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Foundatfons
of Modern
Blofoqy
Serles

of fifty twrenty-five, or even ten years ago
Today s accelerated pace of research, aided
by acw lnvtcamenty techrlquer, gxd paiaty
of view fmparts to bology a rapidly chang
ing character as discoveries plle one on top
of the other All of us aro avare, however

question, and forces m comtantly to reap-
prabse and often to reshape the foundations
upan which biology rests. An edequate pres-

fty and it is the authors strong conviction
that these stodent peeds and teacher pre-
rogatives can best be met by 2 sexles of
shart, inexpensive, wellitten, and wefl-
{Ttstrated books so plaumed &3 to encompass
those areas of stody central to en under
standing of the content, state, and direction
of modern bidlegy The FOUNDATIONS
OF MODERN BIOLOGY SERIES repee-
seuts the tramslation of these ideas fnto
print, with each vohune belng complete in
el yot at the same Hme serving a3

frtegral part of the series a3 a whole, ~






[
For-ftu--leydmd.r the chicken may merely

Preface

bo &n eggs way of making snother egg. In
this book, the suthor withes to pay tribute
and offer his gratitude to the mechanism
choten by the egg to replenish ity kind, for
this mechanism has much to do with hered-
ity The study of heredity s in its ufancy
but ft hes already establubed itelf as o
sclence i ity own right—the sclawe of
geoetics. Within this fiedd, we can and do
formulate  hypotheses, make proedictions,
and subject tham to rgorous test—quan-
ttative experiments. Young it &5, but ge-
Detics bas alresdy attracted the attention of
many glants and b the first of the biological
schences to enjoy the coucerted efforts of
biok chemisty, and pb

of foods and drugy, of intelligence and be-
havior and the explostye peohlems of pop-
ulstion. In fact, genetics intrmdes in all
walks of hfe Its tnvestigators bave diverse
interests and aspirations, yot throogh them
o]l runs a common thread, an titense co
riosity abont genotic material, its nature,
its potentialiies, and it manper of trans
miston. In the fleld of heredity thera are
many points of view far the science b5 busy
on many fronts. My colleagues mxy well ay
in anguith at the blased views in this pres-
entation. But so brief 8 book on the subject
makes arbitrory decidons imevitable, and
here we eloct to discmts ope aspect that
‘binds geneticists ot all persaasions together
—the gene and what it does.

1While the discossion of beredity in
thit wolnme t centered around the wene.
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Preface

genetles tmpluges on oll arpects of biology—on physiology bochemistry
mdmmgltmdumlndfmdim.hnmm}ynfew
ThaomﬁeldJewemdbythootherboobcfthMu.nndwmpe
that they be read, for armed with more extenstve knowledge of modem
Iology ymwﬂlbcabletuun’!d:yomlmdmhndlngufthomy
sided field of heredity
Writing, Ifke heredity requires genes The suthors genetic endow
meat in writing #s modest, but luckily he enjoys generous and able col
leagues. In the plaming and writing of this book, the collaboration of
theso colleagues, especially of Dr Stanley E Mills, and the editordal -
ushitance of James M Guiber Jr was invaluable and the authar s in.

} debted to them for whatever clarity sophistication, and polish the velume
J possestes.

Daoid 3f Honner
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The
Materlal
Basis

of Heredity

elementury

of biochemical ectivitics that & cell mrast
coatain fust to survive. Yet we also know
from everyday observation that each oc
ganiom must have not caly the means to
‘nalatalz, Ysall Yok ‘afarnotiem G o
grmodndn‘glyﬂum:ﬂ‘a'mdfnwnﬂ.m

that this inframmatlon Ln annbatnadd !




! The Matendd Bam of Heredty

of substances which fs pased on from one geoeration to the next, and
which in lirge mesnure prescribes the nature of the rucceeding generation.
These substences we refer to as “the material basfs of heredity
The sclentific study of the material basts of heredity began in the
Istter part of the nineteenth century with the work of the Anstrian moak,
Mendel His expesimental results led him to the formulation of
the “laws of heredity which, in tum, provided the inspiration for the
research that continues at an sctelerated pacs today Of grest current
interest s tho fact that recent work in this field has brought about a
\ in modemn exg d biokogy It has led to the development
of what is pow known ar moleculer blalogy fn which the disciplines of
bology chemistry snd mphyvics have fusad to create o field of challenge
and excitement. It f1 this field that thows explonve experimental activity
at the present tme xnd it s the xuthor s biss that malecular bology offers
the best oppostunity for grining insight into the basic problems of biology
3 they sre now defined Hence the present discussion of heredity wll be
centeredt around the developments of recent vears, developments ustug
a3 experimental tools microorganisms rather than higher plants or higher
sntmale Our hope is that fo this way # wilt be poosilde not oaly to present
cloasly the principles underlying the science of heredity Le, genetics but
at the same time to give some fnsight into the problems of the present
and the fascination of the future.

