The first stage that develops on
the pine is the spermagonial stage, which consists of small blisters that

Fic. 134, White Pine Blister Rust, incited by Cronartivm ribicela. The
blister rust canker has nearly girdled the maws stem of this wiute pme frec.
(Courtesy of C. C. Allison.)
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exude a sticky liquid containing small s The following year
orange pustules ate formed, and when the covering over the pustules
breaks, a very fine yellow powder consisting of thousands of aecio-
spores falls out and may be blown about by the wind. The mycelium in
the wood continucs to grow, and sporulation may occur again the nexc
year, leading to the formation of large cankers which may completely
girdle the stem. Resin exudes from such cankers and streams down the
trunk, making white streaks with a characteristic appearance.

I aeciospores are cartied by the wind to the surfaces of leaves of sus-
ceptible species of Ribes, they may germinate and initiate infection of
that host. Early symptoms on the alternate host are small, yellow spots
on the lower sides of the leaves. The wredosori, which are clusters of
onecelled, thin-walled, stalked spores (wredospores) appear first in
these spots and later there appear horalike selia, on which ate botne
the teliospores; sometimes both the uredosori and the telia may be
found simultaneously on the leaf (Fig. 135). The uredospores are the
so-called repeating spores, which, if carried by some means to other
currant or gooscberry leaves may initiate new sori. The teliospores are
one<celled, thick-walled, dark-colored spores which germinate as soon
as they are matuce (forming basidia on which the basidiospores—
often called sporidia—are borne). The basidiospores are thin-walled
spores which are capable of initiating infection on pine. The complete

Fi6. 135, Lower surface of Ribes leaf magnified to show both the uredo-
sori and telial horns in the spots infected with Cronartium ribicola, the
causal organism of White Pine Blister Rust. (Courtesy of C. W. Ellett.)
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Other heteroecious rust fungi are Puccinia graminis, the causal apent
of Black Stem Rust of Wheat, which has the common barberry as its
alternate host; Gymnosporanginm juniperi-virginianae, the organism
which causes Cedar-Apple Rust; and Puccinia coronata, the causal
agent of Crown Rust of Oats, the alternate hosts of which are species of
Rbamnus (buckthosn).

Apparently C. ribicola usually does not injure the Ribes host to any
great extent, although defoliation by severe infection has been re-
ported. Nevertheless the disease is extremely serious int white pine and
could cause major losses throughout all of the white pine area of the
United States and Canada. Cronartium ribicola may invade needles,
twigs, branches, and main trunks of white pine trees, but it is on this
latter that it causes greatest damage (Fig. 134). Trees may be killed
or rendered commercially valueless in a period of five to ten years
after initial invasion depending upon the size of the tree at the time it
was first invaded. The infected tissues of the tree often swell nto a
mare or less spindle-shaped enlargement on which one of the types of
spores formed by this fungus develop. The first stage that develops on
the pine is the spermagonial stage, which copsists of smalt blisters that

Fig. 134, White Pine Blister Rust, incited by Cronartium r.ibicolln. The
blister rust canker has nearly girdled the main stem of this white pine tree.
(Courtesy of C. C. Allison.)
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exude a sticky liquid containing small spermatia. The following year
orange pustules are formed, and when the covering over the pustules
breaks, a very fine yellow powder consisting of thousands of aecio-
spores falls out and may be blown about by the wind. The mycelium in
the wood continues to grow, and sporulation may occur again the next
year, leading to the formation of large cankers which may completely
girdle the stem. Resin exudes from such cankers and streams down the
trunk, making white streaks with a characteristic appearance.

If aeciospores are cartied by the wind to the surfaces of leaves of sus-
ceptible species of Ribes, they may germinate and initiate infection of
that host. Early symptoms on the alternate host are small, yellow spots
on the lower sides of the leaves. The #redosori, which are clusters of
one-celled, thin-walled, stalked spores (nredospores) appear first in
these spots and later there appear hornlike felia, on which are borne
the seliospores; sometimes both the uredosori and the telia may be
found simultaneously on the leaf (Fig. 135). The uredospores are the
so-called repeating spores, which, if carried by some means to other
currant or gooseberry leaves may initizte new sori. The teliospores are
one<celled, thick-walled, dark-colored spores which germinate as soon
as they are mature (forming basidia on which the basidiospores—
often called sporidia—are borne). The basidiospores are thin-walled
spores which ate capable of initiating infection on pine. The complete

Fi6. 135. Lower surface of Rubes leaf magnified to show both the uredo-
sori and telial horns in the spots infected with Cronartium ribicola, the
causal organism of White Pine Blister Rust, {Courtesy of C. W. Ellers.)
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life history of C. ribicols in relation 1o both of its hosts is diagrammed
in Fig. 136.

As a general rule, forest tree diseases are extremely difficult to
eradicate, but control measures have been attempted in this country
because of the great importance of white pine. These measures con-
sist of both domestic and foreign quarantines and the eradication of
susceptible Ribes species which are growing in the vicinity of five.
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Fi16. 136, Diagram of the host relations of Cronartium n'bicoln,A a Ba-
sidiomycete which is the causal agent of White Pine Blister Rust. This plant
pathogen survives the winter as a perennial mycelium in the infected white
pine. (Based on Melhus and Kent, 1939.)

needle pines. The disease has spread over the country, and if these
measures do not effectively control White Pine Blister Rust, species
of pine other than white pine may have to be used for planting pur-
poses.

Other tree diseases as well as diseases of herbaceous plants are also
caused by species of Basidiomycetes. Imporrant among these ate the
ruses and smuts of cereals, which often are responsible fof large losy{s
in ageicultuce. A few of the other diseases incieed by species of Basidi-
omycetes are listed 1 Table 41.
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Table 41.—Some plant discases caused by species of Basidiomycetes

Disease Host or Hosts Pathogen

Stem rust Grains and grasses Puccenia graminss
Leaf rust Wheat Puccinia recondita
Orange rust Cane fruits Gymnoconia interstitialts
Carnation rust Carnation Uromyces caryophullinus
Flag smut Wheat Urocystis tritice

Corn smut Corn Ustilago maydss

Onion smut Onion Uroeystis cepulae
White trunk rot Broadleaf trees Fomes igniarius
Shoestring roor rot Trees Armillaria mellea
Black scurf Potato Pelluslaria filamentosa

Principles of Plant Disease Control

For the effective control of plant diseases much information
is required, since the chances are not very great of accidently discover-
ing a good control measure as did Millardet (1885) when he dis-
covered Bordeaux mixture. The complete life cycle of the organism
should be known as well as the conditions under which the parasitic
relationship is established, since when these facts are known control
measures can frequently be developed, based upon knowledge of some
vulnerable place in the life history of the organism. For example, the
discovery that Puccinia graminis, the causal agent of Black Stem Rust
of Wheat, alternates between two hosts in the course of its life cycle
led to the control measure of eradicating barberry plants growing in
the vicinity of wheat. Similarly, the work of Dickson (1923) lead to
a recommendation which may prevent or minimize infection by the
fungus which causes Seedling Blight of Wheat. This investigator found
that wheat is not infected at temperatures of 12 C or lower and rec-
ommended that wheat be planted at the latest safe date in the fall or
the earliest safe date in the spring in order to prevent or minimize in-
fection by Gibberella sanbinetti. Thete ate other similar examples of
disease control measures that have heen developed after a thorough
study of the parasite and the conditions affecting the establishment of
the parasitic relationship have been made.

Methods of controlling plant diseases vaty with the disease, but in
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general the approach to the problem of control can be divided into
three main phases: (1) measures directed primarily against the patho-
genic organism, (2) development of a host more resistant 1o disease,
and (3) attempts to find out how the environment may be modified
in order 1o prevent disease development or hold it t0 a minimum. As
Butler and Jones (1949) have pointed out, quite frequently the con-
trol of a single plant disease may involve all three phases.

A variety of measures directed against the parasite have been em-
ployed. In some instances attempts have been made to keep the paca.
site from susceptible hosts by the establishment of quarantines o pre-
vent the organism from being transported on infected material into
an area where it is not established. Eradication of diseased plants is
another measure in this caregory, since healthy susceptible plants may
often be protected from disease by promptly removing and destroying
diseased plants in the vicinity and thus eliminating the soutce of
inoculum. General field sanitation is still another measure ditected
toward the reduction in amount of inoculum.

One of the most widely used measures directed against the pathogen
is the application of protective substances to prevent invasion or tol-
onization by the parasite. Such substances have been applied as either
dusts or sprays and in the past have usually been copper or sulphur in
one form or another. Today much work is being done in the develop-
ment of new organic fungicidal compounds, with many of the major
chemical companies ditectly involved in this development. While the
ealier plane patholagists often merely teied a great number of different
compounds in their search for effective materials to use in the cantrol
of plant disease, the plant pathologist today is interested in how 2
fungicide kills or inhibits the growth of a patasite, since information
of this nature can lead to the scientific formulation of new and better
fungicidal materials (see Horsfall, 1956). Another more recent de-
velopment is the search for antibiotics which may be used effectively
in the control of plant disease. Other measures that have been directed
against the patasite are famigation, soil sterilization, and seed distnfec
tion. In instances where the spores of a parasitic fungus are known to be
transported by insects from diseased to healthy plants, measures directed
against the insect are employed; where a spray method is used, the spray
rmaterial consists of 2 mixture of maserials that kill both the insect and

the parasite.
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Most of the above measutes are preventive in nature, but occasionally
curative measuces may be directed against an established parasite, such
as in the removal of diseased branches or the excision of infected areas
from the tree trunk. Especially intriguing from the standpoint of the
develoy of curative is the possibility of introducing a
chemical compound into a plant which will kill an invading pathogen
ot one already established.

Measures ditected toward increasing the resistance of the host have
consisted of (1) selection of Ily occurring di i plants
for p ion or the breeding of other di i plants, and
(2) (hc cnh:\ncemem of d\sense resistance by means other than breed-
ing. Examples of the latcer ate to be found in the work of Trelease and
Trelease (1928), who reported that the susceptibility of wheat o
mildew can be varied by changing the proportions of the mineral salts
in the solution in which the wheat is cultured; and of Fischer (1935),
who wotked with both resistant and susceptible varieties of tomato and
found that the concentration of several of the mineral elements af-
fected the degree of resistance or susceptibility o tomato wilt,

Numerous measures have been directed toward the alteration of en-
vironmental conditions to make them less favorable for the develop-
ment of the parasite. Crop totation, which interposes several different
crops between susceptible crops, undoubtedly results in the reduction
in amount of inoculum and may also provide conditions less favorable
for the growth of the parasite. Another example is the practice of pro-
viding good ventilation by wide spacing of plants that are more sus.
ceptible to invasion by a parasite under high humidity conditions. Bet-
ter drainage also provides a better envi and is effective againsc
parasites that thrive in very wet soil.

Summary

Adequately to cover a large, important, and rapidly expanding
field such as plant pathology in a brief section of a general textbook is
mapifestly impossible. An attempt has been made, however, to point
out the importance of this field to agriculture, industry, and human af-
fairs in general. Also discussed were some of the problems confront-
ing the plant pathologist, as well as vatious 2pproaches to the solution

of these problems. A ponsibility rests with scientises in
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this field, since plant pathology must play an ever-increasing role in
the provision of more food for a growing world population. The prob-
lems will be ever-changing, since as new conditions arise new plant
diseases will also appear, and fungi may change their roles from non-
pathogenic to pathogenic as new crops are brought into cultivation and
new environmental conditions are created,
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Destruction of Timber and Timber
Products

DECAY OF STANDING TREES

DECAY OF FLLLED TIMBCR

SAP STAINS

DECAY OF SAWN TIMBER

DECAY OF WOOD IN VARIOUS USrS
NATURAL DURABILITY OF WOOD

AMONG THE MOST VALUABLE of all of our resources are
aur forests—not only because of their monetary value to the lumber
business but because of the many thousands of useful products made
from wood. For the most part we are inclined to take wood for granted
because it is so commonplace, yet this attitude was hardly possible for
many of the earlier settlers of the plains region, nor is wood an abun-
dant commodity in the northernmost areas of the world where trees
are scarce, stunted, or lacking altogether. To gain a better appreciation
of the great value of wood one need but read accounts of the home-
building problems encountered by the pioneers in the treeless prairie
of the Midwest.

In spite of the seemingly boundless confidence of some individuals
that the “age of plastics™ we have entered will obviate our future need
for wood, there is lintle evidence that many of the important objects
now constructed from wood are likely to be replaced by plastics. Popula-
tion increases always result in increased demands for basic raw ma-
tetials, s0 we may safely anticipate increasing demands for timber and
timber products. That our forest resources were uawisely exploited in
earlier fimes is undeniable; however, a more sensible attitude toward
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the management of these important resources is becoming more and
more apparent, and ir would appear that with proper handling our
timber supplies should be adequate for a considerable period.

It scems remarkable that many trees ever reach maturity when one
considers the many harmful accidents that may occur from the time of
seed germination until full growth is attained. The seed may be de-
cayed by fungi, or eaten by bitds or animals, and thus fail to getminate,
or if the seed does germinate the young plant may be invaded by fungi
and killed without even emerging above the soil line. If the seedling
does emetge, it may be invaded by fungi ar about the soil line, in which
case it is destroyed by a disease commonly referred to as “damping off.”
Once the young tree is past the stage when it is susceptible to damping
off, it is still subject to a grear many vicissitudes. A variety of fungi may
cause one or more tree diseases which result in weakening or death. The
tree is also subject to damage from animals, wind, fire water, ice, and
pathogenic organisms. All of these matters are more properly the con-
cern of the forester and the forest pathalogise, and need not be con-
sidered here,

In the present discussion the only diseases of Jiving trees that will be
considered are the heart rots, Actually there is some question as to
whether or not a heart rot should be classed as a plant disease. Since
these rots are confined principally to heartwood, which is composed of
dead cells, it may be argued that the causal organisms are not parasitic.
On the other hand, the life of a tree affected with heart rot is un-
doubtedly shortened even though no living tissue is invaded, so that the
tree thus affected may be considered diseased. Whether or not heart
rots are diseases in the strict sense, it should be noted that the major
portion of the work conducted on such rots has been done by the forest
pathologist.

A vasiery of factors may bring about the destruction and deceriora-
tion of timber and timber products. The main causes are mechanical
wear, physical decomposition, chemical decomposition, insect damage,
and decay by fungi. Some idea of the magnitude of the fosses from these
causes may be gained from the statement of Cartwright and Findlay

(1946), who note that estimates made in the United States in 1924
indicate that an annual loss of wood products, when expressed in the
equivalent of standing timber, may be nearly four billion cubic feet.
The cause of wood detetioration depends on the use to which the wood
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is put; for example, the boards of a dry floos will probably deteriorate
largely because of mechanical wear, whereas a fence post imbedded in
moist soil is more likely to deteriorate as 2 result of fungal decay—the
principal cause of wood deterioration in temperate tegions.

Decay of Standing Trees

Many fungi are capable of growing in and causing decay of
the hearswood of standing, living trees. The heart-rot fungi do not often
grow in the living sapwood, and hence should probably not be con-
sidered true parasites. On the other hand they are somewhat different
from saprophytes, which grow only on dead organic matter; the name

Fio. 137, Heart rot in Tsoga heterophylla caune? = e fireior
fungus, Echinodontium tinctorium. Longizaind v Jrrtugh Guber
tree showing extent of decay with hollow corr r &, Gz T :: | 5 -"m}
early rot at E (Redrawn from Hubers, 1527~
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pertophyte has been used for saprophytes that grow only in the nontiv-
ing parts of living teees. There are many fungi of this type, most of
which are of the class Basidiomycetes. Since these fungi do not grow in
living cells, their entry into the heartwood of trees is via wounds. Thus
infection takes place through roots which have died, through broken
branches, or other wounds (Fig. 137). Heare rot may occur in the butt
of the tree or in the upper part of the trunk (butt rot and top rot).

A heart rot fungus may live in a tree for many years before the tree
is killed, but the usable timber derived from the tree is decreased in
amount depending on the extent of the rot. In logging operations the
butt logs of trees frequently have to be discarded because of the pres-
ence of heart rot, or the rot may have progressed 5o far that no usable
logs may be derived from an entire tree. Boyce has pointed out that a
stand of trees should be felled when the amount of souting occuring
each year exceeds the annual growth increment of the trees. This in-
vestigator found that in some stands of Douglas fir the growth in-
crement exceeds the amount of rot until an age of 300 to 350 years has

Fic. 138. Small pieces of oak wood cut to show early (top) and late
(bottom) stages of white pocket rot caused by Stereum frustulosum.
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FiG. 139. Brown cubical rot. This piece of white pine sapwood was
placed in a large test tube, sterilized, and inoculated with Potyporus sch-

weinitzii. Note the dork color and cubical checking which is typical of the
rot caused by this fungus.

been teached. The amount of rot after that time equals the amount of
growth and later exceeds it.

Both Cartwright and Findlay (1916) and Hubeer (1931) list a
vatiety of different rots, but for the present discussion it is not necessary
10 discuss these in detail. Prescott and Dunn (1940) have conveniently
classified the rots into two major groups, the whise rots and the brown
rots. The white rots are further subdivided into pocker (Fig. 138),
stringy, flaky, and mottled rots; the brown rots are divided into pocket,
stringy, mortled, ring, and enbical rots (Fig. 139). The difference in
color is due to the varying degree of destruction of wood constituents
by different fungi. Thus, whire-rot fungi destroy lignin principaily, al-
though in some instances they also destroy celtulose and effect a bleach-
ing of the lignin; brown-rot fungi commonly destroy the cellulose. Ac-
cording to Boyce (1938) the most serious loss due to decay in this
country is caused by Red Ring Rot (technically a white pocket rot).
Browa rots are to be found in building timbers as well as in standing
trees.

The problem of controlling heart ror and thus decreasing annual
losses due to this decay of standing trees is a very large one indeed, and
obviously, the control of rot in large stands of rimber cannot be ac-
complished by giving ion to individual trees. However, the estab-
lishment of certain silvicultural practices will lead to some reduction
of the losses. For example, the removal of crowding trees or trees
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damaged by lightning, ice storms, or previous cutting operations will
reduce potential sources of infection and may result in the salvage of
some usable timber. In old stands the trees should be cut down at an age
when the annual growth increment is not exceeded by the progress of
the rat. Since essentially all of the fungi that cause heart rot gain entry

vaded by a number of fungi, one of which is forming fruuting bodies. Shoots
that develop from stumps often become infected very early with heart-rot

fungi.

into the heartwood by way of wounds, the avoidance of wounds is an-
other way of diminishing the losses.

Wounding by nacural causes cannot be controlled, but during log-
ging operations in which clear cutting 15 not practiced the aperations
should be conducted in such fashion that there is 2 minimum of wound-
ing of the trees that are not yet mature enough to be cut. Some heart rot
can also be prevented by the use of proper reforestation practices, since
Lorenz and Christensen (1937) stated that 1 85 per cent of the cases
of decay in unburned oak sprout stands studied in the Eastern states, the
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pacent stump was the source of infection (Fig. 140). Thus it is ad-
visable, at least with some species, to raise trees from seedlings rather
than to let them develop from shoots.

Heart rot can be controlled to z cerrain extent in individual trees
used for shade purposes or in park plantings, since damaged limbs can
be sawed off close to the trunk and the wound treated with creosote,
fungicidal paint, or similar material, With specimen trees, if the heart
rot has not progressed too far the decayed portion may be cut out, the
exposed sound wood treated, and the cavity filled with concrete or other
type of masonsy.

Decay of Felled Timber

It might be expected that the fungi capable of causing decay
in the heartwood of standing trees would also cause decay of timber
after it is felled, but apparently this does not usually occur. Some few
fungi, such as Polyporus schweinitzii, continue growing but most
others exhibit weak growth characteristics after the tree has been felled.
Almost completely different fungus floras occur in trees affected with
heart ror than occur in felled timber, a fact suikingly borne our by
comparing the list of fungi recorded as causing heart rot with a similar
list of those isolated from felled timber (Carrwright and Findiay, Joc.
¢it.). The fungi involved in the decays of standing and felled timbers
are of the same general type; why this difference in floras exists has
never been clearly explained.

Although the wood of some species of trees is more resistant to decay
than that of others, as soon as a tree is cut there are ample opporturi-
ties for it to become infected with a variety of different decay fungi.
The bark is damaged in many places, branches are cut off, and the cut
ends of logs present large unprotected ateas of raw wood wherse the
fungus may become established. One way of preventing losses at this
stage of the lumbering operation is to get the cue logs to the sawmill
with minimum delay. When this cannot be done quickly Carrwright
and Findlay recommend brushing over the cut ends with creosote or
other preservative material as soon after felling as possible. If logs
cannot be hauled to the mill promply, it is good practice to fell trees
in winter, since environmental conditions in summer ate more favor-
able for the development of fungi than during the winter months,
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Sap Stains

In the above discussion we have dealt entirely with types of
wood deterioration in which partial or entire destruction of the wood
occurs. Since the decay fungi actually digest the walls of the cells of
which wood is composed, wood infested with such fungi is weakened
and thus rendered unfit for many purposes. In extreme cases it may be
altogether destroyed. Besides the wood-rotting fungi there are other
tungi that cause serious losses to the lumber indust}y, although they do

, 1

Fi16. 141. Eflect of sap-stain fungi on wood. (1) unstained tulip poplar
wood; (2) slightly stained tulip poplar wood; (3) heavily stained tulip
poplar wood.

not weaken lumber to an appreciable extent. The losses caused by the
latter fungy consist mainly of forced downgrading, since the discolora-
tion renders the wood unfic for many purposes. Lumber staining (Fig.
141) may be due to several causes, of which fungt 1s the most impor-
tant economically. Most of these organisms do not develop and grow on
living trees but are to be found on down timber, sawed nmber, or wood
products.

Most of the common wood-staining fungi are Ascomycetes, which
grow principally in the sapwood. Occasionally the heartwood is also
invaded. Some species of wood seem to be far more susceptible to fungus
staining than others; for example, sycamare is quite susceptible o
staining, and care must be taken in the stacking of freshly cut boards or
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considerable staining will result. The sap-stain fungi are often roughly
classed into two groups on the basis of whether or not they penetrate
the wood. If the mycelial growth is largely superficial, the stain does
not penetrate the wood o a great extent and hence can be removed in
the planing process; however, if the mycelium penetrates far into the
wood, the blemishes are deep-seated and cannot be removed. }f wood
is to be left with a natural finish, stained lumber cannot be used, which
is why the ing type of wood-staining fungi are responsible for
the greater losses suffered by the lumber industry. In rare instances, as
when an unusual wood pattern is desired, sap-stained lumber may be
used for special cabinet wotk. In gencral the demand for such lumber is
slight, so that sap-staining is a harmful rather than a helpful fungus
activity. One species of Ascomycete, Chlorosplenium aernginosum, im-
parts a very characteristic green color to oak and other hardwoods, and
such stained wood has been used to a certain extent for inlay work
(Tunbridge ware). Brooks (1913) proposed that wood be artificially
infected with C. aernginosum in order to stain it'and was issued 2
British patent covering this process.