The Collslar Elemanhy

Al organisms consist of cells. Morcover whether they cowstst of
oo cell or of thousands, they grow and reprodace by cell division, A bec
terium b & single eoll. It grows vntl]l it has doubled in skze then repeo-
dures by sphtting in two. The result of this division two identica] cells
rom one. Man ir 2 multicellular organizm and be, too grows by inerease
in cell stue and division of hu constituent cells. Ho reproduces by produc
ing covtain cells (gametes) sperm (make) and eggs (female) which fuse
to ghve rite to a sngle fertilired opg cell {zygote) The zygots is capable
of growing and dividing, and of ultimately giving nse to s new multicelln
lar individual. The inf: needed to Juce 2 complex multicellu
Yar tndividnal is thus tremsmitted fhrongh a single cell, and each dividing
cell in turn must contain the foformation required to reprodfoe jiself The
elemeants of heredity belong to the cell, therefore rather than to the
organtim, and, fn conndering the material basiy of heredity we are free
to focus on the p Ived in the reproduction of single ceilx.

What elements within ¢ | can be etpected to carry heveditary i
formaation? Consider the stractor  of 2 ccll The basic structores of most
cells are remarkably stlar (Fre. 1) A coll is surronnded by a coll mewm-
brane and sometimes an outer coll wall, Within tho membrane there is the
nodleus and cytoplasm The nuctoun of most colls is » discrete body hav




M tochondra

Ag. | thm-n.m rp-
ressntebion of

ing & nuclear membrane and contatning thread Hke structures (chromo-
somes) The oytoplasm contaims a nomber of discrets elements.
Mitochondria (small particles having a defined and charactenstioc mar

electron miscroscops, we csu see stll smaller particles (microscmes)
Thus the cytoplasm i3 foand to coptain different kinds of particulate
elementy, varying in number and, as will bo seen later in function, while
{n general but a dngle nucleus s found per cell.

The cellular edements that carry bereditary information must be
present in every reproducing cell In addition, to account for the fact that
ke faithfully begets Hka, theso elements must be capable of reprodocing
or dividing accurately The nuciem folfills these requiraments. For ex
ample, every cell capable of reproduction has & maclens- cells lacking ops
cannot reproduce. Not every cell has a well-defined nuclens, the bactena,
for example, but even they have characteristic muclear bodies. Duting cgll
divistoo, the muclens divides by an elaborate mechanism (mitovh) that
Jeads to tho prodnction of an exct copy of each constitoent chromatome.
It i the clromosomes fn the mucleus that carry tho material basls of
heredity

Chromosames had been seen in nuclel for a great many years befors
their fanction was known, The proof that chromosomes are bereditary
elements came from the work of Thomas Hunt Morgan and his colleagues
W‘Hngwﬂhthe&u]lﬂ'yDrmphﬂLTOLmdﬂtundb)wﬂcmldbe
thown that ch are tho b ! ts, vwo mst consider
brbﬂythocxpcrlmmhomeMnndd.MmduLmﬂngwﬁ:tbe

comranon

to be inherited independently of one another For instance he mated a
strain thet formed tall planty and had wrinkled seed coats to one that
formed short plants and had smooth seed coets. In the progeny the trait
for tallnees {as against shortmess) was trandmitted In equal pumben to
the plants that had wrinkled seed coats and to thoes with smooth seed
comts, Thess ahservations led Mendel to conclude that in scvual reproduc
tion the inheritance of one trait f+ independent of the inheritance of an-

other
Many years later however Moryam and his essoclates, studylng tho
frult fly found that certain mb{.r;}urrn of trft wren ranamted m./



| The Material Basn of Heredity

gether ing that the hereditary el determining thess trafts
wa-o,knlcl‘nowny linked. Analysts of the inheritance of many traits
showed that they could be separated Into several groups. Within each
m(homm,mdﬂ:acfmthchaedmrye[anenummﬂmgthm
were inherited together Lo, they were linked. On the other hand, the
inheritance of tralts, each of which fell into a different group, showed the
independence observed by Mendel. In Drosophila melanogaster four and
anly four linkage groups could be found. Cytological obtervations re-
vealed that the colls of Drosephils contaln precisely foor distinet palrs of
chromosomes, An interesting coincidence,

Morgan th Tuded that the ch must be the
buruiihrydementx,mdhamﬂg}mﬂmhcmbombqu\oyml
study of the glant chromosomes present in the tells of the salfvary glands
in Drosonhila. For example a fly was formd to have an abnormal trait, and
this was reflected in an abmormality in the structure of ooe of ity chromo-
melemﬂ:hﬂywmmllnitonnamulﬂymdh:epmgmymﬂned.
it developed that every fly with the abuormal chromesome had the ab-
normal trait. All the normal progeny had the normal chromesome. Thus
the combined use of cytology and geoetic analysis led to the clear proof
that the chramatomes of the noclens carry the genetic material,

with respect to chromosome number and chromosome

MHosls

Since chromosomes carry tho hereditary information, we would ex
poctdnmtobanu:nntnlyrqrmiuwdmdumsm{maﬂinmmdﬂ!ymd
procite way They are. Sometime during the Hfe histary of the cell, an
exact copy of each chromotome b synthesized. When cell division s trig
gered, & soquence of events occurs which results in the formation of two
cells with identical sets of chromosomes. This type of nuclear division is
called mitosts. At first glance, the varlous stages of mitosls appear over
wbelminglywmpﬂcnt:d,butwhlthmplhhedhdmple.lnlﬂd

the chromesomes coatract and gather independently of one another on a
plane approximately in the center of the cell Each chromosome is then
seem to be tightly paired with its previcusly synthestzed copy The sister
strands, or chromatids, then separate, one to each end of the cell, and two
identical sets of chromosomes are formed. The nucle! rearganize, and the
cell divides in two A mitotic cell divinion, then, is simply a divisfon that
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bodie  the uclest The wxhw chromasomes are separeied,  nd two
wew cols e formed  {Copynght by Gusers! cal Supply Heecs,
lae, Chicego )
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Sinocbodz ytological and genetic evidk givo

DNA
The Genetic
Materlal

overwhelming proof that chromosomes
carry the hereditary material, & stndv of
the chemical nature of ch
might be expected to give insight into
the chemical basis of heredity Within
recent years, it has been possible to iso-
lats chromosames from the other con
stituents of the cell and thereby curry out
chemicel enalvals of chromosomes. It
turna out that chromosoves are complex,
not oaly in terms of morphology but in
chamical terms as well They do not con-
sist of a single chemica! substance, bot
are compoesd, chlefly of three types of
substances protetns, deoxyribouuclelc
acid (DNA) and ribonmclalc acid (ANA)
A brief word about thess three sub-
ttances. They are naturally occurring
polvmers. A polymer is a large molecols
formed from a few dmple malecules (the
mes ) repeatedly linked o chemical
boadage. Proteins are made up of vart-
ous comhbinntions of twenty simple mole
cules—amino acids—and different pro-
teiny may have anywhers from 100 to
10000 units DNA and RNA are generally
made by repeated linkage of four stmple
units colled nncleotides. A DNA mole-
cule may heve as many a3 30,000 units
strung together The chemical difference
between DNA and RNA, the signiBcance
of tho ardex tn which the units are knked
{primary structore) and the total num-
ber of esch unjt per molecule (compost
tion) will be discussed later It {s suff
clent for now to note that from pure
s Lanalysls of ch wearn
8




DNA. The Genetc Mateno! ¢

not ahle to conclude whether one of theso three substances contains the
gemetic information, or whether it iy contained in some combination. This
fs perhaps not too surpwising. Proof of this point must come ultimately
from biological tests.

In order to establish that a certatn substance cootalns genetis in-
formation, we would ke to isalate the substance in pure form from coe
organton and demonsirate that when it is pot Into another orgamtsm, trafts
of the first argenitm appear In the second and are patsed on to the progeay
of the second—a stmple and sensitive test, To dats, it has not been pasibla
to do this with material obtadned from chromesomes of higher plants or
antmals, bat it hes been pemnble to do precisely this with certain bacterle.