A number of sap stains have been described; they are usually named
on the basis of the type of discoloration and type of wood affected. An ex-
ample is the Grayish-Olive Stain of Hardwoods, fitst identified by Hum-
phrey (1920) as being common on stored railroad ties of beech, red
gum, and persimmon. The organism involved is Lasiosphaeria pezizula,
which stains both the heartwood and sapwood. Other sap stains are the
Yellow Stain of Hardwoods, which is caused by members of the Peni-
cillium diwarscatum group; the Red Stain of box elder caused by Fusa-
rium negundi; and Blue Stain which may be caused by 2 number of
wood-inhabiting fungi.

Sap-stain fungi develop most rapidly under conditions of abundant
food supply, high moisture content of the wood, and warm weather.
Some stains seem to occur very frequently; for example, Hubert (1931)
has noted that Red Stain of box elder 1s of such frequent occurrence that
it is popularly believed to be a reliable character for the identification of
box elder wood.

Hubert (1924) has estimated that the annual loss in the United
States due to sap-statn fungt (other than loss suffered by logs in storage)
is over $10 million. This loss, of course, is a money loss rather than a
physical loss of lumber, because a board so stained is still sound 2nd us-
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ab.le for some purposes, yet must be downgraded and sold ar a lower
price.

Lun?betmen and forest pathologists have been trying to solve the
sap-stain problem in the United States since the latter part of the nine-
teenth century, According to Hubert (1931), no satisfactory method of
preventing sap stain under all conditions has been developed. Methods

o - B

FiG. 142. Sap-stain in sycamore. The darkened area extending across
the upper part of the board is due to the growth of fungi i the area betw een
the board and the stick which lay across it separating it from the board
next above it in the stack.

that have been tried include spraying with various chemicals, dipping
into chemical solutions, coating the cut ends of logs with various mate-
rials, and storing logs under water.

The best preventive for stain in logs is to avoid long storage (espe-
cially during warm weather when conditions are favorable for growth
of fungi), and to saw the logs as soon as possible after cutting. Even after
logs are sawed into lumber, sap stain may still occur, bue it can be re-
duced by dipping the lumber into a sodium carbonate-sodium bicarbon-
ate solution and then stacking it in such manner that it will dry rap-
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idly. One of the principal precautions to observe in the handling of
freshly sawed boards is to stack them so that there is good air circulation
around each board. Even this will not prevent some staining, especially
in certain susceptible types of wood. In stacking sawed lumber for sea-
soning it is common practice to insert nartow wood “sticks” at intervals
between the fayess of freshly cut boards. Where a stick lays across the
face of a board several square inches of the board are cut off from con-
tact with the air; it is in this area that staining fungi may commonly de-
velop (Fig. 142), since drying out of the board occurs more slowly
there.

Decay of Sawn Timber

In order to prevent or at least diminish losses due to the
growth of fungi, logs should be sawed into lumber as quickly as possible.
When a living teee is felled the wood always contains considerable
moisture; if the log is sawed into lumber shortly afterwards the Jumber
would contain a high percentage of water. The moisture content of
freshly cut lumber is so high that it cannot be used for anything except
sough or temporary building work.

The drying or seasoning of lumber is done in special drying kilns
where the temperature and humidity can be controlled, or, more fre-
quently, by piling in the open so that air can circulate freely around and
through the lumber. Drying in the open requites 2 much longer period
of time than kiln drying and its effectiveness is dependent upon the ini-
tial moisture content, the thickness of the timbers, envitonmental con-
ditions, and the amount of care tzken in stacking the boards. Sizable
losses may be incurred if every precaution is not taken to insute tapid
drying, since if boatds are lefc moist for any prolonged period of time
they will be invaded by a variety of harmful fungi (Fig. 143).

Many fungi ace capable of growing on moist boatds; some geow very
rapidly and render a board unfit for use in a short period of time (Fig.
144). Usually if the moistute content of wood is reduced to a value be-
low 20 per cent the chances of its becoming invaded by rotting fungi
are slight. Sometimes “dry” boards are then stacked in solid piles; how-
ever, if their moisture content exceeds 22 per cent, solid stacking should
sever be practiced, since ait cannot circulate and moistare may diffuse
from the center of the board to the surface, where spores of wood-rotting
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FiG. 143, Rough-sawn sycamore board that was in the bottom layer of
boards stacked for seasoning. Along the left side may be seen the ruiting
body of a pore fungus, the mycelium of which has permeated much of the
wood of that area; scattered over the remainder of the board are the dark
stromata of an Ascomycete.

Fi6. 144, Birch wood blocks showing infected (bottom) and uninfected
(top) blocks. The block on the bottom was placed in a large test tube m_l/x
a small amount of nutrient meduun, stertlized, and then inoc_ularcd vrnlx
Polyporus lucidus. The picture was taken eight weeks after inoculation.
Whien the block at the bottom was cleaned, dried and weighed, it had lost
approximately 10 per cent of its initial weight.
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heat penetration. Heat sterilization of entire buildings in which the
timbers are heavily infected with dry rot has been attempted, but only
with great difficulty. Although a variety of wood-presetving chemicals
may be applied to finished lumber intended for building purposes, loss
due to staining and decay can be best prevented, as previously indicated,
by completing the logging and sawing operations as soon as possible and
then stacking the sawn lumber properly (Fig. 145). For those inter-
ested in specific details of wood preservation the extensive wotk of
Hunt and Garratt (1953) is recommended. This work covers the en-
tire field of wood preservation, including descriptions of the more com-
monly used preservatives and their application.

Decay of Wood in Various Uses

‘Whether or not a piece of wood eventually decays in use de-
pends upon the conditions of its application. Wood used in an applica-
tion where moistute is continually present will obviously be subject to
decay. Wood that is close to or in direct contact with the soil is particu-
Iarly subject to decay unless it is properly protected. Moisture creates
problems in the railroad industry in the prevention of decay of railroad
ties; in the telephone and electric utilities industries, which utilize wood
poles in distribution systems; in mines, where the shoring and roadsways
are made of wood; on the farm, where most of the fencing is fastened to
wood posts, and in the building industry, where wood has hundreds of
important applications.

As railroads began to grow it was soon realized that wooden cross-
ties half buried in the ground decayed rapidly. Research was undertaken
to develop suitable preservatives that could be applied to timbers
used for this purpose, Telephone poles and feace posts are also partly
buried in the soil and hence subject to the same rapid decay as crossties.
A variety of wood preservatives have been tested, but apparently creo-
sote is still the most satisfactory for use on wood that is in constant con-
tact with the soil. Creosote i large cylinders may be applied under
pressure, or by a dip-tank process, but in either method thoroué;h im-
pregnation of the wood by the preservative is essential. Crossties arc
completely treated with creosote, but poles and fence posts need only be
treated over a prescribed length at the butt end.
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of timbers is a rare occurrence; however, in such countries as England,
where higher humidities and lower temperatures prevail in dwellings,
decay of the building timbers is of more serious concern.

The copdition known as “dry rot” seems to be the preatest cause of
decay of building timbers. Dry rot is characterized by a brown discolora-
tion, a crumbly appearance, and cubelike cracking of the wood. Accord-
ing to Hubert (1931) there are two fungi of outstanding importance in
the United States which cause dry rot in building timbers: Merulius
lacrymans (the dry rot fungus), which has been studied by a number of
European investigators, and Poriz incrassata (the building poria),
which has been studied in detail by Humphrey (1923). However, the
consensus seems to be that in this country P. incrasiats is the principal
causal agent of dry rot, whereas in Europe A, lacrymans is the most im-
portant cause. The activities of these two fungi seem to be quite similar,
and both are found primarily in connection with dry rot in buildings.

The term dry roc is somewhat misleading, since both of the fungi re-
sponsible for this condition need moisture in order for growth to be ini-
tiated. Both fungi develop best under warm, humid conditions, but they
can spread from moist to dty wood by means of thick strands of myce-
lium through which enough water moves to enable them to grow in the
new location. In this manner dry-rot fungi can grow from moist wood
in a basement to dry wood in the upper stories. As wood is decomposed,
the carbohydrates are respired to carbon dioxide and water, so that once
wood is infected it becomes more moist, which in turn enables the fun-
gus to spread still further. Miller (1932) measured the amount of water
formed by M. lacrymans during the decomposition of wood cellulose
and reposted that it is nearly equal to the amount theoretically possible
through the breakdown of cellulose to water and carbon dioxide. Ba-
vendamm (1928) found that M. Jacrymans as well as other wood-rot-
ting fungi can thrive under conditions of reduced oxygen pressure,
which partially explains the fact that the dry-rot fungus often starts its
growth in wood thac is poorly ventilated.

Hubert points out that the prevention of dry rot depends upon two
factors—the coatrol of moisture, and (where that is not possible) the
application of preservatives to the wood. Basically the preventior{ of dry
rot depends upon proper construction procedures which provide for
adequate ventilation and prevent conditions of high moisture from de-
veloping. When dry rot is detected the rotted wood should be removed
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Table 42.—Relation of relative durability to specific graviry*

CONIFERS HARDWOODS
Spectfie Sperific
Species Gratsy * Sprener Gratty *
Veey purabte woons { VERY DURABLE WooDs }
Pacific yew .60 Osage orange 77
Juniper 48 Locust, black 1
Redwood 41 Mulberry, red -39
Bald cypress 41 Catalpa 42
Western red cedar 31 Walnut, black .61
DurasLe woops
DurabLr woops Chestaut 45
S. yellow piae (dense) .50 White o1k y
S. white cedar 230 onxs 73
Locust, honey 7
Douglas fir (dense) .45 Oxk, chestaut 75
Douglas fir (Mont. & Wyo.) .40 El : y
p m T2
Douglas fir (mill run) 45 Gum, red 5o
Longleaf pine .55 ' )
Western larch .48 | Lrss purante woops
Tamarack 49 Elm, white 65
Butternut 41
Lrss purRABLE WOODS Poplar, yellow .42
White pine 36 Qaks, red 65
Western white pine -39 Ash 65
Shortleaf pine .50 Hickory, white 74, .84
Norway pine A4 Beech 69
Western yellow pine .38 Magnolta, evergreen A7
Pitch pine 47 Maple 69
Sugar piae 36 Burch .58, &0
Hemlock .38 Sycamore .57
Spruce, Sutka, Englemann, Gum, black, tupelo 64
etc. 34, .31 Basswood 45
Lodgepole pine .38 Cottonwood 41, 46
Jack pune .39 Willow 43, .45
True firs 31,34 Aspen 40
.35, 37 Aler, red 37
S

! From Hubert (1931)

* From Record, *“Economic Woods of the United States **
t Based on Table 40, 10 Wess, H. F , The Prservarson of Steucrural Timber, 1916
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and replaced with sound wood that has been treated with a Ppreservative,
and an effort made to control the development of high-humidity condi-
tions in that particular location.

Natural Durability of Wood

The heartwood of most species of trees is more resistant to de-
cay than the sapwood, and woods differ widely from species to species
with respect to durability. Hubert (Joc, cit.) indicates that such durable
woods as oak, black locust, redwood, chestnut, and red mulbetry contain
tannins which may inhibit the growth of decay organisms. The reports
of Schmitz (1922), Hawley and others (1924), and Sowder {1929)
show that certain water-soluble materials present in some woods are
toxic to fungi, Bateman (1925) has reported that resin and pine oils
are toxic to wood-rotting fungi, and that resistance to decay of some
woods may therefore be due to the presence of these materials. The spe-
cific gravity of wood seems to be an important factor in resistance to de-
cay; Zeller (1917) has attempted to relate durability of woods such as
oak and southern yellow pine to specific gravity alone. However, Hubert
(1931) has pointed out that this relationship does not necessarily hold,
and his contention is botne out by the data presented in Table 42.

From the data in Table 42, and from the reports of the various in-
vestigators who have attempted to relate natural durability of wood with
some specific charactetistic—such as the presence of some material o
materials in the wood—it is apparent that no general statement can be
made concerning the factors responsible for natural durability. Resist-
ance of one type of wood to decay might well be due to the presence of
some material toxic to fungi in that particular type of wood; in another
type resistance might be attributable to the waterproofing effect of &
resin, while in still other woods resistance to decay mighe be due
cell-wall thickness, size of cells, closeness of packing, or some combina-
t1on of these vacious factors.

Literature Cited

Albjon, R. G 1926. Forests and sea power. Cambnidge
Bateman, E. 1925. What makes a pine stump last?  Sonthern Lumberman

115551



Destruction of Timber and Timber Products 387

Bavendamm, W. 1928. Neue Ui uber die Lebensbedis
holzzersiorender Pulze, Zentralbl, Bakt, Abs. 2, 75:426; 76:503.

Hoyce, J. S. 1938 Torest pathology. McGraw-Hill, New York.

Brooks, F. T. 1913, Improvements in or sclating to and/or presetving wood.
British Patent 24595.

Bryan, J., a0d Richardson, N. A. 1935, Experiments on the § ion of mine
timber. For, Prod. Res. Record 3:10 pp. HMSO,

Carewright, K. St. G, 20d Findlay, W. P, K. 1946  Decay of timber and its
presention, HMSQ, London.

Hawley, L. F, Fleck, L. C, and Richards, C A. 1924 The relation between
durability and chemical composition in wood. Ind. Eng. Chem. 16:699-700.

Hubert, E.E. 1924, The sap-stain problem aad a ten-miltion dollar loss. Wens
Coast Lumberman £4:28.

1931, An outline of forest pashology. Wiles, New York.

Humphrey, C. J. 1920, The decay of ties in storage,  Proc. Amer. Wood Pre-
serters Astoc. 16:217-250.

. 1923, Decay of lumber and building timbess due to Poria incrassata,
Mycologia 15:258-276.

Hunt, G. M, and Gareate, G. A. 1953, Waood presertation. McGraw-Hal,
New York.

YLorenz, R. C., and Christensen, €. M 1937, A survey of forest wree diseases and
their relation to st20d improsement in the Lake and Central scaces.  (Mimeo,
seport from US.DA. Bus. P1L Ind., Oct. 7, 1937.)

Miller, V. V. 1932, Pomts in the biology and diagnosis of house fungi. I: The
tong process as a sovece of seléweting for dmber.  Pamph. State For.
Tech, Pab. Leningrad. (Rer. Appl. Mycol. 12:257).

Pilar, A 1927, The mycoflora of the miaes of Pribram  Ann. Acad. Tchecos).
Agr., 1927, 455-553.

Prescort, 5. C., and Dunn, €. G. 1940 Industrial microbrology, McGraw-Hil,
New York.

Ramshatcom, J. 1937, Dry rot i ships, Essex Nataralist 25:231-267,

Schmirz, H 1922, Preliminary note concerning the cause of causes of the dura-
bility of western red cedar, Thupa plicata. 1dabo Foretter §:46-47.

Sowder, A. M. 1929. Toxicity of water-saluble extractives and the relative
durability of water-treated four of western red cedar.  Jud. Eng, Chem. 21
981-984,

Wolman, K. 1928 Grubenbau. (In Mahlke-Troschel's “Haedbuch des Holz-
kansesvierung”, Bexlin, 1928, pp. 338-379.)




22 - Tropical Deterioration

ELECTRICAL EQUIPMENT
LEATHER GOODS

PAPER GOQDS

OPTICAL EQUIPMENT
TEXTILLS

‘THE TERM “tropical deterioration” applied to the destruction
of materials and objects by fungi can be misleading, since organic mate-
rials may deteriorate or be destroyed in temperate regions as well as in
the tropics. Susceptible materials deteriorate much more rapidly, how-
ever, in a warm, humid climate where conditions are more favorable
for fungus growth. Except in special instances, the deterioration of ma-
terial often proceeds slowly, with only small amounts of material nor-
mally involved, so that, apart from the experience gained by military
personnel in tropical countries, little concern has been evidenced over
this form of fungal attack.

During World War II attention was focussed more sharply on the
problems created by the deterioration of cellulosic and other materials
when U.S. armed forces had to organize and supply a vast land, sea, and
air campaign in the tropical and subtropical istands of the South Pacific.
Under these conditions many types of materiel needed to wage a large-
scale war were soon destroyed by fungi or rendered unfit for use. Mate-
rials such as clothing, teatage, optical equip (binoculars, g1 igh
cameras), leather goods, plastc objects, photographic film, paper goods,
and electronic equipment were ail subject to fungus growth, and hence
the problem of troprcal deterioration became a matter of immediate con-
cern to the United States and her Alltes. Accordingly, programs to study
these problems were nstituted in this country as well as in Australia,
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rowth led to leakage and short-circuiting via moist fungus hyphae
Fig. 147). Most such deterioration occurs only in unused equipment,
scause in operation a radio set or other electrical apparatus usually
enerates enough heat to maintain dryness and thus inhibit fungus
rowth. The solution to the problem of fungus-proofing electrical and
lectronic equipment lies in the use of suitable materials thac do not
rovide a food source for the fungi. Thus, the substitution of polyvinyl
hloride plastics for fabric in insulating applications prevents or greatly
linimizes fungus growth on conductors (Fig. 148), Similatly, the se-
:ction of inert waxes or other impregnating compounds, or the incorpo-
tion of fungicidal materials into such compounds also prevents fungus
rowth, as does the use of paints containing fungicides, the elimination
f cork, and the use of laminated plastics with inert fillers or suitable
rotective bonding agents. Smith states that with equipment not so pro-

6. 147. Mold growth in a radio set with fyphae brfdging some of
e components. (From Smith, 1946; copied with permission from En-

avOur. )
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Fic. 148. The growth of fungi on polyvinyl plastic as compared with
growih on fabric. Left: polyvinyl plastic tubing inoculated with fungi; right:
control specimen of twine, (Courtesy C, K. Crocker, U.S. Testing Com-
pany, Hoboken, N. 1.)

tected, fungus growth can be inhibited by spraying or painting the parts
with a lacquer containing a fungicide.

Leather Goods

Whether or not fungi can digest collagen and thus actually
cause destruction of leather is debatable. It is well known, however,
that many molds will grow on the surface of leather, making it un-
pleasant to handle and requiring frequent cleaning. Furthermore, mold
growth on leather instrument cases can spread to and possibly damage
the enclosed instruments.

How well leather will support the growth of fungi depends upon the
way it was tanned. Chrome-tanned leather is almost completely fungus-
resistant because of the presence of chromic oxide; however, this type of
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leather is soft and unsuitable for many purposes. Shoe soles must be
made of vegetable-tanned leather, which unfortunately supports the
growth of fungi quite well. Failures in leather goods in service ate often
due to the rotting of the stitching threads as a result of fungus growth. It
has been recommended that thread intended for this purpose be prop-
erly fungus-proofed by impregnation with chromic oxide or other fungi-
cide. Smith (Joc. ¢it.) states that fungus growth on leather can be pre-
vented by using p-nitrophenol, which may be incorporated into the
leather during manufacture or applied to the finished article. A some-
what less effective method is to apply a dubbin containing the fungicide
to leather goods.

Paper Goods

The general problems encountered as 2 result of fungus
growth on paper are discussed in Chapter 23. However, during the re-
cent war problems not usually encountered were met and had to be
solved. Paper is used in tremendous quantities in supplying a modetn

4

Fic. 149. Instruction booklet almost completely disintegrated by molds
and maisture. (From Snuth, 1946, Courtesy Endeavour.)
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easily cleaned at more or less regular intervals and any mold growth
thus eliminated.

Textiles

That fungi will readily grow on maay texciles is a fact kaows
to many housewives, who are confronted at intervals with the "mildew-
ing" of damp clothing. The advent of the power laundry and lfater the
home clothes dryer has alleviated this problem to 2 great extent, During
the war, however, by far the greatest problem of tropical deterioration
was the damaging or destruction of textiles by fungi. The effects of
fungi on textiles can be roughly classified as “mildews” and “rots.” In
mildew, fungi that grow on textiles do not actually attack the textile
fiber, and hence do not cause a weakening or failure of the fiber. Nev-
ertheless the growth of mildew fungi on textiles renders them un-
sightly and unfic for many purposes; or it may change the dye-fastness
characteristics of the cloth. Rot fungi actually digest the textile fibers,
causing a loss of fiber strength ot complete destruction of the fabric,

Some textiles seem to be more susceptible to fungus growth than
others. For example, Prindle (1935) has found that species of the gen-
eta Alternaria, Stemphyllinm, Oospora, and Penicillium are especially
destructive to wool, which is not readily susceptible to decay. Hardy
(1943) has pointed out that silks and rayons may also support the
growth of fungi, although deterioration of these fabrics is not frequently
encountered. Hardy noted that acetate rayons are less affected by mil-
dew organisms than the viscose and cuprammonium rayons, Marsh and
Duske (1943) also studied the destruction of rayons by fungi and re-
ported that the organisms responsible for the “tendering” of rayon yarn$
are molds of the common genera Aspergillus and Penicillinm.

Most tropical deterioration of textiles occurs in cotton fabrics, which
extubit wide differences in susceptibility o fungus damage. Thaysen

and Bunker (1924) have presented evidence that cotton fibers of dif-
iderably in their resistance to microbial de-

ferent origin may vary
terioration. They found that American cotton was most resistant, Egyp-
tian cotton less so, and that most rapid decay occurred n Indian cotton.

Davis and others (1880) observed that the spores of mildew-causing
fungi are constantly present on cotton, so that cotton fabrics cxpcmx? o
warmth and high humidity are likely to mildew. Intensified investiga-
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Italy, Broughton-Achck (1919) attributed most of ghe deteriorarion
10 species of .Ylempbjllwm (Fig. 151 ). The most eXtensive work in
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Sttengeh of Strips of corran fabric inoculateq with pure cultures of the
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various organisms under test. Many fungi were found to cause loss in
tensile strength, with considerable variation in destructiveness from one
species to another. Obviously a fungus capable of digesting cellulose
could under favorable environmental conditions cause serious deteri-
oration of cotton fabric,

In the development of procedures designed to render fabrics more
resistant to mildew and rotting fungi, it was found necessary to devise

FiG. 151. Stemphyllium sp., an imperfect fungus often involved in the
deterioration of fabrics. (From Barnett, 1955.)

methods of testing their resistance. Thom, Humfeld, and Holman
(1934), after experimenting with a number of fungi known to digest
cellulose, selected Chaetominm globosum as the most satisfactory species
for use in testing mildew resistance of treated fabrics designed for out-
door use. Their recommended laboratory test included the following
steps:

1. Sterilization of cloth strips which had been previously soaked in water.

2. Inoculation with a pure culture of C. globosum.

3. Incubation for fourteen days in petri dishes on agar jelly containing
mineral salts.

4. Washing and drying.

5. Ravelling the strips to reduce the width toa prede(ermined aumber of
threads equivalent to one inch of the original fabric.