Traastormatien

Cariously enough, the Hnes of inqutry that led to s
ciﬁnchnniulmtnmdgcnoﬂcmtu-hlmﬁumntmdydﬂx

Dipl which caures

lent strain, the anfmeb contracted poeumonia (Fig. 5) If animak were
inoculated with cells of & virulent strain that previously had been Kiled
by treatment with beat, the animals showed no symptoms. However when
lninnhwmh:omllmdwﬂhbothnimlmtmdhﬂxklﬂedvku]mtcdlg
neither alone suff for disemse producti of

did appear :nd,upmbokﬂmoftbampmyvmgrbemthmsymp
toms, & virulent strain was foand. Mereover the strein retalned iy virmn
lence throogh countless ccll divisions. The presence of heat-Lilled viralent

collaborators at the Rockrfeller Institute opened the way to the identifica

tion of the chemical nature of the genetic matertal
It s now known that many inherited bacterfal traity -will undergo
transformation, and that it can be carried out in a test tubo as well &1
in mice, For fnstance, again with the preumococens organism a3 an ex
ample, certain stratns are killed by the antibiotic, streptomyvin (and are
thus called tive) This is parred oo from ooe
cell to another at cell divition. Other strains are known to be resistant to
abo a heritable traft. Suppose we perform the followling ex

then make a dilute salt extruct of the mass and discard the insoluble cell
debrit. Add some extract of the resistant. n to a growing population

r
s
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of u sensitios strain, Muny cells of the semitive strain are now couverted
to streptomycin-registant cells, and they pass this resistance on to their
progeny Extructs of streptomycin-resistant cells, therefore, have the cffect
of cansing a permanent hereditary change from streptomycin semitivity to

resistance.
It then proved possible, by chemical fractionation, to fsolate the sub-
stanco in such extracts that causes this changs in genetic traits. It was
shown that the DNA present in such extracty f1 the active component.

Sirapiarrycn Durapiedd romsiert Cule
et Colla ol
1./
Fig. &, Bachedal traneior
m+&—_.cp% wation 1n tha test tube
()O [ o) wing punbed
DA feom DNA the tralt wrep-



DNA. The Genatc Material

DNA can be isalated from streptomycin-reistant cells and highly parified.
Whmd:.hpuﬂﬁcdDNAhnddcdtnﬂmmedhnnhwbﬂ:hth‘epﬁmydn—
sensitive cells are growing, of y
to sfreptomycin-resstant cells will occur Thﬁa:m'lmdinmrypbmaman,
molecular sex ff you will, may not captfvate you from an zesthstic point
of visw buat its fmportance in teams of ity contribution to the understand-
tngdgmedcm:tu—hlcnmotbaomuﬂmmd.
can be d d i other bacteris. Cextain
dnlmufnfntmduﬂed&nﬂlumbﬂlhmngxwhlmﬂihmﬂn{doa
not contain the smino acid, tryptophan. Tryptophan & neceszary for Hfe.
1t is one of the essential units of nearly all protein, and He as we know it

environment if they are to grow and divide—tryptophan-dependant
strains. Both properties, tryptophen depeodence end tryptophan tnde-
pendence, are herttable,

DNAsextracted and purified from a tryptophan-independent strain,
when added to a growing culture of & dependent stratn, will transform
maxny of the cells to tryptophan

DNA thw folfills the criteris set forth earlier Le, for & certatn
h 1 b to be di d &1 the genetic mformation

of & given organtmm, # should be present in the nodens or tuclear bodies
ad we should be able to tsolate the substance and demonsirate that when

tion. Ths we mxy concluds that DNA is the chanical substence which
serves as the basis of heredity

Bacterial Virwses

A second line of inquiry that has abo led to ideatification of the
groetic material as DNA fs the stody of bacterial viroses. For a better
understanding of the nature of the evidencs, it wonkd be well to describe
a typical bacterinm and bacterial virus,

have char

electron mkeroscope (Fig. 8) Bacterial virnses cannot reproduce in the
ahsence of bving bacterial cells, and they are found to comsist of only
protein and DNA.
The life cycle of a typical bactedal viros (bacteriophage oc fust »
phage) b given in F1g. © TboH.facy&emlybndlvidodh:inthrrediﬁ:lm}a’
S






ticle has a protein cost around &
core consisting mainly of DNA.
Thos the material that is infected
into the becterial cell and that fritl
ates the formation of pew virms
particles &5 DNA.

After infection of the virns
DNA, the bacterial cell goes nto a
period of vegetative virns forma
tion during which pew vires DNA
and protein are rynthesized inside
the bactennum. In the final stage of
this twenty-mumte life cycls, the
newly synthestred virns protein and
DNA are assembled mto new virus
particles, the cell ruptures, and the
viruses spill out into the medtum.
The potnt of particular miterest bare
is the fact that the materlal which
is injected fnto the bacterial cell,
and which inftiates the formation of
new virus particles, s DNA. The
genetc Information of bacterial
virures f5 therefore contained in
DNA. Study of both bacterial trana
formation and bacterial viruses
consequently lesds to the cancha
slon that DNA 1 the chemteal batis
of heredity

Infectve RNA

This condoslon  however
brings up a contemporary problem
of great importance. Many differ

gate requirement for a living bost
for rephcation. In addition to bac
terfal viruses, plant and animal

Camt ok heta
o
Tl Fhn
Schome!  dramcy of borecpieye merphsiogr

Cmtra f D Prage D44
Cot s
N
At of ey to bamienel 2
g
o o
Col OMA b s /l
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Promgr DA b gt Coll masipieliy meaeh mory

sad
tem mhy aew afectve poct!

viruses are well known. While bacterial viruses are found to consist
of proteio and DNA, many plant and animal viruses are known that
conaist of protein and ANA instesd. Tobecco mosake vinm, & wellknown
virus of tobacco plants, fs of this latter type, as is the viros that causes

¥



14 DNA. The Genstk Material \

human poliomyelitis. Using the tobacco mosaic virus (TMV) we can
carry out some very interesting experiments. By chemical means, it s
possible to separate the protein and RNA components of TMV (These
cam be put back together in the test tube, where some stable viruses are
reformed thus at least some of the protein and ANA survive the sepers
ton uninfured.) If we inoculate & tobacco plamt with just the protein
fraction, nothing bappens. If, however just the RNA component {s inocn

ton necessary for the synthesis of both the TMV protein and the RNA.

In view of such observations, how sure are wo that, in higher organ-
isms, the genetio information Is coded in the DNA of the chromosamesP
Whils infective RNA is known in plant and animal viruses, we still know
relatively Httle aboat the manner in which it replicates. Recent experi-
mental evidence suggesty that its replication involves an tnteraction with
the DNA of the host cell. The fact that DNA is the only substance which,
if transferred from one cell to a second cell resnlts in hereditery changes
in the second cell (tramsformation) i a strong indication that it is the
primary substance in which gemetic information is coded. The trundation
of genetic information into action involves, as‘we will see, RNA. The two
compounds are intmately related, snd the veey closeness of this relation-
ship could well resolt in RNA exhibiting an apparent primery genetic
function under certan cireumstances, as in TAIV

At the present time, therefore, it appears hls to tude that
incrgmimn.h:geumldmgmedcmfurmxﬂonhcodedmduDNAnf
the chromosomes, and that the RNA iy involved in the tramlation of the
information into sction. Foc the moment, wo need not concern ourselves
with the chemical structure of these compounds, for thetr structure will
be of greater interest after wo consider how DNA transmits hereditary
nformation and bow ft can determine the characteristics of specific cells.
Armed with the knowledge that the material basts of heredity is DNA, let
us next consider how this substance acts.




ngbe{mnﬂwdimrﬂ'ydDNAudnd:un-
cal bettr of beredily the Inberitznce of
well defined characteristics in insects and
domestic plants had been stodied by
mexm of the basic tool of genetics, the

test b a5 old = genctics, mod was the

\\uxpuimmnltoo{ﬁnlmabkd\lmdd
to farmulate his laws of inherttance.