6. Conditioning under controlied temperarure and humidiry.

7. Determining the tensile strength of the cloch.
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According to these workers, tests in quintuplicate on treated and un-
treated cotron duck gave consistenc resules.

Rogers and others (1910), studying the deterioration of cotton duck
by Chaetominm globosum as well as a bacterium (Spirochaeta cytoph-
aga), developed a modified procedure in which 114 X 6-in. strips of
cloth were placed in 16-0z square bottles for incubation. The strips were

S v o 5

Fig. 152, Incubation chambers for inoculated cloth strips. Left, strip
treated with soap and cadmium chloride; center, strip treated with a double
sals of chromiym fluoride and sodium antimony fluoride; right, untreared
strip. (From Furry, Robinson, and Humfeld, 1941; courtesy Institute of
Home Economics, U.S. Department of Agrictdture.)

inoculated by pipetung 2 mi of inoculum (spore suspension) onto each
strip. Furry and others (1941) used essentially the same procedure ex-
cept that instead of pipetting inoculum onto the steips it was sprayed on
with an atomezer (Fig 152).

The method developed by Rogers and his co-workers was further
modified by Greathouse and others (1942). These investigators also
used 16-0z square bottles as individual incubation chambers for inocu-
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lated cloth strips but substituted a mat of glass fabric for the agar me-
dium in each bottle. A cloth strip 6-in. long, which had been ravelled o
a width of 1 in,, was placed in each bottle, Uniform aeration of bortles
was provided for by cutting a circle 4 cm in diameter from the center of
each cap and inserting a filter of glass fabric. The following mineral-
salts medium was found to be well suited for the growth of cellulose-
decomposing fungi:

Mineral salt Grams per liter
KHePOs Lo 1.3940
MgSOs .

NHINO; «ooiiiiiiniiiiiiiieiienann 1.0006
CaCOs ottt 0.0050

.......... 0.0050
Fe,Zn, &M (25SO4) vivvivnninnananans, 0.0010

H:0 to make 1 liter

The details for making and assembling the individual incubation
chambers used by Greathouse and his colleagues are illustrated in Fig.
153.

Modifications of the above testing procedures are basically similar in
that the tests consist of inoculating sterilized pieces of fabric with pute
cultures of some organism, and (after a suitable incubation period) de-
termining if a loss in tensile strength has occurred. For example, cloth
strips about 6 in. long and 134 in. wide, ravelied to 1 in. in width, may
be inserted in 1 X 8-in. test tubes containing a mineral salt solution
into which the lower end of the strip extends. These may then be steri-
lized and inoculated with various fungi. This proceduse was used by
Gray and Mactin (1947) in determining the cellulalytic activity 'uf
fungi isolated from asphale-treated paper case liners, and also by White
and others (Joc. cit.) mn their extensive investigations of the cellulolytic
activities of fungi.

Disadvantages of the various pure culture testing methods are that
when a single microorganism is used the possible reciprocal effects
caused by the presence of other organisms is lacking, and the nftd for
stecilizing the fabric. Bertolet (1944) developed a soil burial test
which he claimed gave sansfactory results. Such a test has the ob"vaus
advantage that it brings the fabric under test into contact with a variety
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e i e A L e T O R

Fig. 153, Indwidual incubation chamber adapted to the use of liquid
medium, Upper right, metal cap and wax paper filler with centers removed;
upper left, glass cloth alone and in place in metal cap; left center, unsewed
glass wick; nght center, sewed glass wick, bottom, duck strip 6 in. long
ravelled 1o Jon width, center, individual incubation chamber with glass
wick and duck strip w place. (Fram Greathouse, Klemmme, and Barker,
1942, Courtesy U.S. Department of Agriculture, Beltsville, Maryland.)
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of different microorganisms and eliminates the necessity for steriliza.
tion,

Marsh and others (1945) observed that great variation in results
were reported by different laboratories even though the same type of
material was tested in the different laboratories using the soil burial
method. These differences can be attributed principally to two faults in-
herent in the method: seasonal effect when burial was out of doors or
even in a greenhouse, and variation in soils used for burial of the fabric
samples. Gray and Martin (1947) attempted 1o modify the soil
burial method so as to eliminate or greatly minimize these faults. These
investigators employed stainless steel pans equipped with plate glass
covers; samples were buried in specially prepared compost in these pans,
and were then maintained under controlled temperature and humidity
conditions, Using the soil burial test, Gray and Martin demonstrated
that variability in results between tests run with the same type of fabric
could be greatly minimized.

Marsh and others (1945) stated that soil burial tests are much more
drastic on a variety of treated fabrics than pure culture tests. These in-
vestigators concluded that the best test or combination of tests for de-
termining the mildew resistance of a treated fabric depends on the serv-
ice conditions for the fabric. A discussion of the problems involved in
the standardization of testing methods is given in the work of Barker
and others (1944).

Superficially the problem of making fabrics fungus resistant seems
quite simple, since there are literally hundreds of chemical compourjds
that prevent or greatly inhibit the growth of fungi. Further examination
shows the problem to be more complex, because many of these com-
pounds have undesirable properties. For example, no wnter-sohfblc
compound can be used on fabrics subjected to weathering or laundering.
Some compounds may be colored, some may be toxic, some may actu-
ally deteriorate fabrics, and some may impart undesirable handling
properties. .

Various investigators who have studied the problem of finding suit-
able fungicides for use on fabrics have recommended an assortment of
different chemical compounds. For example, Bright, Morris, and Su'm-
mers stated in 1924 that the best known antiseptic at that tume was zin¢
chloride, although this compound is little used as a fungus-prtlx)fmg
agent today. In the early work of Broughton-Alcock (Joc. cit.) it was
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Fic. 154. Fungicidal value of organic acid radicals against Penicillium sp.
and Aspergillus niger; fabric treated at I per cent level. C, control; N.A.,
naphathenic acid; O.A., oleic acid; T.0., tull oil, H R., hydrogenated resin.
(From Marsh, Greathouse, Bollenbacher, and Butler, 1944. Courtesy U.S.
Department of Agriculture, Beltswille, Maryland.)
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stated that cuprammonium or cutch treatment of canvas prevented the
growth of Stemphylinm and Macrosporinm and that treatment by Pi-
ney's method (soft soap 1:5000 dilution, followed by a mixture of 1
per cent alum and 1 per cent copper sulphate) greatly inhibits the
growth of these fungi.

“Shitlan” (salicylanilide), patented as an antiseptic in 1928 by the
British Cotton Industries Research Association, has been extensively
used as a fungicide in clothing and bedding and was in heavy demand
during the war. However, Smith (Joc. cit.) states that in preliminaty
tests mercaptobenzthiazole proved as effective as Shirlan.

Hardy (1943) reported that over 133 different chemical com-
pounds were in use at that time for mildew-proofing fabrics. He espe-
cially recommended the use of Shirlan because it is colorless, odorless,
nonvolatile in steam, and unaffected by sizing and finishing materials,
but stated that sodium pentachlorophenate is also an effective, low-cost
preventive, He recognized the importance of moisture in textile deterio-
ration (as had Osborn as early as 1912) and stated that textile molds
can be prevented by reducing the moisture content to below 8 per cent
and the relative humidity of the atmosphere where they are stored to be-
low 75 per cent.

Furry, Robinson, and Humfeld (1941) applied a great many differ-
ent finishing treatments to degreased and desized unbleached cotton
duck and estimated the mildew resistance of the treated samples by
measuring loss in breaking strength after inoculation 2ad incubation
with Chactominm globosum. They found that a great many compounds
such as substituted phenols, dyes and mordants, organometallic com-
pounds, metallic salts of organic acids, inorganic salts, and others gave
satisfactory protection. Marsh and others (1944) used several copper
soaps as protectants for fabrics and found chat copper naphthenate pre-
vents rotting of fabric at lower concentrations than does copper oleate,
copper tallate, or copper hydrogenated resinate. Of these four soaps,
anly copper naphthenate was able to prevent growth of the copper-tol-
erant fungus, Aspergillus niger. These investigators also found that
naphthenic acid alone is a potent fungicide (Fig. 154), whic{h may ex-
plain the greater fungicidal action of the copper salt of this acid. In gen-
eral copper naphthenate has been found to be a satisfactory preservative
for application to fabrics (such as tentage matenials) that do not come
into prolonged contact with the skin, yet, Bayley and Weatherburn
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NO NATION is quite so profligate with paper as the United
Srates. The amount of paper discarded annually in chis country reaches
staggering proportions and reflects the great abundance and relatively
cheap price of this highly versatile material, The extensive forests
which earlier covered the northern and eastern United States as well as
the Great Lakes tegion, together with the proximity of the huge for-
ested areas of Canada favored the large-scale development of the do-
mestic paper industry. However, like many of other natural tesources,
the forests of America have been exploited without thought for the
furure, and g5 a fesule we may expect considesable reductions in the
quantity of many types of wood available for pulping purposes, as well
as a gradual increase in the cost of paper.

The increasing amount of paper used annually in the United States
is eaking a toll of our forest resources. Over 25 years ago Kress and his
co-workers (1925) pointed out that pulpwood supplied to mills east of
the Mississippi was being hauled for increasingly greater distances
each year—an indication that the Eastern supplies had been largely
depleted.

As pointed out in Chapter 2, the destruction of discasded paper and
other cellulosic material through the digestive and respiratory activities
of fungi is of direct benefit to man. On the other hand, the fungal de-
struction of supplies of unused paper or the deterioration of valuable
books or manuscripts is obviously a harmful activity of fungi. Fungi do
not destroy only finished paper. The paper indusiry faces the problem
of combarung fungus activides ar every step in the process of paper
manufacture, starting with the living tree itself. The tree species used
for paper pulp manufacture may be different from those used for lum-
ber—and hence the pathogenic fungus species involved may also be
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different—but the basic problems ate much the same and are largely
in the province of the forest pathologist.

When a tree is cut for pulping purposes it may be shipped to the
pulping mill immediately, but more commonly it is stored ‘at some
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Fic. 155. Pulpwood bolts stacked at woods point near scene of cutting.
The above method is a good one 1o be used in stacking bolts, except that
the two lowermost bolts in each stack are placed directly on the grc_und
where they will undoubtedly decay if left 100 long. (Courtesy of American
Forest Producis Industries, Washington, D. C.)

X i) { of storing in
G. 156. Pulpwood bolts at the paper mull, showing method 4
{Ix: |Iﬂrge conica[ppile. (Courtesy of American Forest Products Industries,

Washmgton, D. C.)
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W00ds poing for varying periods of time (Fig. 155), 1 S0me instances
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Basidiomycetes ate also capable of causing wood decay if suitable en-
vironmental conditions prevail.

Once pulpwood is shipped from the point of cutting to the paper mill
it may be pulped immediately, but more commonly it is stored at the
mill for periods of time of up to one year or longer. During this period
any fungi present in the wood at the time it was removed from the
woods point will continue to grow unless proper precautions are taken.
At the mill, pulpwood may be stored in one of three ways: (1) com-
pletely immersed in water, (2) in conical piles (Fig. 156), or (3) in
ricks (Fig. 157). Complete immersion in water is best, since fungus
growth in the wood is prevented by the limited supply of oxygen; how-
ever, this method is not practicable at most mills. Ricking the pulp-
wood on weed-ftee, well-drained land in mill storage yards, where small
pieces of decayed wood are not allowed to accumulate, is preferable to
conical piling, although wood is sometimes stored in conical piles and
periodically sprayed with water to prevent decay.

Most paper mills try to carry a year's supply of wood in the storage
yard, but the cutting of pulpwood in winter leads to 2 seasonal peak in
pulpwood production which in turn results in periodic heavy influxes
of wood into the storage yards. Operators of mills may also overstock
wood when it is available in quantity in order to guard against a sudden
scarcity. Much of the storage loss is preventable if the wood is stacked
properly and if sanitation measutes are rigidly enforced in the storage
yard. Wood should not be stored in utter disregard of species. Perishable
species such as poplar, balsam, and white fir, should be separated from
the more durable species. Badly infected shipments should always be
separated from noninfected woods in order to prevent the spread of
decay organisms.

Decay of wood either at the woods point or in the mill storage yard
is obviously a source of loss to the paper manufacturer because of the
reduction in actual weight of wood. In addition to these losses, stilf fur-
ther losses may be sustained if decayed wood or partially decayed wood
is pulped, depending upon the type of pulping process employc'd. Ac
cording to Kress and his co-workers, when mechanical pulp is pre-
pared from decayed wood as the raw material, yields are characteristi-
cally low; moreover, the finished product has a datker color, and to
some extent a lower strength. On the other hand sulphite pulp (unless 1t
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tion of an excessive amount of small particles during grinding or chip-
ping. Tables 43 and 44 present data which indicate the magnitude of
the losses that may be sustained dusing these operations.

The magnitude of losses sustained when paper pulp is stored depend
on the type of pulp and the length of the storage period. Chemical
pulps deteriorate less rapidly than ground wood pulps because they ase
usually stored for shorter periods of time and also because they are com-
pletely sterilized during the chemical process of pulping. Kress and oth-
ets teported o $100,000 loss in one paper mill on ground wood stored
inside for a comparatively short period of time; a loss of $10,000 was
sustained at another mill on a 7500-ton Jot of hydraulic-pressed ground
spruce wood stored for two or three years. These workets point out that
both wood-destroying fungi and fungi of the “mold” type may cause
pulp deterioration, the former by decreasing the strength of the wood
fibers and the latter by discoloring the pulp and binding the particles
together—with the result that they do not beat up well and produce 2
lumpy, speckled paper. Although Kress and his colleagues state that the
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mold type of fungi are more likely to grow in pulp, they present evi-
dence (Fig. 158) that seight losses may occur in pulp as 2 result of the
growth of wood-destraying fungi.

Carrwright and Findlay (1946) state that ground wood pulp s usu-
ally imported into England in the form of sheets tightly baled together;
that the pulp so handled contains approximately its own weight of
water and is therefore excellent base material for the growth of both
decay and "mold” types of fungi, These authors further state that con-
siderable losses have been sustained due to the deteriotation of pulp in
all of the principal pulp-producing countries.

There is licele evidence that the fungi in decayed or decaying pulp-
woad ate carcied through the grinding and pulping processes. Accord-
ing to Sanborn (1933) the treatment of wood in sulphite digesters has
2 definite sterilizing effect, since the temperature at which digestion oc-
curs is about 140~145C. The numbers of organisms in wood are also
reduced in the preparation of ground wood pulp, because of the high
temperature of grinding (85C). Fungal contamination occutring aftes
the grinding and pulping processes must then enter the pulp from some
source within or outside the mill. Sanborn states that mictoorganisms
invade paper mills in water and to some extent in the raw materials,
but Robak (1932} is of the opinion that air is 2 more important source
of fungus contamination than either timber or water, Robak is probably
correct in his view, since a greater fungus spore load would generally
be expected in ait than in water. He collected timber, logs, and wood
pulp from all stages of paper manufacture and isolated fungi from these
marerials as well as from the woodwork in storage buildings and from
backwarer and slime deposits found in chutes and machine pasts. He
teported that the preponderating number of fungi isolated consisted of
Hyphomycetes (order Moniliales) and other Fungi Imperfecti. Espe-
cially frequently isolated were Cladosporinm berbnmm, Trichoderma
lignorum, H pullulans, and Cadoph

Robak cultured the orgmxsms he had isolated in pulp and on steri-

lized filter paper and came to the conclusion that fungi ordinarily ap-
pearing on wood pulp are of no imporrance as fiber destroyers. He
stressed the staining of pulp as being one of the most damaging results
of the growth of fungi in wood pulp. Sanborn (Joc, cit.) has also em-
phasized the discoloration of pulp and paper as being one of the princi-




412 Harmful Activities of Fungi

pal damages that result from fungus growth in a paper mill, although
he points out that economic loss and impaired quality can result from
the formation of mill slimes and the actual deterioration of pulp and
paper by fungi.

Slimes are frequently buile up on the surfaces over which paper-pulp
suspensions flow in paper mills. If particles of these slimes become 2
part of the finished paper, the result is the formation of shiny, some-
times translucent spots in the finished paper. Such slimes ate never the

Fi6. 159. Growth of Chaetomium globosum on a piece of filter paper
which was moistened, sterilized and then inoculated with spores and in-
cubated under conditions of high relative humidity.

result of the growth of a single species of organism, but consist of. a
variety of both bacteria and filamentous fungi. Sanborn isolated species
of the following genera from such slimes: Aspergillus, Mucor, Peni-
cillium, Cladosporium, Ch, ium, Acrostalagmus, Trichoderma, and
Alternaria. )
That paper itself is subject to decay as a result of fungal growth is
obvious to anyone who has seen what can happen to discarqed paper
left on moist ground or in a damp basement for a ;?cn'od of time (Fig.
159). Paper used in book manufacture may sometimes be badly damd-
aged by fungi. See (1919) isolated fungi from paper and b?oks an
found them to be species of Chaetominm, Myxotridiumf Eidamella,
Aspergillus, Acrostalagmus, Spicarsa, Torula, Cephalothecium, Stachy-
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botrys, Dematinm, Cladosporium, Stemphyllium, Alternatia, Stysanus,
and Fusarium. Sartory and others (1935) reported that species of
Cladosporium, Fusarium, Aspergillus, and Monilia and an actinomycete
may cause destruction of paper and that such organisms produce yellow,
brown, black, or colorless spots on manufactured paper, known as
“foxing.” These investigators state that the action of such fungi may be
very slow, as much as two years elapsing before any damage can be
detected. Verona (1938) also studied the deterioration of paper and
books by fungi and named new species of Phoma, Coniosporium, and
Cephalosporium which he had isolated from such materials,

Asphaltcoated paper has been widely used to protect the contents
of boxes and shipping cases, especially where the contents might be
damaged by moisture and the growth of fungi, on the assumption that
asphalt is fungicidal or ar least fungistatic. Gray and Martin (1947)
made isolations from asphalt-coated case liners which showed signs of
fungus damage nnd obtained 19 fungi of the genera Penicillinm, Asper-
gillus, Ch Sepedonium, and Trichoderma, Of these fungi, five
were capable of causing marked loss in tensile strength of tentage cloth
and hence were judged capable of digesting cellulose. Such fungi could,
of course, weaken or pethaps completely destroy paper.

From the above brief accounts it is obvious that the paper manufac-
tuser is faced with the problem of fungus damage from the time the
tree is felled in the forest through all the stages of the manufacturing
process up to and including the storage of the finished product. The
papet fabricator and the ultimate user of the paper are also faced with
the same problem, although to a lesser degree. Like most library books,
valuable papers are usually kept under conditions that protect them
from damage by fungi.

From the felling the tree up to the formation of wood pulp the prin-
cipal fungi involved in the destruction of paper are probably wood-
destroying species of Basidiomycetes, of which there are a great many,
Damage to paper pulp appears to be caused primarily by the so-called
mold type of fungi; of these, members of the Fungi Imperfecti seem to
be principally involved, Various imperfect fungi are evidently responsi-
ble for most damage to finished paper and paper products, although
there are some notable exceptions, such as species of Chaetominm, a
genus of Ascomycetes.

Different procedures must be employed for the control of fungi in the
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manufacture of paper, depending upon the stage of the process. Con-
trol of wood-destroying fungi at the point of felling, in transi to the
mill, and in the paper-mill storage yards depends largely upon prope
stacking and sanitation measures. Pulpwood logs should be stacked well
off the ground sa that they are adequately aerated, thus permitting more
rapid drying, Weeds should not be permitted to grow around the stacks,
since this will prevent proper ventilation near the base of the stack and
thus delay the drying-out process. If conditions permit, the pulpwood
logs should be immersed in water at the mill until they are to be used.
Neither dry wood nor wood saturated with water will decay, since in
dry wood the moisture content is too low for the fungi to grow, while
in saturated wood the oxygen content is likewise too low. Fungi will
not grow in wood if the moisture content is lower than 20 per cent
(Prescott and Dunn, 1940).

Many examples of the inhibitory effect of excess moisture upon wood
decay can be cited, For example, the timber piles of the original London
Bridge (built in 1176) have been recovered from time to time and
are still sound. Another example of the inhibitory effect of water is
provided by the fact that waterlogged timber recovered from river bot-
toms near sawmills is usually undecayed after many years of submersion.

Paper-mill storage yards should also be welt drained and free of smait
pieces of rotting wood. Sound pulp wood logs should never be stacked
in contact with decayed wood, otherwise the mycelia of wood-decaying
fungi may grow from one piece of wood to another.

Pulped wood should niot be stored for any longer period of time than
is absolutely necessary. Rigid sanitation measures should be practiced
in the mill to prevent the accumulation of microorganic slime on sur-
faces over which pulp suspensions pass. Sanborn (Joc. cit.) recommends
heavy chlorination of water for the control of mill slimes. If such wide-
spread use of chlorine is undesirable because of the bleaching effect,
copper compounds may be employed, and the ditect application of cal-
cium hypochlorite to surfaces where slimes commonly form will some-
times prevent their development. The most important aids in the pre-
vention of slimes are vigilance in the detection and removal of slimes
and the practice of general mill sanitation. )

For the preservation of certain types of paper it is possible to incor-
porate 2 fungicide in the paper. Thus Gray and Martin reported that
the incorporation of Dowicide G at a level of 0.7 per cent in kraft paper
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Fi6. 160. Growth of Penicillium sp. and Chaetomium sp. on creped kraft
paper, with and without Dowicide G. (From Gray and Martin, 1947.)
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imparted complete protection against decay by fungi which had been
isolated from paper (Fig. 160). Leaching of paper so treated by placing
it in running water resulted in the excessive removal of fungicide so
that it was no longer inhibitory; however, leaching can be prevented by
coating the treated paper with asphalt. Paper containing 1.6 per cent
Dowicide G and infused with asphalt containing 3.0 per cent penta-
chlorophenol was found to be completely resistant.