Detafled study of the tranzmission

Genes alterpative forma (if this wers pot troe,

and the inheritance test would be frmpoxsible)

The alternative forms of a single gene are

Biochemical called alleles. For example, ope aspect of

the property of blood-clotting jn man b

Reactlons  4rined by o specific region [n ono of
The

and 3 we brcome more chever §
18
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p.-ymg,wewﬂ]pmb-blyﬂndd\nnﬂgmuﬂﬁmmnyahdmtefm

How then, are the genes assembled? Through patient and careful
study of the transmitsion qf specific traits, individually and fn combina-
tlon, & concept of the structure of a chromozome emerged that can
be likened to beads on a string. Each chromosome can be repreeented
a2 g single string of beads, with each beed representing a unit of genetic
material, the gene The alleles of a given gene would carrespond to differ
ent forms or colors of a particular bead. A particular bead is present on
ouly ope string at & time, and, whatever the form or color of the bead
(allele) it is always in the same place on the string.

Nexroipora LHe Cycle

To clarify and extend these idees we will comider fn some detall
inheritance in the fungus, Neurospors crasss Neurospora was chosen be-
canso it has sttracted the attention of a group of outstanding sclentists
wbom\n-iﬂhntm‘puﬂnmuwﬂhﬁlha’gmkmhavemm'!buwdnmdl
to our current wnd g of the biochemical basts of gene action.

Neurospara narmally grows ding mycel The mycelft
13 composed of individual strands, hyphae, which contain many nucle! in
2 cotmmon oytoplasm. All the nuclel have ope set of chromosomes, Le,
they are baplotd. (See Fig. 10 } Vegotative or asexual reprodnction occurs
by growth of the hyphoe and repeated nuclesr division. Asexual repro-
duotion also occurs by foarmation of asexual spores called comddia. Note

Al
d::éé >‘/~\:{ &
Tyyves jdl pled
% T ;
frv-d °
\_ By
-
-
/ Fig. 10. The Lfs crche of
N wrospors.
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particularly that the mature fungus is haplaid (s opposed to, sy man
who b diplodd) and that aseusl reproduction s based entirely on mitotic
divisons of haploid muckdl. Netrospora also ondergoes sexual reproduc
ton. Sexnal reproduction requires the foson of two haploid nudd to
give rits to & diplold nuclens which then undergoes a reduction diviston
bymdmh.FndmufthotwohnploldnuddocnmLhmughtheunlmuf
two strains of opposite mating types. Thess strains are indistinguishable,
morpbologically but they can be shown to differ in mating type by the
fact that if strains of opposite mating type are grown together character
fstic sexnal spores (ascospores) are formed. Straims of stmilar mating
type, if grown together do not form such spores.
Thetwomﬂngtypamdd'lgmtedAmda.Inmmlrcp’oduc
ton, then, & cell will be formed conteming one haplotd nucleus from
ﬂrlhlAlndunoh:pHdnudunfrumrtnlna.Thuuuddfuwtndghe
» diplotd cell. The fusion tuclens then undergoes mesosls 10 & sac-liks
stroctare called an ascur. Lets go over this cerefully and ghve it yoor
close attention. Yoo will find 1t rewardmg in understanding what follows.
Enchmduuh—hg:tud:esaualfummﬂenualmdchm—
mmwdumymmdmmmmmdm
dﬂxucm,they:howmmgmmuxlmncbmmdmetohawdm
to ane another ud:gemmunoduummﬁdmdyp-htdmlhlu
allels on the other ct (The forces ible for this pairing
muyetm:known.)mdmﬁmc.ywmﬂmﬂ,ochmcmbaddr
Plhlppc!nnlflthldrpﬂtmtwo.m;rmouﬂvdmmbcd,wbn:hww
crsentially 4 chromosomes (a tetrad) undergp 2 reduction divisions and
form 4 haploid moelef, the products of mexons Each tetrad distributes

Fach of tho 4 products of meiosts then divides mitotically to givo 2
tdentioal moclef, and the fnal result is 8 nuclel that stem from the original
dipkidmdan.Spcrewnﬂ:mfamcdumndudJundemtufmmB
Whhmmwdmm-pﬁmo{m
C"L’»lndﬂnmdtvﬂnnllmpaumnybagﬂmhn!admgivarbem.
Whlp*ﬂ‘ivegehuvuorgnnmn.mmmuﬁngupectofnwﬁ:ﬂ:h
Num'mpcnmdda}uﬁmnc-hkcmuum,ﬁwumm.ﬂwmhw
W'mgh-oth.ﬂnthedlvtdcn’foﬂwmgdﬁeﬁntdhﬁwofmdmh,
the resultant noclel cannot alip past oo another The mature ascos thas
contatns § spores in Hnear armay and tho arder of the ascospores reflects
the order of their formation during mefosis.