For the preservation of books and stored paper, the recommendations
of See (Joc. cit.) are probably adequate. On the basis of a number of
tests, this worker recc ded the use of formaldehyde vapors fot the
disinfection of boaks in the library. He also proposed the regular aera-
tion of books and the avoidance of high humidity in the library, With
2ir conditioning, libraries should encountet no serions amount of fungus
activity; however, in ofder and congested libraries with inadequate
shelf space, the problem may be more severe, especially in view of the
report of Sartory and his colleagues regarding the stow action of fungi
on paper products such as books, where considerable damage may oc-
cur before it becomes detectable.
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Fi6. 161.  Raw foodstufls (grapefruits, tomato, onion) spoiled by fungus
growth,

Unless special precautions are taken, any type of food (Fig. 161) may
become infected with and suppore the growth of a wide variety of
fungi, rendering it unfit for consumption. Which fungus is principally
involved in 2 case of food spoilage depends to a certain extent upon the
type of food and the particular set of environmental conditions under
which it is placed. Involved in this process are fungi of the mold type
(order Moniliales of the Fungi Imperfecti), certain members of the
Phycomycetous order Mucorales, and yeasts, Many fungus spores are
commonly present upon foods. If conditions favorable for germination
and growth exist, the food will become spoiled either in appearance of
edibility. An example of spoiled appearance is provided by moldy brenfl:
the fungi commonly found on bread are neither toxic nor pathogenic,
and can be ingested without ill effect; but, because of its appearance,
few people relish eating moldy bread unless goaded by hungcr.‘

The storing of food under conditions unfavorable for the geemina-
tion of spores and subsequent mycelial growth does not affect their
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industries spailage is a chronic problem, while in others it is merely
sporadic. The fungal spoilage of a number of major food ypes is dis-
cussed in this chapter.

Milk, Cream, and Dairy Products

General use of refrigeration has extended the potable life of
fresh milk, and the development of pasteurizing, condensing, canning,
and drying processes has made it possible to keep milk in a usable con-
dition for much longer periods of time than formerly possible. However,
a tremendous quantity of fresh milk is consumed directly, and fresh mitk

Fic. 162. Oidium lactis, an imperfect fungus, one of the fungi most com-
monly found in milk and cream. (From Barnett, 1955.)

is unfortunately an excellent medium for the growth of filamentous
fungi, yeasts, and bacteria.

Of the many different species of fungi found in milk supplies, Oidium
lactis (Fig. 162) is, according to Tanper (1944), among the more
common. Lactose-fermenting yeasts, which cause fermentation and gas
production in milk and other daity products, are also a source of trouble.
From the standpoint of public health, the growth of fungi is fot 8
serious as the presence of pathogenic bacteria in milk, since fungt only
cause spoilage; however, fungus growths may be indicative of c;m-lf-ss
or msanitary handling. Elliker (1941) states that O. Jactis enters mflk
and cream from dust, dirt, manure, and from carelessly washed uzensds:
Such materials are probably also the source of other species of fungi
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found in milk, since there is no evidence that fungi may come from
the cow’s udder as is true of certain bacteria.

Like milk, cream may contain a wide variety of fungus species, but
O. lactis again scems to be the best known. Pasteurization is 2 reasonably
effective means of controlling fungi in milk, Thom and Ayers (1916),
using fungus species from the genera Aspergillus, Mucor, Penicillium,
Oidium, and Fusarium, found that normal pasteurization (heating milk
to 145F and maintaining it at that temp for 30 min) killed
spores of every fungus species tested excepe conidia of Aspergillus
repens, A. flarus, and A, fumigatns, The flash process (milk heated to
165F and held for 30 sec) destroyed the spotes of all species tested
with the exception of many spares of one form and occasional spotes of
theee more forms. At 175F only occasional spores of two forms de-
veloped.

Both yeasts and filamentous fungi may grow in or on butter, and the
“fishy” flavor of butter was early atiributed to Q. Jactis by O'Callaghan
(1901). However, Rogers (1909) studied this problem and was un-
able o produce fishy flavor in butter by inoculation with this fungus.
Further inoculation experiments failed to connect this trouble with any
one kind of bacterium, and Rogers concluded that fishy flavor is not
produced by the action of a specific agent.

Butter may sometimes develop a yeasty flavor due to the growth of
such yeasts as Torula cremoris and T, spherica. Rancid butter results
when butter fats are hydrolyzed with the subseq liberation of ill-
smelling fatty acids, Many bacteria as well as the filamentous fungi,
Cladosporium busyri and O. lacsis, may be involved in the formation of
rancid butrer.

The probtem of moldiness in butter was studied in some derail by
Thom and Shaw (1915, who found that this condition usually appeats
in one of three forms: (1) or: ge-yell areas with a sub
growth of mycelium which are caused by O. lactés, (2) smudged or
dirty-green areas either entirely submerged or with some surface growth
which are produced by species of Alternaria (Fig. 163) and Clado-
sporium (Fig. 164), and (3) green surface colonies caused by species
of Penicillinm (mote rately Aspergillus) which cause decomposition
if prowing directly on the butter or injure the marker appearance if
growing on the wrappings. Molds will not gtow on butter exposed to

relative humidities of 70 pec cenc ar lower, since wer surfaces, wet
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F16. 163. A, Alternaria sp.; B, Alternaria solani. Species of the genus
Alternaria sometimes cause moldiness in butter. (From Barnett, 1953.)

Fi6. 164. A, Cladosporium fulvum; B, Cladosporium herbarum. Various
members of the genus Cladosporium canse moldiness in butter similar to
that caused by Alternaria spp. (From Barneut, 1955.)
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Fruit and Fruit Products

Fresh fruits are relatively short-lived if stored under ordinary
conditions of temperature and humidity, since the presence of large
amounts of sugars and acids in fruits makes them excellent substrates for
the growth of filamentous fungi, yeasts, and bacteria. Although there is
no evidence that their tissues harbor any microorganisms, fresh fruits
typically possess a quite varied flora of such organisms on their surfaces;
once the covering tissues are broken these organisms enter and grow
readily on the softer underlying tissues. The nature of the “protective”
covering, and the ease by which this covering may be bruised or broken,
varies with the kind of fruit. A very soft fruit like the strawberry with
its thin covering tissue is much more readily invaded and destroyed by
fungi than is a firmer fruit like the apple, with its thicker, cutinized
outer tissue.

The fungus “spore load” on the surface of most fruits s probably ac-
quited before harvesting from the plant, for in fruit-producing areas
such as vineyards and orchards there is always some fallen and damaged
fruit that provides adequate food for the growth of microotganisms and
the building up of tremendous yeast, bacteria, and filamentous fungus
populations. Washing does not remove all of the microorganisms from
the sutfaces of fresh fruit, and a variety of surface sterilizing treatments

Fic. 165. Penicillium digitatum on oranges. The fruit on the left hm‘:
small fungus colony growing i tt—the fungus apgaremly having rm(l;

the soft tissues of the friut through a cut in the fruit wall. The fruit on the
right shows a somewhat more advanced stage of the rol.
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measute that prunes be dried to a moisture content of less than 22 per
cent. For control of souring of fresh dates they recommended pasteuriza-
tion in sealed containers at a temperature of 60C or slightly higher,
They pointed out that flavor is not appreciably affected by temperatures
below 65C, but that at higher temperatures it may be seriously im-
paired.

The preservation of fruit by canning gives the consumer a product
more closely resembling the fresh fruit than that atainable through
drying; it also provides a better opportunity for the elimination of mi-
croorganisms, since elevated temperatures are typically employed in the
canning process. However, too high 2 temperature may lead to unde-
sirable changes in the product, such as undue softening or color and
flavor changes. For the optimum preservation of fruit, the canner must
tely upon a combination of three factors: (1) a concentrated sugat sofu-
tion which will prevent the growth of most microorganisms; (2) a proc-
essing temperature high enough to eliminate many of the microorgan-
isms, but not high enough to produce undesirable changes in the
product; and (3) the exclusion of as much oxygen as possible from the
final sealed container. .

FIG. 166. An example of fungus spoilage of commercially canned clt_er-‘
ries. Left, side view of can showing thickness of fungus mass; center, \'m:l
looking down on fungus colony; right, view af can with fungus mass ﬂ"!,.
label removed showing irregular opening approximately ¥ X ‘/5 in. :Ypmd
age in this instance was probably due to can failure near the point mdlca/lt

by the arrow; small amounts of solution probably leaked out through a
minte hole in the can, thus providing moisture and /aw_l Jor the [u!{gl;l.
The can was then eroded by the high concentration of acid formed by the

fungus in that area.
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in the preservation of fruit juices is 1o devise a pasteurization process
that will destroy yeasts without altering the quality of the product,
Except in an occasional instance encountered by the home canner,
fungi present no great problems in the preservation of such fruit prod-
ucts as jams and jellies. According to Macara (1937), mold spores
will not germinate in {ruit jams containing 70 to 72 per cent solids if
kept under conditions where the relative humidity is below 82 per cent.

Bread

The filamentous fungi are principally responsible for bread
spoilage, although yeast and bacteria may, under unusual circumstances,
occasionally be involved. This fact has been recognized in such early
work as that of Smith (1885), who studied what he termed “musey”
bread and mentioned Aspergillus glancns and Mucor mucedo as fungi
which are associated wish this problem.

For some indeterminate reason the common Phycomycete, Rbizopus
nigricans, has come to be popularly known as “bread mold” by many
botanists. The implications of this common name as applied only to
R. nigricans are quite misleading, and to continue to call this species
bread mold is to simply promulgate a sort of botanical folklore. It is
true that R. nigricans will usually grow on bread quite readily (if itis
sliced, inoculated, placed in 2 moist chamber, and held at the correct
temperature ), bue so will many other species of fungi, and a perusal of
the literature on moldy bread does not give the impression that R, nig-
ricans is the species principally involved in this problem. For example,
Herter and Fournet (1919), in their study of the fungi found on
bread, reported not only R, nigricans but eleven other species of fungi
from the genera Aspergillus, Penicillium, Mucor, Rbizopus, and Oo-
spora. Simularly, Thom and LeFevre (1921), who were concerned with
the microbial flora of corn meal, isolated Fusarium sp., Aspergitlus
repens, A. flavus, A. tamari, A. niger, three species of Penicillinm,
R. nigricans, Mucor sp., Syncephalastrum sp., as well as yeasts, ycﬂflllkc
fungi, and bacteria. In the present writer's own experience, species of
Aspergillus and Penicillium have been observed most commonly on ac-
cidently inoculated moldy bread. Reed (1924) cites a case 1n a small
bakery in which Nexrospora (Monilta) sitophila was the sole cause of
bread spoilage. Bread baked in this bakery developed a shell pnk color
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spores from the surface to the moister and more susceptible inner por-
tions of the loaf. Owen found that by irradiating bread with ultraviolet
light during the slicing operation, the contamination was partly te-
duced; data obtained by this investigator are presented in Table 45.
Several attempts have been made to control bread mold by incor-
porating some type of fungus-inhibiting agent in the bread. For exam-
ple, Jalade (¢f. Owen, 1932) discovered that the addition of acetic acid
in amounts sufficient to lower the pH 0 3.1 usually corrects mold
trouble in bread; Kirby and others (1935, 1937) recommended the
use of fatty acids for controlling mold. They studied the effects of acids
upon the growth of Newrospora sitophila, R. nigricans, four species of
Aspergillus, two species of Penicillinm, and an unidentified green mold,
and stated that fatty acids were more toxic to fungi than mineral acids
or such organic acids as lactic, citric, tartaric and maleic. These in-
vestigators also found that a film of very dilute acetic acid (such as

r
!

Fic 167. The effect of acetic acid on mold growth. The right half of "'If
loaf was wiped with 90-grain vinegar; the left half was not lrgaml. Both
halves were then inoculated with Rhizopus nigricans. (From Kirby, Atkin,
and Frey, 1937; Courtesy Fleischmann Laboratories, Standard Brands in-

corporated.)

vinegar) covering the surface of bread is vesy effective in pr?\'cnling
or retarding the development of mold (Fig. 167). Today sodium and
calcium propionates (used under the name “Mycoban”) are widely
used as mold inhibitors in bread.
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We have seen that fungi of various types can grow on butter, so it
is to be expected that spoilage of margarine by fungi has also been re-
ported. Laxa (1930) found that a species of fungus caused black spots
in margarine and named the causal organism AMargarinomyces bubaki.
He found that M. bubaki was somewhat resistent to sodium benzoate,
but was not very heat resistant, The fungus was killed by boric acid,
although the use of this as a preservative is prohibited in many countries.

Tanner (1944) reported that yeasts have caused much trouble in
tomato products but that many of these incidents have not been reported
in the literature. Yeasts have'also been found to be a frequent cause of
spoilage of carbonated beverages. In his study of the deterioration of
such beverages, McKelvey (1926) found that yeasts were the most
frequently encountered causative agents. Of the more than 1500 sam-
ples which he examined during a two-year period, about 85 per cent
had spoiled as a result of the growth of yeasts. He also found that in
order to kill spores of the yeasts he had isolated from carbonated bev-
erages, he had to heat them for longer periods of time when they were
placed in syrup of higher sugar concentration. For example, yeast spores
were killed in two minutes at a temperature of 70C when placed in
24° Baume syrup, while five minutes were required for killing at this
temperature when the spores were in 36" Baume syrup (almost a satu
ated sugar solution at room temperatute). This same investigator re-
ported that of 132 samples of sugar which he had obtained from 12.5
bottling plants located in 28 states, 47 per cent were found to c?ntaxn
yeasts; from this it would appear that many of the yeast contaminants
in carbonated beverages may enter in the sugar used in making the
beverages.

Batten and Bywaters (1918) found and reported an instance of
spoilage of cocoa burter due to fungi. A large block of butter had black
patches intermingled wich streaks of brownish-yellow; Penicillium glz{l/—
cum and a pink yeast were also isolated from the block, but rthc in-
vestigators stated that the spoilage was due mostly to 2 fungus believed
to be Aspergillus oryzae.

According to Williams and Mrak (1949) yeast spoilage of s:l':n]
dressing is not uncommon; however, these investigators rcpor{cd an in-
stance of spoilage of this type of food in which they not only ‘den(xﬁal
the responsible organism but established the focal point of contamina-
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and replacing it with fresh brine, the enzyme concentration is markedly
reduced and softening is effectively controlled.

Many similar and sometimes rather bizarre instances of food spoilage
are known and have been reported in the literature, For further exam-
ples of fungus spoilage of food the reader should consult the work of
Tanner (loc. ¢it.).

Fungi are not only responsible for the spoilage of food designed for

Fic. 170. Left, opened pistillate flower of cucumber; right,'ﬂun'fr wither-
ing as the cucumber fruit develops. Fungi growing in the withering flower
synthesize enzymes which diffuse into the salt solution in the pickling 'v_al:
and result in pickle softening. (Courtesy Agricultiral Research Service,
U.S. Department of Agriculture.)

human consumption, but may also spoil livestock feed. Bo:h‘ hay and
stored grain will support the growth of a number of fungi if proper
conditions of moisture and temperature exist. Grain with high moisture
content stared in poorly ventilated bins or cribs will become moldy
quite readily; such molding leads to actual grain losses as fvcll as mone-
tary losses resulting from the downgrading of moldy grain. Hay baled
when the moisture content is too high will also become moldy, as will
baled hay stored under moist conditions. Special prcmu(f'ons must be
observed in the storage of molasses feeds, since suc}'x materials afford an
especially good substrate for the growth of fungi.
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compatible with salt. Yeast and filamentous fungi apparently vary
with respect to their capacities to tolerate high salt concentrations.
Wehmer (1897) isolated a yeast from herring brine which was jnhib-
ited by 15 per cent salt, but Speakman and others (1928) reported
that solutions containing 10 per cent salc could be fermented by Sar-
charomyces cerevisiae. ‘Tanner (loc. cit.) states that yeasts and filamen-
tous fungi are inhibited by salt in concentrations of 20 0 30 per ¢ent.

LOW TEMPERATURES. Preservation of food through low
temperatures has evolved from the running stream, to the spring house,
to natural ice, to man-made ice, and finally to mechanical ( gas of elec-
tric) refrigeration. In comparatively recent years the use of dry ice and
quick-freezing of foods followed by storage in the frozen state has be-
come widespread. Jensen (1954) states that “until some 75 years ago
man depended largely upon the perishable food supplies produced
within a few hudred miles of his home. The meat-packing business
was catried on only during cold weather. Plant refrigesation changed
the picture, and the development of the refrigerator car changed the
entire perishable food industry.” Of all of the methods of food preserva-
tion, the use of low temperatures offers the best known means of pro-
viding the consumer with a produce that closely resembles the fresh
product.

HIGH TEMPERATURES. High temperatutes as such are r.mt
used for food preservation but rather as a form of food processing prior
to some other means of preservation. Thus for certain fruits a hot-water
dip prior to dehydration has been recommended in order © fiestxoy ’f‘”
or many of the surface microorganisms. Similarly, the practice of dip-
ping fresh foods into hot water before quick-freezing greatly reduces the
spore foad. The use of high temperatuses in canning processes has a two-
fold purpose: (1) it destrops most if not all of the fnncroorgnnxsin;
present in the food, and (2) it results in the production of a partia
vacuum during the sealing and cooling of cantainers, thus creating tzs
ditions that mitigate against microbial growth. T}?e importance of m be
ern canning methods in the prolonged preservation of f.ood calnnmmd
ovcremphasized; under nosmal conditions canned food ( mclbudmgf_ l
packed in glass jars as well as in “tin” cans) may be kept mdeﬁmrﬁ({:
withour risk of spoilage. An interesting scries Of papers concerned wil
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the longevity of canned foods appeared in 1938 (Drummond and Lewis;
Macara; Drummond and Macara; Wilson and Shipp; Lewis), For a
report on the examination of some canned foods of historic interest, the
seader should consule this series of papers.

H-10N CONCENTRATION, Acids reduce the amount of dete-
tioration of food by microocganisms. The fact that a foodstuff is natu-
rally acid in reaction may aid in jts preservation. The incorporation of
fatty acids in bread as mold inhibitors has already been discussed in
connection with fungi and bread spailage; in additien, the work of
Levine and Fellers (1940) should be mentioned here. These investi-
gators found that acetic acid inhibited various fungi and bacteria that
are related to food spoilage. For example, they found that ac pH 3.9
acetic acid was both inhibiting and letha) to Saccharomyces cerevisiae
and lethal 1o Aspergillus niger at pH 3.9, but only inhibitory to this
species at pH 4.1. Because of its lethal activity at comparatively high
HH values, Levine and Fellers stated that the toxicity of acetic acid on
various microorganisms was not entirely aceributable to pH value but
seems to be also a function of the undissociated acetic acid molecule.

PRESERVATION BY FERMENTATION, Some types of food
products are prepared by fermenting other foods, primarily for the pur-
pose of producing some desired flavor, odor, or consistency in the final
product. The products of the fermentation, however, may themselves
assist in the preservation of the final product. Thus, sauerkraut is pre-
pared from cabbage by a process in which the sugar normally present
in the cabbage 15 fermented by bactetia to lactic acid. The resulting high
acid concentrations aid in inhibiting the subsequent growth of spoitage
organisms. In 2 sense wine making is an example of presecvation of
tertain fruit juices by alcoholic fermentation, although wine has a more
utilitarian purpose.

PRESERVATION WITH CARBON DIOXIDE. Many types of
perishable foods have been protected against microbial spoilage by star-
2ge in atmospheres of relatively high carbon dioxide content. Brown
(1922) found that catbon dioxide had a rerarding effect upon spore
germination and growth of some of the common fruit-rotting organ-
tsms, and that the Jower the storage temperature the more marked was
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the retardation. Tomkins (1932), working with fungi tha grow on
meat (Thamnidium elegans, T. chaetocladioides, Sporotrichum carnis,
Cladosporium berbarum, Mucor mucedo, Trichoderma 5p.), obtined
similar results, but in addition pointed our that carbon dioxide has 2
greater retarding effect upon mycelial growth than upon spore germina-
tion. Moran (1937) has studied the effect of catbon dioxide upon egg
storage, and Skovholt and others (1933) have shown that this gas will
retard the development of molds on bread.

STERILIZATION BY ULTRAVIOLET RADIATION. Many exag-
gerated claims have been made regarding the effectiveness of ultraviolet
radiation in killing spoilage organisms. The lethal effects of these rays on
unprotected living cells, has long been established, but what may work
under the special conditions of the laboratory may not be applicable
under plant conditions; as Tanner has implied, the use of this method of
sterilization does not necessarily mean that the millenium in food pres:
ervation has been reached. The Council of Physical Therapy of the
American Medical Association (J. Amer. Med. Assoc. 118:298-299;
1942), after considering the possibility of accepting ultraviolet lamps
for sterilizing purposcs, concluded that there was insufficient evidence
to warrane approval of this method of disinfecting solids. Although
their report was not ditectly concerned with the food indusiry, it sug-
gests that too much dependence should not be placed upon this method
of sterlization.
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as primarily tropical diseases and has stated that only a few misor
cutaneous mycoses exist in the tropics that are not found in the tem-
perate regions of the United States. This author has estimated that thete
have been approximately one million cases of coccidioidomycosis in
California alone. Such teports as those of Palmer (1946) and Beaden-
kopf and others (1949) have led to the estimation that at least § mil
lion persons in the Ohio and Mississippi valleys have been infected at
one time or another with Histoplasma capsulatum, the causal agent of
histoplasmosis. Fox and Shields (1949) have stated that over 50 pet
cent of all males in the United States have at some time in their lives
been infected by fungi causing “Athlete’s foot.” From such figuees it is
apparent that mycoses are of fairly frequent occutrence and can 10
longer be considered inconsequential. Ajelio (Joc. ¢it.) has attributed
the reported low incidence of human mycoses to the fact that the symp-
toms often simulate the clinical and pathological signs of certain non-
mycotic diseases. Examples of incorrect diagnoses are reported by Froio
and Bailey (1949) and by Smith (1940). The former workers write
of a case of pulmonaty cryptococcosis which was diagnosed as tubercu-
losis and lung tumor; Smith reported that cases of coccidioidomycosis
have been incorrectly diagnosed as p i, infl tuberculosis,
measles, smalipox and occasionally even poliomyelitis, typhoid fever,
and syphilis. Brasher and Purcolow {1959) state that there are pmb-
ably a great many cases of histoplasmosis “masquerading” as, or com-
bined with, tuberculosis in vatious tuberculosis sanatoria.
Historically, the first infectious agent of human disease to be de-
scribed was a fungus, Schoelein demonstrating in 1839 that favus was
2 mycotic disease. Although medical mycology is thus older than the
science of bacteriology, the field has had a relatively small nurrfber of
workers, largely because medical mycology is in reality a kind of
“merger” between two seemingly unrelated fields, medical parhol?g)’
and mycology. In view of the importance to man of disease-producing
fungi, it seems particularly unfortunate that collaboration between the
pathologist and the mycologist has thus far been practically nonexistent.
The mycologist usually knows that certain unusual types f’f {ung} cause
diseases in man and animals, but is often in doubt regarding their posi-
tion in the system of fungus classification, and particularly with rfg_aﬁ:
to theit morphology and physielogy in tissue. Without access to clinica
material the average mycologist rately has the opportunity to observe
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volving superficial tissues): “Athlete’s foot,” “Hongkong foot,” “Jun-
gle sor,” “Gym itch,” “Ringworm,” and the like,

Some Common Mycoses

Brief summaries of the details of some of the better-known
mycoses are given below. For more comprehensive reviews and exten-
sive bibliographies, the wotks of Jacobson (1932), Emmons (1940),
and Conant and others (1954) should be consulted.

COCCIDIOIDOMYCOSIS.  This disease, initially termed coc-
cidioidal granuloma, was first reported from South America by
Wernicke (1892) and was discovered in the United States two yeats
later by Rixford. The causal agent was first believed to be a protozoan,
but was later correctly identified as 2 fungus by Ophiils and Moffiet
(1900) and named Coccidioides immitis. As first described, coccidioido-
mycosis was a generalized disease with a very high fatality rate, reflected
in the fact that, by 1936, 450 cases resulting in 224 deaths had been re-
ported from the state of California alone. The earlier history of the dis-
ease is summarized by Rixford et af (1931).

The causal organism, Coccidioides immitis, exists ia two phases—a
“saprophytic phase” and a “parasitic phase™ (Smith, 1943). In culture
on solid media, the fungus grows as abundant septate hyphae (Fig. 171)
which appeac white and cottony but become pigmented with age. Old
cultures contain an abundance of chlamydosp (intercalacy spores
formed directly from hyphal cells; also called asthrospores), which :uc
presumably the infective spore form. Sporangia (“culture spherules ‘)
are rarely seen in culture. These spherules, which ate really sporangid
(Fig. 172), constitute the parasitic phase found in man and animals.
When inhaled (or possibly after entry into wounds), the ch‘lamydo-
spores round up into spherules, the protoplasm within dividing m(ol g
ments by the development of cleavage planes. These scgments \i:thm
the spherules then become endosp develop comp ©
the growth of g g i0S] within s gia of the various species o.f
Phycomycetes. Mature spherules range in diameter from 10 10 G0 mi-
crons, but may occasionally be greater than 200 microns. The fungus
spreads in the body when the spherule wall suptures and the endospores
are carried by blood or lymph to other regions.
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Although Moore (1932) states thae C. imemitis forms asci, and places
this specics in his new family (Coccidioidaceae) in the Ascomycetes,
this view is not generally accepted, and until a definite sexual cycle has
been demonstrated for C. émmitis it can be properly placed only in the
Fungi Imperfecti. Baker and others (1943) suggest that this species
may possibly belong in the Phycomycetes, bue this suggestion is difficule
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F@. 171, Coccidicides xmmms, the causal agent of cocczdwldam)cosu
A, Culture on Sab d's agar; in young culture;

C Arthrospore formation in atd culture. (Courtc:y N. F. Conant.)
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Fi6. 172.  Coccidioides immitis. Sporangium ( :pllerule) filled with endo-
spores in sputum. (Courtesy N. F. Conant.)

to reconcile with the fact that the hyphae are abundantly septate. The
life cycle of C. immitis as outlined by Baker and his co-workets is shown
in Fig. 173.

In the same general locality (central Califotnia) in which coccidioidal
granuloma has been so prevalent, there also exists a nonfatal, influenza-
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Fio. 173. Life cycle of Cocadioides immitis. (From Baker, Mrak, and
Smith, 1943.)
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like disease variously called valley fever, desert fever, desert rheuma-
tism, and San Joaquin Valley fever. In 1937 Dickson called attention to
the probability that C. immitis is the causal agent of both coccidioidal
granuloma and valley fever, as is now generally believed. Thus, infec-
tion may resule in the production of a rapidly progressive, usually fatal
disease or a more benign, typically nonfatal disease. In its early stages
valtey fever bears a close resemblance to influenza, and in a small per-
centage of cases cutancous lesions (erythema nodosum and erythema
multiforme) occur; such lesions are often associated with arthritis, sore
throar, and conjunctivitis. According to Stiles and Davis (1942), valley
fever may be confused with pneumonia, tuberculosis, pleurisy, smallpox,
measles, tularemia, syphilis, and cyphoid, although rarely with poliomye-
litis; mortality rate is negligible.

When infection of human beings with C. immitis produces coccidi-
oidal granuloma (Fig. 174) there results a chronic, progressive, highly
fatal disease in which the skin, lungs, lymph nodes, meninges, thoracic
viscera, and other body tissues are affected. Kessel (1941) states that
70 per cent of the cases occurring in the Los Angeles County Hospital
indicare that the initial lesion is in the lung. Coccidioidal granuloma may
be mistaken for tuberculosis, but Stiles and Davis point out that the ex-
clusion of acid-fast organisms and the recovery of C. immitis from spu-
tum or body tissues should verify the diagnosis. These same investigators
state that the disease appears to be acquired by inhaling spores, by skin
infection, or (rarely) through the gastrointestinal tract. The principal
means of infection seems to be through spore inhalation, since Smith

Fi6. 174, Coccidioidomycosis lesions. (Courtesy Samuel Saslaw.)
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(1943) notes that the peak of valley-fever incidence occurs during the
dry or “dusty” season in the San Joaquin Valley.

Although the great majority of cases of coccidioidomycosis have been
teported from central Califoenia, it is incorrect to refer to this mycosisas
California disease, since Beck and others (1931) have reported cases of
coccidioidal granuloma from Arizona, Colorado, Hlinois, Kansas, Mis
souri, Nebraska, New Mexico, Pennsylvania, South Carolina, Texas,
Washington, South America, and Iraly; Miller (1936) teports the oc:
cutrence of the disease in ‘Tennessce, Louisiana, Alaska, and Hawaii.
The disease is obviously most prevalent in the arid Southwest, and Hea-
rici (1947) is of the opinion that cases reported from other areas ac-
tually stem from infections acquired in the Southwest or are traceable to
dusty materials which originated there. This is a definite possibility,
since the incubation time is one to three weeks, Either the incidence of
the disease is increasing in California or else the symptoms are becoming
more generally recognized by physicians; Table 46 shows a steady rise
over a 46-year period.

Table 46 —~Incidence of caccid-
ioidal grannloma in California,

1893-1939

Years Number of Cases
1893-1899 4
1900-1904 7
1505-1909 9
1910-1914 17
1915-1919 23
1920-1924 50
1925-1929 123
1930-1934 163
1935-1939 264

Total 660

From Kesscl (1941).

The immediate natural source of man’s infection by C. immitis has not

been positively established. It has often been assumed that thcAIudnél;us
grows in the soil during the wet season and thar when the soil drics,
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spores may be carried on dust particies. Stewart and Meyer (1932) and
others have isolated C. immitis from the soil, but many other investiga-
tors have attempred similar isolations without success. Giltner (1918)
found thar chis organism may infect cartle, and Emmons (1943) has
isolated it from a variety of wild rodents in Arizona, It has also been iso-
lated from sheep and dogs. Emmons is of the opinion that wild rodents
may constitute a natural reservoir of the discase and thac the endemicity
of coccidioidomycosis may be explained by the presence of susceptible
specics of rodents. This view is subject to question, since apparently there
is no direct infection chain from man to man, animal to animal, or ani-
mal to man. Accordingly there is nothing to be gained from isolating
known cases, and Smith (1943) states chat elementary sanitation is an
adequare safeguard.

Conant and others (1954) do not believe that animals serve as a pri-
mary resetvoir in natare, but that man probably acquires the disease by
coming inta concact with soil contaminated with the fungus. More and
mote evidence is accumulating that the human pathogenic fungi ace
capable of growing ss saprophytes in nature, as evidenced by the repore
of Lutie and Way (1957), who were able to isolate two dermatophytes

(Trichophyson mensagrophytes and Microsp gypseum) from the
atmosphere of caves, Ajello (1955) reponed that from 1892 10 1955,
twenty species of pathogenic or p ly pat ic fungus spe-
<ies have been 1solated from nonliving soutces (Table 47).
Table 47 —Pathogenic or [ fally pathogenic fungi
isolated from nonhvmg sotrces

Abssdia corymbefers Hormodendrum pedrosoi

Absidia vamosa Microsparum gypseur

Alleschersa boydis Nocardra asterordes

Aspergallus fumsgatus Phialophora feanselmei

Candida albicans Phialopbora serrutoss

Candida gurllsermondii Rbezepus arrbizus

Candsda kruser Rbropus oryzae

Coscrdiordss 1mmisay Sporotrichum schenckss

Cryptococcus neaformans Trichaphyton mentagraphytes

Epedermophyton flaccasum Trechophyton enbrum

Hustoplasma caprulatum

From Ajello (1955).
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Since there is no known method of preventing infection by C. immi-
#is5, it has been recommended that major atention be directed toward
arresting the initial infection. lodide, thymol, sulfonamides and othet
chemotherapeutic agents have not effected consistent cures, and the bast
treatment seems to be rest. Excision and amputation have cured single
lesions, but the lesions may recur. The best procedure is to care for the
initial infection in the hope of arresting it and preventing dissemination,
Recovery from an infection apparently confers immunity to reinfection
from ocutside soutces.

A skin test for detecting coccidioidomycosis has been devised which in-
volves the intradermal injection of coccidioidin, a matetial prepared
from cultures of C. smmitis. If an individual has been sensitized by a past
or present infection by C. émmitis, an area of erythema and edema ap-
pears at the site of the injection. By means of the coccidioidin skin test
it has been demonstrated that a high percentage of positive reactions oc-
curs among the residents of an endemic area and that such reactions ate
race ot absent elsewhere. For example Kessel (loc. cit.) states that ?O
per cent of 140 children on the Pima Indian Reservation near Phoenix,
Arizona developed positive reactions to coccidioidin, but when the snfnc
coccidioidin was used in Philadelphia the subjects tested gave negative
reactions. One objection to the use of the coccidioidin skin test is that -
parently it does not distinguish individuals who have been infected with
C. immitis from those who are currently infected. In addition to the coc-
cidioidin skin test, complement fixation and precipitin tests are also used
in the diagnosis of coccidioidomycosis. »

Although the coccidioidal granuloma form of coccidioidomyeosts 152
serious disease with 2 very high incidence of fatality, it should be e
phasized that the vast majority of individuals who become infected with
C. immitis contract only the benugn form of the disease.

CHROMOBLASTOMYCOs!S.  Although the first published ac-
counts of this mycosis are those of Medlar (1915) and Lane (1915?‘
who teported on a case that occurred in Boston, chmmobhsmmyc'OSIS
had been studied four years earlier in Brazil by Pedrosa (Carrion,
1942). The name of the disease, which would indicate that a )’caﬂlll:';
organism is involved, was derived from the occurrence of dark-col(ll'r% g
spherical bodies in infected tissues which wese eatlier believed to d;:c 3
by a budding process. Since its discovery over 2 hundred cascs have beep
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reported from all over the world, but apparently the disease is most prev-
alent in Puerto Rico and Brazil,

The organism isolated from the case observed by both Medlar and
Lane was named Pbialophora verrucosa, the generic name being so
chosen because of the fact that in culture on artificial media, peculiar
funnel- or cup-shaped conidiophores were formed. The species was
placed in the family Dematiaceae of the Fungi Imperfecti. Other fungi
isolated from chromoblastomycosis lesions have been variousty named
Hormodendrum pedrosoi, H. compactun, H. langeroni, and Phidloph-
ora pedrosoi. Carrion (Joc. ¢it,) is of the opinion that the disease may be
caused by different but closely related dematiaceous fungi, and recom-
mends that Fonsecaca pedrosoi be accepted as the name for the causal
fungi~—a somewhat bizarre taxonomic approach if the fungi involved
are of different species. In tissue the parasite is observed as spherical
bodies measuring about 12 microns in diameter; these bodies are sur-
rounded by a thick, dark membrane and often show internal septation.
In culeure on artificial media the fungus growth is filamentous and vari-
ous types of sposes are formed. Carrion has observed fungi isolated from
a large number of patients suffering from chromoblastomycosis and re-
ports that sporulation in culture may be of three distince types: Hormo-
dendrum, Phialophora, and Acrotheca (Fig. 175); however, he notes
that only 2 few of these isolates sporulate by only one method, and chat
usually two or three types of sporulation occur in the same culture. In
view of this observation and the demonstration by serological means
that the fungi of chromoblastomycosis are closely related (Conant and
Martin, 1937), the retention of several generic names seems unjustified,
and perhaps Carrion’s suggestion that one name be applied to all chro-
moblastomycetous fungi is the most acceptable answer at the moment t0
a perplexing taxonomic question. X

Apparently chromoblastomycosis is contracted through some slight,
perhaps unnoticed abrasion of the skin; in many of the cases repfxmd
the patients were farm laborers who worked barefooted. The disease
usually starts es 2 small warty growth on an extremity (mmmon.{y the
foot) and gradually spreads upwards through the development of “satel-
lite” lesions. The course of the spread is slow, and in advanced cases
some elephantiasis of the affected limb may occur. The lesions present
a cauliffoweclike appearance (Fig. 176), and the infection appears to be
localized, since no systemic cases of the disease have been (cpcncd. The
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BLASTOMYCOsIS,  This disease (also known as American
blastomycosis or Gilchrist’s disease) was first discovered by Gilchristin
1894 an@ reported in 1896. In the year of Gilchrist’s discovery, Buschke
and Busse (cf. Marttin and Smith, 1939) isolated 2 yeastlike fungus
from a tibial abscess and named the condition saccharomycosis. Gil
christ, independently, named the disease blastomycetic dermatitis, since
the appearance of the organism in section resembled the yeastlike fun-
gus described by Busse. In a later paper Gilchrise and Stokes (1898}
gave the name Blastomyces dermatitidis 1o the causal organism, which
formed mycelia in culture. The latter workers believed that it probably
belonged to the group of wild yeasts, some of which had been described
as nonfermenting, mycelia-forming organisms. Since the term blastomy-
cosis has been applied to diseases caused by two fungi—one a mycelium-
forming fungus in culture and the other a yeastlike organism in culture
—Mactin 2nd Smith suggest, that to avoid confusion, the tetm blasto-
mycosis be reserved for infections caused by Blastomyces dermatitidis
and the term ¢ryprococcosis to infections caused by a yeastlike fungus of
the genus Cryptococcus {Torula). Emmons (1940) points out that vae-
ious generic names have been applied to the causal agent of blastomyco-
sis, and that the name Blastomyces is, strictly speaking, not a correct ge-
neric name for the fungus, Most investigators, however, seem to pzef_er
the name Blastomyces dermatitidis as originally proposed by Gilchrist
and Stokes.

According to Conant and Howell (1941) the causal organism of
blastomycosis is scen in tissues as single-budding, thick-walled, yeast:
like cells. On Sabouraud’s glucose agar the organism grows as a septate
mycelium with numerous spores which are sessile or borne on short ped-
icels on the hyphae; in old cultures, thick-walled, variously scul?mfed
chlamydospores develop. When cultured on other types of med{a and
incubated at 37 C the fungus grows as a yeastlike organism similar ©
forms observed in diseased tissue or pus. Moore (1938) and Dodge
(1935) have reported that the organism forms asci, but rh{s has not
been confirmed by other workers. Macroscopic and MICrOsCopic appear:
ances of the cultuted fungus are shown in Fig. 177. In the diagnosis of
thus disease, both skin testing and complement fixation tests have been
used,

The following brief account of the disease is taken very largely from
the account of Mastin and Smith (1939), who studied 347 case seporis
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of blastomycosis. For further details the reader should consult this pape,
which in addition to a comprehensive account of the disease, also in-
cludes a bibliography of 249 pertinent references.

Blastomycosis is limited essentially ro North America, with proved
and presumptive cases having been found in 28 states. The infection has
been referred to as “Chicago disease,” but this is a misleading name,
since only 20 per cent of the cases recorded up to 1939 have been from
Xilinois. The distribution of this disease in the United States, based on
cases repotted up to 1939, is shown in Fig. 178.

-yt

SRS

Sty
scaiteo

Fic. 178. Distribution of cases of blastomycosis which had been reporf{d
in the United States up 10 1939, Solid squares indicate proved cases; solid
circles, presumptive cases; open circles, inadequately described ¢oses.
(From Martin and Smith, 1939.)

The disease may be either cutaneous or systemic. In the cutaneous
form, skin lesions are usually single, while in generalized cases they are
multiple and widely disseminated. Lesions of many of the internal of-
gans may occur, but the lungs are the most frequently inv‘olved of the
internal organs. In 50 per cent of the proved and presumptive cases, the
first symptoms appeared in the sespiratory tract, most x'rcqucm'ly as
cough, chest pains, and weakness. In 19 per cent of the cases, 3 skin le-
sion was noted first, and in 23 per cent the first symptom was a subcuta-
neous nodule ot abscess (Fig. 179). Stober ( 1914) stated that the langs
are the principal atria of infection. i

Since males are more frequently infected than females (ratio: 9 males
to 1 female), and since more than 50 per cent of the cuses review cd by
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1909) first discovered the disease in the Canal Zone while attempting
to verify the occurrence there of kala-azar, a disease native to India,
Histoplasmosis, as described from theee cases observed by Darling, was
characterized by irregular fever, emaciation, leukopenia, anemia, and
splenomegaly. In tissue the parasites were oviform or round, from one
to four microns through their greatest diameter, and alsvays intracellulac
in the Jungs. Darling named the parasite Hittoplasma capsulatum snd
apparently considered it a protozoan. His material was studied by da
Rocha-Lima (1912), who concluded that the disease was similar to the
epizootic lymphangitis of horses caused by a yeastlike organism, Crypto-
coccus farcimosus. According to Meleney (1925), Darling later con-
curred in this opinion. No further reports of the occurrence of this dis-
ease appeared until 1926, when Watson and Riley reported a case from
Minnesota.

The causal organism of histoplasmosis was not obtained in culture un-
til de Monbreun (1934) isolated it from a faral case in a six-month-old
infant studied by Dodd and Tompkins (1934). De Monbreun obtained
both mycelia and a yeastlike form in culture and noted that the degree
of moisture in the cultures, incubation temperature, and the nature of
the culture medium determine the character of the growth of this fun-
gus. He noted in his cultures what he termed yeastlike bodies. By means
of intravenous injections of the yeastlike form he was able to induce in
two monkeys a fatal disease possessing all of the important clinical and
pathological features of histoplasmosis. In each case there was marked
enlargement of the spleen, liver, and lymph nodes. Smears from .thSC
organs as well as bone marrow contained enormous numbers .of intra-
cellular parasites. A third monkey inoculated with the mycelial form
failed to develop histoplasmosis.

De Monbreun stated that certain of the cultural chasacteristics of the
organism were suggestive of the Endomycecales (an order of Ascomy-
cetes), but held that the name Histoplasma capsulatum should be se-
tained until it could be classified with certainty. Moore (1935), after
studying both the fungus isolated by de Monbreun and another fungus
isolated from a case reported by Hansmann and Schencken, referf fo
the two organisms as different species ( Podasia capsnlata and P. P? "/0:!'
mit). Moore cultured these organisms on various types of media an
noted structures which he terms asci. His figures of these asct are Fot
convincing, and at the present ume it scems best to place the organism
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sulatzm should be placed in the family Moniliaceae of the Fungi Imper-
fecti.

Although twenty years elapsed between Darling’s first report and the
report of an additional case (Watson and Riley, 1926), the disease in
recent years has begun to appear with increasing frequency in the United
States. Thus Agress and Gray in 1939 reported the seventh case in the
‘Western Hemisphere, but by 1945 Parsons and Zarafonetis wese able o
review reports of 71 cases, most of which had been fatal. Of the cases re-
viewed, 56 occurred in the United States; the remaining being distrib-
uted as follows: one case each in Austria, British Honduras, East Java,
England, Mexico, the Phillipines, and Southern Rhodesia; two cases in
Argentina; three cases each in Brazil and the Canal Zone. The distribu-
tion of cases in the United States by states was as follows: one case cach
in Florida, Towa, Louisiana, Maryland, Minnesota, Mississippi, New
York, North Carolina, Ohio, Oklahoma; two cases each in Alabama,
California, Kentucky, Texas, Virginia, District of Columbia; three cases
in Indiana; four cases in Illinois; seven cases in Tennessce; ten cases
each in Missouri and Michigan. Thus, more than one third of the 71
cases reviewed by Parsons and Zarafonetis have occucred in four Mid-
western states. Rather than being a rare tropical disease as Datling sug-
gested, histoplasmosis must be considered a disease of temperate regions.

Conant and others (1954) stace that probably less than 0.1 per cent
of the primary infections with H. capsulatum develop into the progres-
sive fotm of the disease. While the lungs may often become involved,
apparently the initial lesion often occurs in or near the mouth (Fig.
182). In many instances recognized cases of histoplasmosis have been
fatal, Treatmene has been ineffective, although Melency (1940) has
recommended the use of organic salts—the trivalent organic p{tpﬂm'
tions and pentavalent preparations of antimony. Use of a skin«cstrns an-
tigen (histoplasmin) affords evidence that the disease may utc.uf Iﬂ 2
mild and usually unrecognized form, since apparently healthy individ-
uals have been strong reactors to histoplasmin. Palmer (1916) has fe-
ported the results of tests in which 8,141 student nurses were tested for
reaction to histoplasmin and states than an area of high prc'valchL‘ of
positive teactors exists in the eastern central part of the mecd Stnch.
the frequency of positive reactots in general decreasing with increasing
distance from this area. On the basis of results obtained from 6,000 skin
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tests, Beadenkopf and others (1919) report that the presence of histo-
plasmin sensitivity was highest in the Lower Mississippi Basin of the
United States.

The natural reservoir of H. capsulatum is as yet pot known with cer-
tainty, but the organism has been isolated from the soil and has also

;e

Fic. 182, Crater-like ulcer on the tongue caused by Histoplasma capsula-
tum. (From Prior, Saslaw, and Cole, 1954.)
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been recovered from dogs, rats, and mice (Emmons and others, 1947).
The portal of entry of the organism into the human body, while still un-
known, appears to be either the mouth (since a large number of patients
with histoplasmosis have ulcerated lesions of the mouth, pharynx, and
gastro inal tract) or the respi y tract {since the lungs are fre-
Quently involved, and a persistent cough has been 2 symptom in 2 num-
ber of reported cases ). According to Parsons and Zarafonetis (Joc. cit.)
the skin might also be the portal of entry in a smajl number of cases.

As first described, histoplasmosis appeared to be a rate and highly fa-
tal disease of the tropics, but is now generally regarded as a common
and typically nonfatal disease of temperate regions. In a small percentage
of individuals infected with Histopl. capsul, the disease may be-
me progressive and result in fatality, but in the vast majority of cases
itappears only in benign—perhaps even unnoticed—form.
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SPOROTRICHOS!IS.  This disease was first described in the
United States by Schenck (1898), who noted that the cultural charac
teristics of the causal organism were similar to those of many fungi and
yeasts. He submitted the organism to Erwin F. Smith, who expressed the
opinion that it fitted best into the genus Sporotrichum; this fungus was
later named Sporotrichum schencki by Hektoen and Perkins (1900).
De Beurmann and Ramond (de Beurmann, 1912) described the dis-
ease from France in 1903 and named the causal organism §. besrmanni.
A species of Sporotrichum causes a disease of horses and is referred ro as
8. equi, Emmons (1940) has noted thar several critical studies have in-
dicated that these three names as well as others are synonymous. Since
the reports of Schenck in this country, and the report of the French in-
vestigators, sporotrichosis has been teported from many countries and. is
apparently world-wide in disttibution, although it seems to occur with
greater frequency in the Middle West, rural France, and Madag:lsm.r.
Various clinical types of the disease have been described. Cun{s
(1938) lists four types: (1) localized lymphangitic type, (2) disser.m-
nated, subcutaneous, gummatous type, (3) disseminated, ulcerative
type, and (4) systemic type. Benham and Kesten (1932) list oaly o
clinical types, the lymphangitic form and the disseminated gummam'us
form. In the lymphangitic form the infection begins at a point of in-
juty where & chronic, slowly ulcerating granuloma develops, known as
a sporotrichic chancre, The next stage is marked by the appearance of 2
chain of gummalike nodules in or beneath the skin, appareml?y follow-
ing the course of the lymphatics draining the primary lesion (Fig. 183).

Fic. 183, Sporotrichosis, showing the upuward progress of lesions. (Cour-

tesy Rhoda W. Benham )
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In the di i 4 form, the subc lesions ap-
pear successively in scattered regions and secem to result from a hematic
distribution of the infection from some undetected portal of entry. In
addition to these two more characteristic forms, various other types of
sporotrichosis have been described. These include isolated ulcerations
and subc abscesses, g 1 in the bones, joincs, muscles,
liver, kidneys, and testicles, and lesions of the mouth, pharynx, nose,
and conjunctiva.

Resemblance of sporotrichosis to common forms of tuberculosis, syph-
ilis, and other infections may often lead to diagnostic errors. Foerster
(1924) states that because of such errors many sporotrichosis sufferers
undoubtedly go through long, futile periods of therapeutic mismanage-
ment, citing as one il ion the case ioned by Gougeror in which
2 patient, after undergoing four unsuccessful operations for osteomyelitis
during three years of hospiralization, was finally cured after only six
weeks of treatment with potassium iodide, The same author tells of pa-
tients, later found to have sporotrichosis, who were variously subjected
to double amputation of the thighs, an arm amputation, and a nephrec-
tomy following misdiag of pyelonephritis, and also cites a case of
suspected glanders in which ive ¢ ization lting in disfig-
urement was followed by a recurrence of sporotrichosis.

Direct transmission of sporotrichosis from a previous human case has
never been proved, although contagion from discased animals has been
suspected. Meyer (1915) reported that he acquired sporotrichosis by
handling equine strains of Sporotrichum. He pointed out that while
equine sporotrichosis is very common in Pennsylvania, and is often
treated, undoubtedly necessitating close contact with infectious material,
the absence of sporotrichosis among farmers and veterinarians of that
region indicates that human sporotrichotic infections via this channel of
contact are quite rate. De Beurmann (Joc. ¢iz.) repotted that one patient
became infected as the result of a rat bite, but such instances are uncom-
mon, and the majority of evidence indicates that infection results almost
entirely from contact with vegetable materials.

De Beurmann has stated that all objects soiled with vegetable debris
may become inoculated with Sporotrichum and that infection may resule
from the eating of uncooked vegetables, berries or fruit. Pathogenic spe-
cies of Sporotrichum grow on a variety of substrates: bark, soil, thorns,
cereal grains and the like. In Transvaal Province, Union of South Af-
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tica, the extremely rapid decay of mine timbers has been a serious prob-
lem urgently requiring the development of various methods of timber
preservation. Findlay (1949) reports that the preservative treatment
apparently not only inhibited the growth of wood-decaying fungi but
also prevented the growth of Sporotrichum, which was growing sapro-
phytically on the timbers; the corollary result was that sporotrichosis
among mine workers was likewise controlled.

Further substantiation of the view that this pathogen grows on plant
tmaterials is supplied by the wotk of Foerster (1926), who recorded 18
cases of sporotrichosis; of these, 14 patients were employees of a tree
nursery and at least ten acquired the infection as a result of sustaining
injuries from barberry thorns. This investigator stated that of the 148
United States cases reported by 1926, 130 occutred in the Mississippi
River basin. Foerster regarded sporotrichosis as an occupational hazard
among individuals engaged in farming and horticulture, and considered
batberry as an important source of infection. Benham and Kesten
(1932) inoculated carnation buds with S, schencki with resultant occur-
rence of a bud rot. The organism was reisolated from these buds and was
found to have retained its virulence for infecting animals. Thesc investi-
gators interpret such results as an indication that S. schencki may live
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Fic. 184. Distribution of initial sporotrichosis lesions. (Based on data

of Foerster, 1924.)
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patasitically on plants, This view, however, is open to question, since
the organism may have been living saprophytically on bud tissues me-
chanically killed by the inoculation procedure.

That a wound is the usual portal of entry of the causal organism seems
obvious, especially since the primary lesions occur in places most com-
monly subject to slight wounds. Furthermore, there is 2 rather high fre-
quency of infection among individuals engaged in some occupation in
which the hands and arms are likely to sustain some injury, Foerster
(1924) has listed the site of the primary lesion in 109 cases of sporotri-
chosis; Fig. 181 diagrammatically illustrates the distribution as listed by
this investigator.

There scems to be rather general agreement that potassium iodide,
usually ad: d orally as a { solution, is practically a specific
against sporotrichosis. For individuals into} to this compound, Cur-
tis (loc. cit.) recommends Lugol’s solution, tincrute of iodine, o sodium
iodide admini d orally, intra ly, or by rectum. Autogenous
vaccines have been used, as well as potassium iodide administered in con-
junction with belladonna or arsenicals. Surgical intervention is not rec-
ommended.

CANDIDIASIS.  Strictly speaking, candidiasis (also called moni-

liasis) is not a single or specific disease but rather a group nawe for a
great number of clinical types of infections caused by species of the genus
Candida ("Monilia”). But even the use of the generic name Monilia in
this connection is in etror, since the pathogenic yeastlike fungi referred
toas Monilia by the earlier medical mycologsts is in no sense applicable
10 the genus Alonilia as ordinarily used by the mycologist. Diddens and
Lodder (1939) urged that the generic name Candida be substituted for
Monilis with reference 1o those pathogensc yeastlike fungi commonly
referred to under the latter generic name, and Emmons (1940) stated
that the name Candida was coming into wider acceptance in this usage.
Several medically important species of Candida have been named,
the most common one apparently being C. albicans (Fig. 185). As with
other pathogenic spectes of this genus, the yeast form predominates, al-
though mycelium may also be formed. Because of their rudimentary
Sttucture the recognirion of species of Candida on morphological
Brounds is quite difhcult. Henrici (1945 ) recognizes six species of medi-
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cal importance (based upon the work of Martin and others and of Lan-
geron and Guerra): C. krusei, C. parakrusei, C. tropicalis, C. preudo-
tropicalis, C. guilliermondi, and C. albicans.

Candidiasis primarily attacks the mucous membranes, but infections
may also involve the skin, as well as the bronchi and lungs (Fig. 186).
The various clinical types of candidiasis have been listed by Hopkins
(1932) as follows: erosio interdigitalis, paronychia, perliche, intertrigo

Fic. 185. Colony of Candida albicans from a petri plate culture (en-
larged about 4 diameters). Note the yeastlike appearance of the colony.

and diabetic yulvitis, lesions of the toes, thruth, vaginal thrush, dermati-
s, and infections of the gastrointestinal tract. )

Erosio interdigitalis is an infection of the hand which involves t‘he
web and extends a short distance onto the sides of the fingers. ?‘hc in-
fected area consists of a rounded patch of white, macerated epxde{mls.
Usually there are red fissures in the centers of the lesions, and sometimes
the entire area desquamates, exposing 2 moist red base. ) l

Paronychia is an infection of the skin at the base of the nml,'common ly
referred to as a “whitlow” or “felon,” which has the following charac-
teristics: a cushionlike chickening of the paronychial xissue,l and occa-
sional discharge of thin pus; the lateral borders of 'the n:ul's bec{u(r::
slowly eroded, and there is a gradual thickening and discoloration o

nail plates. "
Tlf,c disease known as perléche is found most frequently among chil
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dren but may also occur in adults. The clinical symptoms ate the pres-
ence of open fissures of cracks at the corners of the mouth. Frank (1932)
and others appacencly believe that C. albicans is of ctiolagic impottance
in perléche, but Sebrell and Butler (1938) have presented evidence
indicaing that riboflavin deficiency may be the important factor in this
disease.

Both the vulva and groins may be involved in infections of the type

b

F16. 186. Chest roentgenogram of patient with “monilial pneumonia”
with pleural effusion. (Courtesy Samuel Saslaw.)

known as intertrigo and diabetic vulvitis; indicatrons arte chat such in-
fections may be more common among diabetics.

Most fungus infections of the feer are caused by the dermatophytes
which are discussed later; however, C. albicans has also been isolared
from interdigital lesions of the toes, but apparently has been found in
only a few instances.

According to Henrici (Jos. ¢11.), thrush is one of the most common
mycoses of man. In this type of infection, soft whinsh patches appear on
the mucous membranes of the mouth, gums, tonsils, and occasionally
the tongue.

Vaginal thrush (yeast vaginitis) is an infection of the lower genital
tract which seemingly occurs most often 1n pregnant women. During
pregnancy there is an increase an glycogen content of the vaginal mu-
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cosa, regarded as a favorable condition for the growth of C. dlbizans in
the vagina, Waters and Carewrighe (1939) isolated vaginal miccoar-
ganisms during pregnancies and found fungi present in 54 out of 500
cases (10.8 per cent). Ina study of 402 women in the third trimester
of pregnancy, Woodruff and Hesseltine (1938) found the incidence of
fungi in the vaginal tract to be 28 per cent. These Jatter investigators
state that 2 baby born of a mother harboring fungi in the vagina is 35
times more likely to develop oral thrush than one born of an uninfected
mother. Bland and others (1937) produced vaginal thrush experimen-
tally in both pregnant and nonpregnant women and demonstrated that
pregnancy is a predisposing factor. According to Davis and Pearl (1938)
it is almost impossible to eradicate this condition during pregnancy, yet
following parturition the infection disappears without treatment.

In addition to infections of the mucous membranes, C. albicans may
also cause eczematous infections of the smooth skin. Ordinarily such in-
fections occur on moist skin or skin folds. Diagnoses of cutancous can-
didiasis have been attempted, using extracts of C. albicans, but the work
of Lewis and others (1937) indicates that such extracts have limited
diagnostic value, Of 42 patients suffering from cutaneous candidiasis,
43 per cent reacted megatively to subcutancous doses of extract; con-
versely, of 192 patients clinically and microscopically free of all types of
fungus infections, 46 per cent reacted potitively to identical subcutane-
ous doses.

In 1917 Ashford described Monddia psilosis (C. albicans) which he
had isolated as the etiological factor from more than 100 cases of sprue,
a gasteoineestinal disease of the tropics. In the same year Ande{son
(1917) reported the results of a study of intestinal fungi and f{e§cnbcd
an organism similar to that isolated by Ashford. Apparently it is nlow
generally believed that C. albicans is of no significance in the causation
of sprue, L

Although thrush was formerly a serious disease often resu]tm.g in fa-
tality, infections by C. albicans ate no longer regarded as pnﬂ{whfl)'
serious, Except in sevete, generalized cases, therapy with potassium 10-
dide, gentian violet, potassium pesmanganate, alkaline washes, o Fhry's-
arobin is successful (Emmons, 1940). More recently the anubiotic m}-
costatin has been used successfully in the treatment of Candida infecanf
of mouth, throat, and gastmintesrin:ll tract. Since mycosmix! isan :'mn-
fungal agent, it is sometimes administered in connection with antibac-
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terial agents in order to control C. albicans, which mighe possxbl) de-
velop more ively in the gastrointestinal tract after ¢
bacteria have been eliminated.

CRYPTOCOCCOS1S.  This disease, which has also called torulo-
sis, torula meningitis, yeast meningitis, and European blastomycosis, re-
sults from the invasion of human or animal tissues by a yeastlike fungus
that forms no mycelium, reproduces only by budding, and does not
ferment sugars. The causal organism has been variously called Cry prococ-
tus neoformans, C. bominis, and Torula bistolytica. Todd and Herrmann
(1936) studied two strains of T, histolytica isolated from spinal fluids
of patients suffering from the disease and saw structures which they in-
terpreted as asci. Since each ascus contained bur a single spore, these in-
vestigators suggested thac this organism properly belongs in the yeast
genus Debaryomyces and accordingly named it Debaryomyces bominis.
Henrici (1945) states that the correct name is probably Crypfococcas
neoformans, while Emmons is of the opinion that the name should be
Debaryomyces neoformans. In view of this lack of agteement, the ge-
netic name Cryptococeus is used in the present work because of its simi-
larity to the name commonly applied to the disease.

Cryptococeosis is usually a generalized infection in Europe, whereas in
the United States it is commonly a disease of the central nervous system
(Henrici, Joc. cit.). For this reason pathologists formerly believed that
o different organisms were involved. The work of Benham (1934)
indicates that the American and European forms of the disease are
caused by identical or very closely related organisms. No explanation
has been advanced as to why the clinical aspects of the disease in the
United States typically differ from those in Europe. Because the disease
in this country usually involves the central nervous system, only this as-
pect of cryptococcus will be considered here. The discussion is taken
primarily from the work of Freeman (1931).

Cryptococcal infection of the central nervous system in many instances
produces a specific lesion only in the meninges, although sometimes
there may be a general infection. Ordinarily the onset of the disease is
marked by headache and stiffness of the neck. These eatly symptoms be-
come increasingly more intense and ate later assocmted wuh vommng
dimness of vision or actual blind paresis or hemiplegic p
and occasionally convulsions. The disease finally terminates in progres-
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sive stupor, coma, and respiratory failure. Post-mortem confirmation of
the disease is based upon the finding of yeastlike bodies in the spinal
fluid. The organism is usually very easily cultured.

The lungs are most frequently involved in pathogen invasion of other
body tissues. In a few reported generalized infections, the kidneys,
spleen, lymph nodes, bone marrow, liver, suprarenal, thyroid, and skin
have also been affected. Freeman states that the portal of entry is prob-
ably the respiratory tract, never the skin.

The prognosis of Cryptococens infection of the central netvous sys-
tem is extremely poor, as treatment is altogether ineffective. Infection of
other parts of the body is apparently much less serious, and there have
been reports of a number of recovered cases.

ASPERGILLOSIS.  This disease, generally caused by strains of
Aspergillus fumigatns (Fig. 187), is common among birds, being often
referred to as “brooder pneumonia” among chicken breeders. Accord-
ing to Fox (1923) the disease is found in practically all groups of birds.
“This authot states that A. fumigatus and A. glancus can cause inflamma-
tion of the avian air sac and bercles in the viscera, It is generally be-
lieved that the disease is contracted by birds through eating moldy grain
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Fic. 187. Petri plate culture of Aspergillus fumigatus, the causal agent

of aspergillosis.
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o by roosting in damp quatters in contact with moldy straw or similar
material.

There is some difference of opinion concerning the incidence of asper-
gillosis in man. Henrici (1939) states that A. fumigatus causes infec-
tions in domestic mammals and in domestic and wild fow), but that in
man or in undomesticated mammals such infections are so rare that they
are of little practical imporeance. Schneider (1930) suggested that in
all likelihood some cases of aspergillosis are undetected as such, since
clinical symptoms and X-ray findings are identical with those of chronic
pulmonary tuberculosis. He further points out that tuberculin tests are
of no diagnostic value, since aspergillosis gives the same local reaction
as tuberculosis, Lapham (1926) called attention to our ignorance of
the frequency of aspergillosis both as a primary and secondary disease;
he is of the opinion that aspergillosis in humans occurs far more fre-
quently than is generally believed. In view of the reports of Schneider
and Lapham it might be well to re-examine certain tuberculosis diag-
noses in order to determine if aspergillosis might not be, in part at least,

ponsible for the supposed tubercular condition. According to Schnei-
der, iodide salts seem to be a specific for aspergillosis.

A. fumigatus as well as other species of Aspergillus, including the
much-used and very common A. miger, may sometimes cause ear infec-
tions in man. In many instances only the outer ear is invaded, and the
result is a plugging of the canal with mycelium which leads to impaired
hearing, In some cases, however, the walls of the canal may be involved,
the eardrum penetrated, and the middle ear invaded.

DERMATOPHYTOSIS. The dermatophytoses are nor only the
most common of all fungus diseases, but also account for most observed
diseases of the skin. All are more or less superficial infections, since they
involve only the keratinized layers of the epidermis and such epidermal
appendages as hair, nails, hooves, horn, and feathers. Dermatophytosis
is actually a disease caused by any one of a number of fungi known as
dermatophy(es (Emmens, 1940). These fuagi all share the same phys-
iological characteristic—the capacity to utilize keratin, the highly in-
soluble scleroprotein present in cornified animal tissues. Although der-
matophytes have frequently been proved capable of invading the skin
and other keratinized tissues, there is little or no evidence that they are
able to parasitize other types of tissue. Yet there 1s considerable evidence
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thar dermatophyte spores may be carried in the blood stream and Greg-
ory (1935) has tabulated fourteen separate instances where investiga-
tors have isolated dermatophytes from aseptically drawn blood samples
obtained from patients with various dermatophytoses.

That dermatophytes may live saprophytically has long been known,
Sabouraud (1910) developed two principal media for the cultivation
of dermatophytes and found that these fungi would also grow on cereals
and decayed wood. Bonar and Dreyer (1932) were unable to culture
the dermatophyte Trichophyton interdigitale—one of the several names
applied to fungi that cause Athlete’s foot—on clean, sound wood, but
found thar this fungus would grow readily on floors covered with a coat-
ing of slime or algal growth. Davidson and Gregory (1933, 1934) have
suggested that under moist conditions dermatophytes might remain via-
ble in the saprophytic phase on infected tissues shed from an animal in-
fected with the fungus. These investigators note that dermatophytes are
slow-growing fungi and probably could not colonize dead vegetable ma-
terial as readily as faster-growing saprophytes. It would appear then
that either vegetable or animal debris might serve as substrata for the
saprophytic phase of the dermatophytes.

When growing parasitically, the dermatophytes ate scen only as hy-
phae and small spores, but in culture on artificial media they form a
number of structures—conidia, macroconidia, and helically coited hy-
phae—that are unknown outside of the laboratory. Thesc structures are
referted to by medical mycologists as aleurospores, fuseanx, and spirals
respectively. Dermatophytes are generally believed to be members of
the lower Ascomycetes (Emmons, Joc. ¢it.}, but since ascus formation
has never been proved it would seem best to classify these organisms in
the Fungi Imperfecti until such time as the details of their life cycles
have been clarified.

Various systems for classifying these superficial patasites have becen
proposed. Sabouraud described 45 species in 1910; by 1958 nearly _200
had been reported as agents of human disease. Sabouraud's onginal
classification distributed the various species of dermatophyres in four
gcnem—A:/)orian, Epidermophyton, Microsporon, and Trechophyton.
Though various revisions have been proposed, most wotkers scem to fe-
gard Sabouraud's system of classification as wotkable. For a review of
the various attempts at systematic studics, the report of Gregory ( 1935)

should be consulted.
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Superficial fungus infections of various types are worldwide in cheic
distribution. E states thae der phytosis of the foot is probably
as prevalent in temperate climates as in the tropics, but that other types
of dermatophytoscs are more commonly seen in v\armer chm:ucs This
investigator warns that pts 10 d the geographic distribution
of the various species of dermatophytes are difficult in some instances

because of lack of agreement on the correct names and taxonomic limits

Fic. 188. Petri plate culture of Trichophyton mentagrophytes, one of
the dermatophytes w hich causes Athlete's Foot.

of species. He does state that dermatophytosis of the foot in the north
and central United States may be caused by eithes Epidermophyson
floccosum, Trechophyton purpureum, ot T. mentagrophytes (Fig. 188),
but that it is usually caused by the latter. In the southern United States
and in many warm countries, however, T, purpuresnt is mote commonly
the cause of this type of dermatophytosis. Fox and Shields (1949) stare
that in the eastern and midwestern states scalp ringworm is caused by
one species of Microsporon, whereas this type of fungus disease is caused
by another species of the same genus in the southern states.

In their recent review of the most common skin diseases, Fox and
Shields consider the most important dermatophytoses to be (1) tinea
circinata (corpss), (2) dermatophytosis of the foot, (3) tinea cruris,
(4) tinea capitis, and (5) onychomycosis. The following discussion of
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these dermatophytoses is taken from their review article. For further
derails the original paper should be consulted.

TINEA CIRCINATA.  This type of ringworm is characterized by
one or more scaling patches which are usually dry, slightdy erythema-
tous, and may be pea-sized or larger. The borders of the patches are usu-
ally slightly raised above the level of the surrounding skin and are stud-
ded with small vesicles. The majority of cases of tinea circinata are
caused by Microsporon lanosum, but species of Trichophyton may also
be responsible. The disease may be transmitted from man to man, from
animals to man, and from man to animals (Bonar and Dreyer, 1932).
It is transmitted by means of spores formed on the skin either by direct
contact or by means of such objects as combs, towels, or brushes, Teeat-
ment of most dermatophytoses involves the use of a fungicide in combi-
nation with some keratolytic agent which will facilitate penetration by
the fungicide, Tinea circinata usually yields to medication with 5 10 10
per cent ammoniated mercury ointment, undecylenic or propionic acid
ointment, or 2 to 5 per cent salicylic acid in alcohol.

DERMATOPHYTOSIS OF THE FOOT. This is the most common
of all of the fungus infections, about 50 to 70 per cent of the male pop-
ulation of the United States being infected at one time or another. The
causal organism is usvally Trichophyton mentagrophytes (also called
T, interdigitale and T. pedis) in the northern states and T, purpureun
in the southern states, but other species may be involved (Emmons, Joc.
cit.). The primary infection usually consists of vesicles with patches of
macerated epidermis, and fissures between and under the toes; any of
the interdigital webs may be affected. In some cases of such dermatophy-
tosis, secondary nonparasitic lesions may occur on other parts of the fect
or hands. Such lesions are reputedly not caused by the fungus sself but
by a fungus metabotic product (trichophytin), which is produced in the
primary lesion; such reactions which occur in tissues not invaded by the
fungus are often referred to as "id reactions.” Verification of the presence
of a fungus in 2 foot infection can be made by microscopic examunation
of material removed from the tops of vesicles. Such material 1s first
cleared with 10 per cent sodium hydroxide solution of factophenol and
then examined microscopically for the presence of fine hyph:'nc‘ Cultures
may be obtained by plating out bits of such infected material on agar
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Davidson and Gregory (foc. cit.) state that the fungus may be demon-
strated by placing infected hairs or scales in a moist chamber; according
to these workers, the dermatophytes will grow out of such material,

For the treatment of acute infections of this type, the feet should be
washed with soap and water, followed by wet dressings or soaks of alu-
minum-acetate solution or a dilute potassium permanganate solution,
and in turn by application of mercurochrome of 2 to 5 per cent ammoni-
ated mercury ointment at night and 2 drying lotion or powder during
the day. After che acute phase of the infection has subsided, frequent
application of undecylenic and propionic acid ointments or half-strength
benzoic and salicylic acid vintments should be made for a period of
several weeks to prevent recutrence. Reinfection from shoes is probably
of very frequent occurrence; to avoid this, shoes should be sterilized by
placing them in a closed box containing an open jar or bottle of formal-
dehyde for 2 period of about twenty-four hours. Reinfection from cloth-
ing is possible in some ins(nnces, Bonar and Dreyer (Joc. cit.) stating
that the standard laundry practice employed for woolen and col-
ored cotton fabncs is of doubtful effectiveness in killing dermatophyes,
although with white cotton fabrics there is @ much better margin of
safety. The same investigators showed that the application of standard
dey<leaning solvents to dermatophytes growing in fabrics or imbedded
in skin scales has a negligible killing action even with exposure of one
or two hours. The widespread practice of placing wading troughs con-
taining sodium hypochlorite solution in shower rooms and swimming-
pool dressing rooms seems of questionable value in view of the findings
of Bonar and Dreyer that a one per cent sofution of sodium hypochlorite
requires one hour or longer to kill T. interdigitale borne in skin scales.

TINEA CRURIS.  This dermatophytosis, popularly referred to
as jock-seeap iech, dhobie itch, or gym itch, occurs mostly in men on the
inner and upper thigh surfaces. Tinea cruris begins as a small erythema-
tous scaling or vesicular atea which spreads with partial clearing in the
center. Lesions are characterized by their irregular borders which have
many small vesicles. The most important species involved in tinea crurss
is Epidermophbyton floccosum (E. inguinale; B, cruris), although Trich-
ophyton purpurenm may also sometimes be the causal agent of this in-
fection. In some cases palm-sized or larger lesions may develop.

An acute exndative dermatitis may develop from tinea cruris if con-
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Fm. 190. Amanita brunnescens, an American species of Amanita, which
is closely related 1o the highly poisonous European Amanita phalloides.
(Courtesy A. H. Smith.)

ous ones. However, such statistics make little impression on an individ-
ual who has been made violently i}l by eating a poisonous mushroom,
and less on his relatives if he fails to survive the experience.

Most investigators agree that the most poisonous of ali species of
mushrooms are members of the genus Amanita (Fig. 190), and that of
these species, A. phalloides and closely related species such as A. verna
and A, virosa are the deadliest. Bessey (1950) illustrates their extreme
toxicity by stating that as little as 1 ¢c of such fungi will cause severe ill-
ness or even death. Henrici (1945) sets the mortality rate following
ingestion of these fungi at 50 to 70 per cent, and Ramsbottom (1945)
tepotts that it has been put as high as 90 per ceat. According to some
specialists the teue A. phalloides does not occur in the United Seaces, al-
though related species are found here. Several toxic principles have
been reported as occurring in A. phalloides, but death due to eating the
cooked mushroom apparently is caused by amanitatoxin, a heat-resistant
compound. VanderVeer and Farley (1935) state that nearly all of the
severe cases of mushroom poisoning in this country result from the cat-
ing of one of the species of Amanita. These workers divide cases of
mushroom poisoning into two types: (1) rapid type, occurring from 1
to 3 hours after ingestion of fungi of the A. muscarsa group; mortality
is low and patients respond to proper treatment, (2) delayed type, oc-
curring 6 to 15 hours after ingestion of fungi of the 4. phalloides group;
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mortality is ar least 50 per cent, Hotson (1934) described eight cases
of poisoning duc ro the ingestion of A. pantberina, 2 member of the
A. puscaria group, Of these eight cases, only one resulted in facaliy—a
patient with a weak heart.

Ford (1911) divided the poisonous fungi into three groups, based on
the characteristics of the poison contained in these fungi, but in a later
paper (1923} classified mycetismus (mushroom poisoning) into five
categories as follows:

1. MYCETISMUS GASTROINTESTINALIS. The symptoms (nau-
sea, vamiting, and diarrthea} may vary grealy in severity but tecminate
rapidly and usually spontancously, and health is restored in 2 day or
wo, There are pmcticnliy no faalities. Fungt principally rcsponsiblc
for this type of poisoning are Russula emetica, Boletus satanas, B. min-

livacius, Lactarius tormit Entol lividum, and Lepiata
morgani,

2. MYCETISMUS CHOLLRITORMIS.  Gastrointestinal symp-
toms predominate at the outset and appear 10 to 15 hours after in-
gestion. The symproms ate violeat cramps accompanied by vomiting and
pusging. Loss of strength and weight is rapid, and patients may die in
two to five days. The lesions of this type of mycetismus are focalized in
the liver, kidney, and heart muscle and are degenerative in character.
Amanita phalloides and related species are the responsible fungi. Ford
scates that lictle can be accomplished in treacment beyond the relief of
intense suffering and the administration of lies 1o selieve kidney
complications; however, Limousin and Petit {VanderVeer and Farley,
loc. cit.y found that cats succumbed when fed A. phalloides but that
rabbits did not, and hence they inferred that substances secreted by the
rabbit’s stomach may counteract the effects of the poison, When cats
were fed lethal dosages of A. phalloides accompanied by fresh rabbic
stomach and fresh rabbit brain they survived. On the basis of these find-
ings, Limousin and Petit fed fresh uncooked rabbit brain and stomach
minced together to patients poisoned with A. phallordes and considered
the patients to be definitely improved by such therapy.

3, MYCETISMUS NERVOUS. Violent gasteointestinal symptoms
appear early, often only two or three hours after ingestion of the fungi.



484 Harmful Activities of Fungi

Such symptoms are accompanied by contracted pupils, profuse perspita-
tion and salivation, convulsive movement of muscles, and often con-
vulsions of almost the entire body. The patients then develop delirium,
have hallucinations, and die in coma. In this type of mycetismus are
placed all cases of poisoning from fungi containing muscaria, which
acts on the nerve terminals. This type of poisoning can be satisfactorily
treated by atropin, a good antidote, which should be administeted eatly
and in large doses. Fungi principally involved in this mycetismus are
Amanita muscaria (Fig, 191}, A. pantherina, Clitocybe illudens, and
various species of Inocybe.

Fic. 191. Amanita muscaria, the fly agaric, a poisonous mushroom.
(Courtesy A. H. Smith.)

4. MYCETISMUS SANGUINAREUS. This type of mycetismus
results from eatng fungi containing substances that act directly on the
ted blood carpuscles. Fard states that the only mulshroom producing
hemolyric intoxication is Helvella escul: (G)rmm'tm I I‘alsc
morel) shich contains a heat.resistant hemolytic poison, helvellic au('!,
however, Smith (1949) also lists 1. infula as being poisonous. Hf'lv:lhc
acid is water soluble; hence parboiling fungi coneaining this acid (and
discarding the water) renders them safe for consumption.
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$. MYCETISMUS CLREBRALIS. Four of five hours after the

fungi have been ingested, patients show peculiar cerebral symptoms,

They ate greatly exhilarated, laugh on slight provocation, show dis-

turbances of vision, and develop a staggering gait, The symptoms even-

tually disappear and the paticnts are usually sestored to health in 24 t©o

48 hours, Fungi chielly rcqunmble fo: this type of paisontag ace Panaco-
lus papli w1 and P.

In lus Mushrooms in T/mr Natural Habitats, Smith (1949) lists 20

P species of mush The names of these poisonous forms,

2s well as their distribution in the United States, are listed in Table 49,

Ta spite of of d gs against the indiscriminate eating of

wild mushrooms, people continue to get mushroom poisoning by eat.

Table 49.—~FPoi: 1 and their distrib
Nertheastern and  Racky Marntacn Pacefic Coass
Specier Central States Stater - States
Amanita cothurnata .
musana . . .
pantherna .
spress .
serna .
Cantherellus floccasus .
Clitosybe sludens .
Hebloma crustulomforme . .
Heliella esculenta . . .
mfula . N .
Hygrophoras conrcus . .
*Tnacybe sp .
Lactarsus sravealss . .
vellerens .
Lepeata clypeclarta «
Naematofoma fasrwlare . . .
Panaeolus campanulatus . .
Ruceala forcans . . .
Stropharea coromilla . .
Trrcholoma vaccinurs .

* Nat atl specses are porsonous
Based on rthe Usting of Smich (1949)
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ing ff)rms wrongly presumed to be innocuous. Warnings against this
practice (Chapter 5) cannot be overemphasized. The use of one of the
better mushroom manuals coupled with careful observation will pre-
vent the collector from making a fatal mistake.

Study of poisonous fungi may lesd to important contributions in the
field of medicine. For many years in remote areas of the world specifi.
cally proscribed mushrooms have been eaten in connection with re-
ligious and orgiastic ceremonies. For example, certain Siberian tribes
in the Kamchatka peninsula have for many years eaten the common
poisonous mushroom Amanita muscaria orgiastically. This mushsoom is
prized very highly by the tribesmen because of its intensely stimulatory
effects. The druglike stimulant is not decomposed in the stomach but
apparently is excreted unchanged in the urine; several writers (e.g.,
Taylor, 1949) have commented on the common practice of renewing
the stimulation by drinking the urine of someone who has already eaten
the mushroom. Apparently A. muscaria was also eaten orgiastically in
early times in Scandinavian countries, since scholars now believe that
the act of going "berserk” (Berserksgang) came from eating this fungus
(Fabing, 1957), which seems to have led to intoxication, hallucinations,
and often superhuman fears of strength. Apother mushroom-eating
practice has received wide publicity: the eating of a sacred fungus, feo-
nancatl, first by the Aztecs and later by other Indians. This latter prac.
tice has been studied by Wasson and Wasson (1957), who have caten
mushrooms used by the Mexican Indians and reported the following
as after-effects: visual hallucinations in colors, an ecstatic state, 2 loss
of time-and-space perception, and a feeling of inward peace lasting six
hours o longer. The mushrooms used by the Mexican Indians are species
of the genera Psilocybe, Conocybe, and Strophatia, but at least their
hallucinatory effect is similar to that of Amanita muscarsa, and hence
they may be referred to as hallucinogenic fungi.

Since studies of brain structure have as yet provided no explanation of
the peculiar type of insanity known as schizophrenia, an answer might
well be sought through comparative biochemical studies. For example,
Fabing has suggested the possibility that schizophrenia is associated
with abnormal indole synthesis in the bodies of afflcted individuals,
In view of the known hallucinogentc powers of certain fungi and also in
the light of the isolaton of bufotme (an hallucinogente indole com-
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pound) from Amanita muscaria, this suggestion warrants careful con-
sideration as a step toward solving the mystery of schizophrenia.
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dustnal fermentations, 90~92

carbon dioxide as food preservative,
439440, in mushroom culeure, 102,
photosynthesis and, 31, quanuty of,
36, return of to atmosphere, 34-38

catboxylase, 183

casein, vitamin-free, 171

caung so, sn mushroom culrsre, 101

Castanea japonsia, 54,56

catalase, 266, 269

cedar-apple rust, 362

celery blught, 361

cellobiase, 41

cellobose, 41

cetlulase, 42
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cellulose: destruction of, by fungi, 41-42,
388--389; enzyme hydrolysis of, 42;
in industrial fermentations, 92; in
Tivestock feeds, 137; in musheoom cul-
ture, 98; power alcohol and, 197

cement block sheds, for mushroom cul-
ture, 97

Central Bureau voor Schimmeleulwres,
Holland, 82, 85, 240

central nervous system, fungal infection
of, 471472

Cephalosporium, 413

Cepbalothecium, 412

Ceratiomyxa fruticulosa, 8

Ceratacystis ulmi, 357-358

Ceratostemella, 317, 321; montium,
316; pleuriannulata, 316, 321-322

Cercospora: apii, 419, beticola, 358-360

chaetomin, 146

Chaetomium, 43, 299, 415; glob

Index

erties and uses of, 207-208; pyrolysis
of, 236; synthesis of, see critic acid
synthesis

citsic acid fermentation: facrors affect
xznlgs. 212-213; raw materials in, 213~

citric acid synchesis: inner-aldolization
hypothesis, 218; mechanism of, 217-
223; progressive oxidation hypothesis,
218-220; pratealytic hypothesis, 217
218; syncheric process hypothesis,
220223

cittinin, 146

Citromyces, 208, 279, 285

citrultine, 329

citrus fruits, spoilage of, 419, 428

Citrus White Fly, 293

Cladosporsnm, 412, 421-422; basyri,
421; berbarum, 411

clamp i liom, 16

395-396, 402,412

cheese: Cheddar, 119; making of, 117~
124, spoilage of, 423, varieties and
types of, 118-120

chelaces, 250

Chemical Research Laboratory, England,
109

chemosynthesis, 4

chestaut blight, 342

chewiag gum, 208

“Chicago discase,” 458

childbirth, ergot use in, 139, 141

chinch bug, 294

chlamydospores, 446, 456, 461

chlonine compounds, synthesis of, 303

chloraphyll, 1, 5

Chlorophyta, 2

Chlorosplensum aeruginosum, 303, 377

choline, 167, 317,325

chromoblastomycosts, 492-455

chrysarobin, 470

Chsysophys, 2

Chytriduales, 43

ader, clanfication of, 267

atrates, 208

citric ad, 72, 75, 306, 430, biosyn-
thesis of, 208-213, defined, 217, ef-
fect of iron and metallic salts on, 210-
211, mmpores of, 1910-36, 207, 10-
cubavon-temperature  effects,  212-
213, wacomc aad and, 238, large-
scale production of, 215217, prop-

classtfication, of fungi, 6-23

Clararia, 20, 21,97

clavaun, 146

Claviceps purpurea, 139, 142, 356

clavicin, 146

claviformin, 146

cleavage, microbiological, 165

cleistothecia, 15

Clitacybe diatreta, 51

clothing, mldew of, 394-395

Clostersdtum aceiobutylieam, 166

club fungi, see Basidiomycetes

coal’ 1n carbon cycle, 36-37; formarion
of, 301

cocoa butter, spoilage of, 434

cocardiordal granuloma, 446

Coccrdsordes immites, 416419

coccidioidomycosis,  444-445;  cause
and treatment of, 446-452, skin test
for, 432

Colletosrschum, 22, 334

Composize, 49

compost, in mushroom culture, 97~102

condensed milk, “burton’ formauon m,
423

confectionery, 208, 260

comdis, 13,17, 22, 140, 351,474

comdiophores, 13

Contosporsum, 413

copper naphthenare, 402

Coprsnus, 94

coralioid stractures, 21, 53=56
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Cordyceps melolonthae, 293

coremium, 22

cotn: in alcohol production, 182;
brown spots on, 12; fungus pathogens
of, 85

corn sweep liquor, 90, 155, 167; in
itaconic acid production, 246; in peni.
cillin production, 149

cornutine, 141

Cotticium sterigmaticum, 17

Cortinellus berkeleyanrus, 97

cortisone, 139, 164

cotton fabric, mildew and destruction of,
394-395

corton wilt, 361

cteam, spoilage of, 420421

creosote, 382

Craterium minutum, 9

Cronarssum ribicols, 361361

<rop rotation, 367

cfyprococeosis, 456, 471472

Cryptococens, 456, 460,471

Cuban invert molasses, 214

cucumber, spoifage of, 436

oltivation, laboratory, 24-26

cultures, pure and stock, 24-26, 51, 81

Cunninghamella, 330-332

curn, 46

Cyanophyta, 2

cyclic compounds, 255

cystine, 134

cytase, 41

Dacrymycer, 17

Dark Distillers' Dried Grain, 136
Debaryomyces, 425; matruchots, 317
deep-vat fermentation, 76-78, 216
Defease Plant Corporatian, 265
dehydration, of food, 437
Dematiaceae, 454, 481

dermataphytes, 451, 469, 473476
dermarophytoses, 445-446
dermatophytosis, 473476

desert fever, 449

dexteinase, 266

dextrose, 233

dhobe iech, 477

diaberes, yeast in treatment of, 171-172
diabetic vulvicis, 468
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Diamale, 194

duastase, 266

diethylarsonic acid, 333

dihydrostrepromycin, 156

dihydroxyacetone, 254

diketoadipic acid, 219

dimedon, 25%

dimethylallylarsine, 333

dimethyldihydroresorcinol, 255

Dioscorides, 138139

diphosphopyridine nucleotide, 185

diphosphothiamin, 185

Diplodia zeae, 85

Discomycetes, 15

disease, rclation of fungi to, 4; see alro
medical mycology; plant discase

disullation, alcoholic, 195

distillers' dricd grain, 195

distillers® dricd solubles, 135, 167, 195-

194

Dolce Verde cheese, 123

dons (starrer mash), 193

Dowicide G, 413

dried solubles, dustillers’, 135, 167, 195~
196

dry rot, 384

Dutch cheese, 119

Dutch Elm discase, 343-344, 357-358
dyes and dyestuffs, 176, 303

Eaglezyme, 265

Echinodonsum tinctorium, 371

E. cols factor, 146

Edara cheese, 119

endocnzymes, 257

effervescent salts, 208

Erdamella, 412

eleancal equipment, fungal attack on,
389-391

elephantiasis, 454

Embden-Meyerhof-Parnas scheme, 163-

4

18
Embryophyta, 2
Empusa, 13
emulsin, 266
Endocomdsophors moniliformss, 302
endocrine glands, 160
Endomyces vernalss, 286-287
endospores, 446
entomology, 349
Entomophthora, 13
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enzyme systems, fungi and, 5
enzymes, 266; in alcohol production,
182, 184, 187-188; cellulose-hydro-
lyzing, 198; classification of, 258-
259, fungus, 258-259, 267-269, 435;
in gallic acid synthesis, 203-204; in
gloconic acid synthesis, 227; starch-
digesting, 260~-267
Eoff process, glycerol fermentation, 275
Ephedra, 157
ephedrine, 157
Epicoccum oryzae, 163
Epidermophyton, 474,477
Epifagus virginiana, 3
epoxidation, of steroids, 164-165
Eremotbecium ashbyii, 167-168
ereptase, 266
ergosterol, 170
ergot: active ingredients of, 141-142;
atkaloids, 141-142; fungus, 143-144;
medicinal uses of, 139-145; source
and cultivation of, 142-145
ergotine, 141
ergotism, 141
Ericacese, 50, 59
erosio interdigitalis, 468
esterase, 266
esters, synthesis of, 302
ethanol, 167
ether, 176
ethyl alcohol, 72, 158, 176, 192, 273,
275, 302, 308, as fuel, 196; fungi in
synthesis of, 178
cthylene chlothydrin, 252
Euascomycetes, 14, 16, 139
Eubacteriales, 2
Fuglenophyzs, 2
Eumycophyta, 2
exoenzymes, 259

fabrus, fungus-resistane, 400, ouldew-
and rot-resistant, 334, 402

famene, 106

farm power, alcohol as fuel for, 198

fat producton, fungi and, 279-287

fats 1 batanced diet, 132; incressing
demands for, 136-137

favus, 444, 478

fermentations, 72, aeration of, 77, alco-
holic, 176-199, 1 alcohol produc.
tion, 188-193, efficiency of, 183; ex-

Index

cessive foaming in, 77; es food pre-
servative, 439; industrial, 7374,
80-83; large-scale, §8~89; literarure
on, BD; methods used in, 74-80

fermentation wastes, livestock feed and,
134; viamin contens of, 166-167

ferric chlotide, in citric acid synchests,
211

Filicineae, 3

Havicin, 146

Fleming, Dr. Alexander, 147, 151

Florey, H. W, 148-149, 155

Fomes, 20,407

fondants, 260

Fonsecaea pedrosor, 454

food: world production of, 106-107;
microbiology, 417; mycology, 417;
prescrvation, advances in, 419, meth-
ods of, 437-440; processing, fungi
and, 117-131; spoilage, 417-440;
losses due to fungi, 419-420; yeast,
106-114; see also yeast

foot, dermatophytosis of, 475-477

formaldehyde, 262

formic acid, 304

fotm orders and families, 21

foxing, of paper, 413

Fragaria chiloensis, 68

Fromage Blew, 118,121

fruciose, 181, 184

fruit and fruic products, spoilage of,
424-428

fruit juices, 267; presecvation of, 426~
428, yeast from, 110

frurung bodies, 21, 23,25

fumagacin, 146

fumigatin, 146

fumaric acid, 237

Funk, Casimir, 166

fungt as agenrs of biological controt,
291-294; as agents of biosyathesss,
306-310, cellulose-digestng,  43:
arec aad production and, 208, 222~
223; classification of, 6-23: complex
synthetic substances of, 5: crude far
content of, 281; curatuve properuies
of, 138 ree alro medical mycology,
defined, 1-2; entomogenous, 292-
293, filamentous, 81, 146, 149-151,
420421, 428, 438, as food, 91-114,
sources of, 4, hallucinogenre, 486:
harmiul actvives of, 339—186, sdentr-



Index

fication of, 23; imm-pzmiric. o,
isolation ang labaraeo,

2; Mmorphology of,
? Mutanes jn, g3, 243-245; nym.
ber of, 23-24; Parasitic, 4, 10, 14-1s,
18, 292293, Pathogenic, see iscpsar
medical ology;” plany

4 Poisonous, 94, 4g3-"

in planc kingdom, 3.
2 saprophyiic, 17515" Steroid-trans.

ties of, 136, 166-1 70, 295—299, 302-
303; “weed Pes, in mushroom cul.
ture, 100

(ungm'dts, 366, 390, 40103

Fungj Imper(mi. 2,7, 21-23, 39, 102,
162, 343, 434, 461, 481; in food

diseases. cayt b7 3613 sporcs gny
$pote-bearing structures of, 22,y tim.
ber decay, 41

Tangi Whieh Cause Plyn; Diseuse, 346

fangus activyry, 3146, benefiis], 31-
334; harmfy, 339-486, miscellane.
ous, 289310

fungug biochemisrry, 5,72

R8s Cultures, Storage of, g4
‘e¢ also cultyres

UgUs diseases of man, g0 medica)
Mycology; Mycoses

fnngux tnzymes, see enzymes

fungus fermcman'ons. fee fermentationg

U088 metabolym, theory of, 303_309

fuogos prgmenes, 303307

fangus tooes, 4g, 30; see also mycorhizg

Fusarium, 299, 395, 413, 421, 431
7oniliforme, 293

fuxezux, 474

Gaff, Fleischman and Co,, 126

8allic acig, 72, spathesis of, 200-205
Eallayes, 205

Sullocyanyn, 20,

Sellotanp, 202-203

&ametangiy, 13,35,

Bameres, g 13

B0gtenous ergoy, 141

S01

Sasoline, alcopgy 2 substitute for, 96

Gastrodiy elata, 64

Bastrointesting) trac, fungal infection of,
470-§71

Genera of Fungj 74, 23

entisyl alcohof, 305

Geotrichum, 134 433

Gibberells: Fujikuroi, 297 tautiner,
85,89

810,178, 136
8lass, nonsharterapye, 236
Cliotladyuy, catenslatum, 165
&liotoxin, 146

Sluconic aid, 73, 2is,

glucme-aemdehydmgcmse. 227, 269
&lucose foncentration, g,

and, 282-284
Blucose-oxidase, 260

&lyceraldehyde Phosphate, 184

8lycerol 297, 306" 08, fermentation
reaction, 91, 274" 537 Propetties ang
uses of, 272574

8lycerophospharase, 246

slycolicacid, 231

Gorgonzota checse, 119, 4, 1-123

80ain, fermentation,. i commercia| 5.
hol producygn 186~187, 264; 5
livestock feed, 13513

Brapes: borryn'zed, 294-296, downy mjy.
dew of, 344,350-354

Graphium, 358

&reen plans, |

8rowth, abaormal, 297 »0,

8rowth-substance gog 53

£¥m itch, 477

Gymnospermac, 2

Gymrmlpamugil/m ;umpm-wrgimanae,
362
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hallucinogenic fungi, 486

Hansenula, 193,302,425

Hartig net, 53-54

haustoria, 351

hay fever, 480481

heart rot, 371-373

Helvella, 15,97, 484

helvellic acid, 484

helvolic acid, 146

Helminthosporium, 85, 89, 304

Hemiascomycetes, 14, 353

hemicellulases, 44

hemicelluloses, 44, 98

hemiplegic paralysis, 471

Hemitrichia, 9

hemolytic intoxication, 484

Hepaticae, 2

Hericium coralloides, 18

Heterobasidiomycetes, 17-18

heterogamy, 12

heterothallic species, Phycomycetes, 13

hexokinase, 184

hexose, 219, 239, 253

Heion concentration, as food preserva-
tive, 439

Histoplasma capsulatum, 444, 460

histoplasmin, 462

tustoplasmosis, 444, 459463

Homobasldmmycues, 17-18,21

{lic species,

“honey dew,” 140, 143

Hormodendram, 453454, 481

Hormonema pullulans, 411

horse manure, in mushroom cutture, 97

hotse serum, 86

humus, formation of, 31, 38—41, 45, 58—
60; lignin and, 44, properties of,
38-39

Hydpum, 21

hydrochloric acid, 209

hydroxylation, 160-161, 164

Hymeniales, 17

hymenaal layers, 16, 21

hyphae, 6, 52-57, 63, Basidiomycetes,
16; Fungi Imperfectt, 22

hyphal cells, 6

Hyphomycetes, 411

Hypovslon coccineum, 14

hysterothecium, 1

. 13

id teactions, 476 i K
Imperfect Fung, see Fungi Imperfecti

Index

Indian plpc,l 3,62-64,69

indj,

indole s symhzsls, 486

industrial mycology. 72-92; fermenta-
tion methods in, 74-80; inoculum
for large-scale fermentations, 85-89,
saw materials in, 90-92; selection of
organisms in, 80-83; stock-culture
maincenance, §3-88

influenza, fungus diseases and, 449

ink, citric acid for, 208; permanent
black, 202

inocutum, for large-scale fermentations,

-90

inositol, 316, 323

insects, control of by fungi, 10, 293

inulase, 181, 266

inulin, 181

invertase, 42, 266; production and use
of, 259-260

Towa State College research, 264

Irish famine, 184546, 340

iron: in citric acid fermentation, 210~
2113 in itaconic acid syathesis, 241;
tarerate, 241

Liarta farinosa, 292

isoamyl aleohol, 192

isogamy, 13

isoleucine, 217,328

itaconic acid, 72, 85-86, 306; large-
scale production of, 246; in plastics
industry, 289; production of from
glucose, 243

itacontc acid fermentation, 239243

itaconse aeid synthesis, 236-246; fungi
used in, 237

reatacearic acid, 245

jams and jellies, hame canning of, 428
Japanese beetles, 291
“jelly” fungy, 18
Jcrus:lcm artichokes, in alcoholic fer
mentation, 181-182
jock-strap itch, 477
“jungle rot,” 446

kala-azar, 460

keratin, 473

kopic acid, 72, 146 discavery of. 218:
51-253; pror

249



Indey 30;

kojic acid Synthesis, 24R~255; fung;
ased in, 2, 025}

Keebs Qele, 22,

Knll[um. 299

lzbomory [ermenmiom, 73-74
h“asc.266

laminaeeq Plastics, [ungux»rcsimnr, 390
S Pezrzuly 3 77

feather, fungyy n2ymes in, 267

Cather &oods, fungy| attack op, 391
392

feaveniny 125126

leaves, desmmion of, 32

lemog. juice, 207; CS, Citrye 2cd from,
206

Lenzise, faepiarra, 43

FEphedrine, Srathens o 1, yeast, 15y

»

i

hipids, fung: ang, 281-236

Iivesracy feeds. Productiop, of, | 32-137.
SPoilage of, 436; Yoasy Producyoy
and, jy 2-113

lumbe, dtyingang Sexsoning of, 370
382
lungx, involvemem of, 1y fung,y dumes,
432,453, 468, 475
Lycogaty Pidendyyy, o
) 17,51

rerphanguy, 40! 464
Hrophyfe Detha, oo Cultures, g5 g
Ysine conpemg 327

illamupomam, 402
"magggr :hmpy. ‘292
Jabuang 153

Maleye aad, 439

malic gciy. 22133,

malt, 261 265; in alcohoy Production,

182, 187, 194, slurry, 7g0

Maltase, 264

Maltose, 5 1,187

Mannt), 302
4nnose, 291

Maple jeaf t, 347

43 PIOtEIn Sourge, 107: spoitag,
of 431433, YL 38 subgtieme for,

medica) Mycology, 3455, fungj g
fungys Metabolic Producry o 13g.
172, fecene dtvclapments n, 479~480

Metogs | 179

I\Iclanmrlizles, 22

/lle/drm(aﬂ!r nﬂlr{a!nr, 17

Mersdyy /arrrnaru

Metabol,e Producty, demang for, 72,
301-304

Metabolic shune, 308-399

Metabolism, fungus, fee fungug Metabg,
lism

Mezalfye salts, effecy of, on Qttic gog
produmon. 211

Af, CLarrbiztiem P850, 294

Methactylyc geyq 236

Methionine 34

meduyldtcrhy]-lmnc. 333

Methylene Succinic acyg ., itaconie 4oy

“Mucrop g1 farmung o'

Mildew,  of clothung, 394-395, ¢
Brapes, 350504 Powdery, 5,

Tldew tesstapgy, 527 for, 334

Tk fungy, L, sportage of, 420
421,475

Mncral o) $ONBE of fug, undey,
84-gs

Minera] gy, theory, of MyCorhiza) fo,,
Mation, Go_g

Mine timper, decay of, 383, 465

moistare, 1. Prevention of oo decay,
414
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molasses: beet, 215; blackstrap, 182,
186, 215; Cuban invert, 214

mold amylase, 72,75

mold bran, 188, 261-262; plant-scale
tests of, 265; production of, 80, 264

molds: blue and green, 15; in food
spoilage, 419-423; growth of, on elec-
trical equipment, 389-391; on mear,

Index

Mycetezos, 8

mycetismus, 483-486

Mycoban, 430

Mycoderma valida, 316

Mycagone perniciosa, 102

mycology, industrial, see industrial my-
cology

mycology, medical, see medical mycology

Mycorhizae: 48-69; benefits, known and

431; in tropical & 388
403

Monasens, 303, 431

Monilia (Monilidles, Moniliasis), 22—
23,227,413,467,470

Mont Cenis cheese, 121

Morchella, 15, 97, 104; esculenta, 105

morels, 104

Moyer, A. J., 148-149

Mucer {Macorales), 11, 13, 43, 217,
263, 299, 395, 412, 421; mucedo,
333, 428, racemorns, 431

mucoromycosis, 479

mucous membranes, fungal infection
of, 471

muscarin, 484

Musci, 2

mushroom: flavet, enhancing of, 105;
poisoning, 94-93, 481-486; wrasin-
ase, 269; industry in U.S, 103-104

mushroom  cultute, 96-105; disease,
weeds and insect pests in, 102-103;
humidity in, 101; nawral and arti-
ficial compost in, 97-100, ¢H and
temperature fange 1n, 100-101

h annual U S. prod of,

103, common field, 96, cultivared, 10;
damage to from Myxomycetes, 343—
344; edible, 94, 104-105; frozen,
105; hallucsnogenic, 486; oyster, 105,
poisonous, 94-93, 482, 485; sponge
or spring, 104; wild, 96

mutagenic agents, 82-83

Mycelsa Sterilra, 22-23

mycelial fragment inoculation, 89

mycelial mat, 75-76

mycelium: 6, 48, 316; Basdiomycetes,
16, 33; in enzyme production, 263:
of etgot, 143; growth of, 327, n
mushroom  culrure, 97, 100101
Phycomycetes, 10; pseudo-parenchy-
matous, 143, secondary or dikaryotic,
16-17, vegetauve, 89-90

Mycelrum radscrs, 50

suspected, 63~68; ectendotropic, 56,
ectotropic, 52-54, 56, endotropic,
52, 57; fungi involved in formation
of, 50~52; nitrogen deficiency and,
67; prevalence and disuibution of,
49; rates of decay and formation of,
72; “simulasion” of seedlings by,
66; types of, 52~56

mycorhizal relationship, 51, 68; humos
theoty of, 59-60; mineral salt theory
of, 60~62; nature of, 56-63; parasit-
ism theory of, 57~58

mycorhizome, 56

mycoses: common varicties of, 446-479;
defined, 443; fatalities caused by, 445;
naming of, 445

mycothallus, 49

Myxomycetes, 7-10, 19, 343; cellulose-
digesting, 43

Myxomycophya, 2

Myxotrsdium, 412

nails, bungat intection o, 479

natural gas, in catbon cycle, 37

Nematospora phaseoli, 14

Neuberg's oil, 158

Neufchitel cheese, 118

Neurospora, 323; crassa, 80, 258, 316~
317, 325-330, stophila, 316, 428~

niacin, 167

nicotinic acid, 317,323

Nirgrospora oryzae, 85

nittogen, deficiency, in seedlings, 67.
fixation, 69, tn mycorhizal relatron-
ship, $9-60, sousce, in tndustrual fer-
mentatons, 90; supply of, 37

muogen compounds, digesting of by
fungy, 44, synthesis of by fungn 302-
303

nongreen planes, 1, 31, 62-64, 69
Nopco Defoamer, 78
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Northery, Regionat Rescarep, laborzlory.
ia g 148, 152, 239; 4ep o
furcs

Nolbn/.lgu enzies;, gy
3, l$2~153. 241-2¢3

G2 2y, 345

fungay #tack o,

Ofganic a¢iy fadicaty, ag Iung:cides. 401
Organjc Ompounds, Uttlization by
fung, '
Orpanic Waste, dcsrrumon of, 31g
Orajy thine, 329
“¥2yme, 26 7
Ostinle, 1
ommymm, 44s
Oralzcer,. 2ad, 225
Oxalse acid, 209, 225,237

Ofster muxhroom, 105
OFsters, feddening o, 43,4

Silorsy e, 280
s, lungux-rcsulam. 390, 393
ammobenmtnud. 317,319
35
ad, 167, 316 322
Paper: 2Phalt-cogrey, 113, tungyy 4.
tack op 3922393 213 D

Y. fung; 1 405414,
on pyyy, deteriorap e, 108413 pee:
dmym,4u~415
O 1416, 1, 292-293
3

,’and Mycorhizay tchl.innshipx,

Pnrzrypho.d Lever, 445
Paresis 4 71

Peroaychiy 460
FPage, i

pzdmlogy, Plane, 0, Plane pathology
Pawldin 46

Paxilly;, 304, 383
Peach Imlcurl, 344, 354~357
Paatbor, 46
Pectin, 267
Pectingses 4 H
Penatin, 146, 235
Penicidin, 1.4
Penicilte 2¢id, 146
pemn'llin, 4, Culryre
Method, 7 3 153~155:
dscovery ent of, 145,
147145 volume,
- S, 15, fungyg
Srains ang, 5,8 industrig] o
duction of, 7578 ¢ as “mjy,
acle dryp - } i Preser.
Vation of, 86, of, 154, Vitaming
and, 67, toe oo Peniajl, mdustry:
Peniesl
Pentail B, 227
Peniciltin Ndusery, Pment o
242, Tuitager, s i, g3
Femicllingse, ' 149
€4t 11yr, 1s, 200, 208, 227, 280,
09, 394, 4124 v 415, 421,
28, 4nrarllm»b'wme 2, 289, 285,
brefeld,, “m, 14, Ctcanle, 121,
33, Membery, 121, tbrnoprmm,
8, 83, 86-g 46, 22 + 231, o)
T4y, 146, 04, Iat'rloﬂn ) 146, €y-
Lopra, 3 : dalece, 250, gstaly
02, 419, 4 4- 5, & 7sum, 431

7, 0laty. 86, 14, » 149, 152,
"0taty z/;rymgewm. 153, Patay )
146, 305, Phoensce,, 3 v Dubery.
o, 146, YaqllI/D'/l, 127 24, 13,
Fubrym, 147, IPiny, otum, 304

Peticillogs 420

Pencose, 253
Peptase, 265
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perithecium, 16, 141

perléche, 468-469

pereophyte, 372

petroleum: in carbon cycle, 35, 37; re-
serves of, 197

Pfizer, Chas. and Co., 239, 246, 249~
250,298

Phaeophyta, 2

phenantheene, 303

phenylhydrazone, 254

Phislophora verrurosa, 454, 455

Phama, 51,59, 68,413

phosphoglyceric acid, 184

phosphopyruvic acid, 184

photosynthesis, 31, 34, 36-37, 137

#H range, in mushroom culture, 100

Phycomyces blakesleeanus, 316

Phycomycetes, 2, 7, 10-13, 19, 162, 263,
343, 428; cellulose-digesting, 43;
mycorhizal formation and, 50; plant
diseases caused by, 354

Phyllosticta solitaris, 346

Phylloxera, 350

Physarella oblonga, 8

Phytophthora snfestans, 352

pickles, spoilage of, 435

pigments, fungal, 303-304

pilot-plant fermentations, 74

Pilzwurzel, 48

pine, species of, $3-56, 60-61, 64-68

Index

pneumonia, 449; "brooder,” 472

Podasia, 460

Podonectria coceitola, 294

poison ivy dermatitis, 269

polioencephalitis, 445

poliomyelitis, 445

polyelectrolytes, 299

Polyporus, 407; abietinus, 43; birpidus,
43; lucidus, 380; schu einitsii, 375;
tersicolor, 43

polysaccharides,
sized, 299

Polystictus, 406

Polyzyme, 267

population increase, U. 5., 106

potato late blight of, 344, 353; famine,
Irish, 340; see also sweet potatoes

potassium: ferrocyanide, 215; iodide,
459,467,470

power alcohol, 196-199

power consumption, raw materials and,
137

253; fungus-synthe-

predisnone, 164

pregnancy tests, 314

Ppreservatives, chemical, 437
see also food preservacion

progesterone, 161

proteins, 107, in balanced dret, 132; in-
creasing demands for, 136; synthesis
of, 302

P , 13,354

plant: kingdom, cl of, 1-3;
pathogens, human infection by, 479—
480, pathology, science of, 348-349

plant discase, 339368, conrsol of, 365~
367; examples of, 349-365, fungi
2nd, 296-297, 343-346; losses aterib-
utable to fungi, 341; number of
pathogenic fungi, 346-348; variety of
agents in, 340

plants' curauve properties of, 138; non-
green, 1, 31, 6264, 69; sced-
bearing, 1

plant-scale fermentanions, 74

plasmodia, 7-9

plasmodiocarps, 8

Plasmopara s11scola, 350-352

plastics, 176, 236, fungus-resistant, 390~
391, industry, fungus activiey and,
289-291. laminated, 390, wood and,
369

Plectomycetes, 15

Pleurotus, 19,97,105

F
protoplasm, propetues of, 10
Protozyme, 267

provitzmin D, 170

prune syrup, fermentations and, 110-111
prunes, spotlage of, 425
Pseudoaethalium, 9
pseudomycorhizae, 56
pseudoplasmodium, 9

Psilopsida, 2

Peeropsida, 2

Puccinia coronata, 362

Puccimia grammss, 344, 362, 365
puffballs, 4, 19 .
pulmonary mycosis, 445

putpwood, fangal decay of, 406408
pure-culture techniques, 25, 51, 81
Pure Food and Drug Act, 437
pycmdua, 22,23

pyelonephritis, 465

pyocyann, 147

Pyrenomycetes. 15
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soil—(cont'd)
genic organisms in, 148; sterile, in
spore preservation, 87-88

solac energy, 137

Sordaria fimicola, 317

Spacelia stage, ergot production, 143

spacelotoxin, 141

spawn, in musheoom culmure, 100

Sphaeropsidales, 22-23

Sphaerossilbe auranticola, 14, 294

Sphenopsida, 2

Spicaria, 412

Spirochaeta cytophaga, 396

sporangia, 6, 10, 446

spore: culture, 25; load, on fruits, 424;
suspensions, lyophilized, 87

spores, 6; germination of, 8; as inocu-
lum, 88-90; sexual, 16

sporidia, 363

sporocatps, 51

sporodochia, 22

sporophores, 67

sporottichosis, 417, 464-467

Sporotrichum, 464-465

sporulation media, 88

spruce, in paper manufacture, 410

Stachybotrys, 22, 412-413

Staphylococeus aurens, 147

starch, 41, 314, in aleohol producuon,
182, 187-188; enzyme hydrolysts of,
42

starvauon, threat of, 106

Stemonitss fusca, 9

Stemphyllinm, 395-396, 402,413

Stereum, 18,407

Index

suberin, 44, 46

succinic acid, 192,220,237

Suchot CSP, 214

sucrose, 181, 275, 314; in citric acid
production, 209, 212-213, 216

sugsr: in alcoholic fermentation, 181,
187; in citric acid production, 210—
212; as food preservative, 437; in
food yeast production, 110; solutions,
fermentation of, 81; syrups, hydrely-
sis of, 260

sulfatase, 266

sulfite liquor, food yeast production and,
13

sulphur compounds, synthesis of by
fungi, 303
swarm cells, 8
sweetening agents, 274
sweet potatoes, spoiling of, 432433
biotic rel hio. in il

formation, 59
Syncephalastrum, 11
synnemata, 22
syphilis, 449, 465

Taka Diastase, 266-267
Taka-Koji, 261
Takamine, J., 262, 266
tannase, 203
taqnig, 201-203
tanning industry, 267
Taphrina deformans, 14, 354, 355-356
araaricaad, 430
wartrates, 267
lephoric aad, 304

sterile d of, 73
steroid hormones, 91, 160
steroid nucleus, basic structure of, 159~

stetords: defined, 159; dehydrogenation
of, 164, epoxidauon of, 164-165,
fungus hydroxylations of, 164; mucro-
biologtcal transformations of, 159~
166

sullage, fermenurion, 134-135, 195,
266

Sulton cheese, 121123

steck culures, maintenance of, 83-88
seraw, as hivestock feed, 1

strawberries, cultivated, 68
sureptomyan, 155-156

Stysanus, 22,413

teliospores, 17,363

teonancatl, 486

Tetramycin, 155

textle indusery, fungus amylases in, 266

textiles, fungal actack on, 391103, fun-
gus-resistant, 400, ancubanon  fest
chambers for, 398-399

Thallophytes, 2, 49

Thamnidsum, 11

Thelephara, 301

thaamun, 167, 316, 319-320

thrush, 468

umber and umber products. buildieg
construction problems of, 383-381.
decay of, on ground, 375, destructon
of, 369-386, mine umber decay, 466.
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yeast—(cont'd)
distiller's, 81, 130-131; ethyl alcohol
and, 302; fermenzations, 77, 88-89;
23 food, 106-114; in food spoilage,
420-421, 425, 434; German process,
126, 128; industr , bread making and,
126; irradiated, 72; large-scale pro-
duction of, 107; mash, in alcohol Ppro-
duction, 194; metabolic Pproduces of,
302; rumber of plants in, 1; preserva.
tion of, 86; proteins, vs, meat, 132;
from prune fermentations, 111; a3
source of fat, 286-287; synthesis of
1-ephedri, i

Index

yeast-breeding Pprogram, 180

yeast culture, aerobic and anaerobie,
194-195; appararus for, 129

yeasting, in alcoholic fermentation, 193-
195

yeast invertase, 72
yeast tubs, 193195
yellow jaundice, 139

zoosporangia, 12
z00spores, 12
Zygomycetes, 11-13
Zygopichis, 425
Zygorbynehus

P by, 157; therap uses
of, 170-172; uses and nutritional val.
ues of, 113-114; Vienna Pprocess, 126;
vitamins and, 110, 113-] 14, 170;
yields of, from various media, 128;
see alto mycoses

Ramus, 11
Zygosaccharomyces, 323, 425; acidifa
ciens, 277; globiformis, 435; marxi.
anus, 317
zygospore, 13
zygotes, 8