The Inkeritance Test In Nesrespora

ancwcmﬂderthamnmmand-mtdﬁcuuuhlhhmgm-
LﬂTLNcmmponm;]]yg:mm-q:rndJngmyteUmAnﬂanHmm
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1s known which shows & button like or colonial type of growth. The colo-
ntal type can be mated with a normal stratn and thelr progeny examined.
Upoudinodiouandgumlmﬁcnofﬁne{ghtucmpmurmlung&um
such a crosy, four will show the coleuial growth of the variant and four
the narmal spreading growth, Half of the progeny are 1fke ono parent, the
other half Hike the second. This would be expected ff the traft—spreading
growth versus colonfal growth—is determined by a single gene. The
normal strain has e gene (+-) on one chromosome that determines spread
ing growth. The colanial strain has an alternative form of this same geno
(¢) thet rexults in colonial growth.

As shown in Pig. 11, the fusion nucleus formed by the mating of
thess twro strafos tns two homaolegom chrom one bearing the

Fig. 11 The mhertts co of  sgle-gene d ference Gene [ | determines
Coloauliype growth while H1 normal 1 le determmnes  tprascing
The waumce ot the laft dalus the iy bwhevior Mot
segrigation occurs b it dramon, geving 44 spore 1t nge-
menf in the sscus [Atter Basdle.) -
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nurmnlgme(+)mddn'eumdthoeolaﬂnlﬂlale(c) At melosls, thess

two homologous chramotomes pair and form a tetrad. At the frst divicon,
the replicated members of the pair are drewn to opposits ends of the
ascus, and so0 segregate the (+) and (c) alleles from each other The
secood division ¢ spindles are then formed and segregate the sister strands,
giving two nudel having the (4) gene and two nncled having the ()
gooe, Each nodeus now ondergoes a mitotic diviskon to give four nucled
having the (+) gene and four muclel having the (c) gene. This emmple
clearly fTlustrates the fmportant general principle that sny trait fn & hap-
lold organism, such a5 Neurospora, which fs controlled by a ringls gene
mast thow & ope-to-one segregation in the progeny This inevitably fol-
lows from the fact that there is equal genetic contribution by each parent
in the formation of the zygote, and that each homologoe chromoseme
thows equal replication.

Random Assortment

The haplotd mucleus of Neurospora contafns seven chromaosomes.
Specific genes are known to be carried on each of the seven chromosomes.
This pases the question of how two genes, each carried on a separate
chromosome, during melosts. We can answer the question by

nial stratn (-4 ¢) by en albino spreeding strain (alb +)

By examining largs numbers of spores fsolated at random from many
scl, wo find the following distnbuation 2 per cent of the progeny are
albino and spreading (alb +) 25 per cent are arange, colonual (+ ¢) 23
per cent sare normal {4+ +) and 25 per cent aro afbino colonial (alb o}
However {f wo examine the individual spores from single ascl, we find
that half the asci exmined cantalned four albino spreadimg (el +)
and four orange colonials (4 ¢) while the other half show four normals
{+ +) and four albine coloaials (afb ¢} Let ws convider this phenome-
Don in terms of the behavior of chromoesome<.

The diplodd cell or rygote formed by mating a colonlal and an albino
stratn will contain fomrteen chromosomes conststing of seven pain. Chro-

ofous chromosomes pair and then scpregate

1
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At the first mefotic division, chromosame 1 of the albino strain bas
an equal chance of sogregating with its own chromosome 2 or with the
chromaosome 2 of the colontal strain, If chramosoms 1 of the albino strain

writh its own chromosomse 2, an ascus will be formed containing
four alhino (alb +) and four colonial (4 ¢) nuclel. If, however clwo-
mosome 1 of the albino strain segregates with chiromasome £ of the calo-
nial strain, recombinant nuclel will be formed. Half the nuclel will carry
both the normal genes of chromosomes 1 and 2, and half will carry both
the () and (alb) genes. This example {ltustrates & mafor principle of
genetics, namely that the assortment of diromosomes during mefosis 5
modom. Rendom assortment, in turn, results in genetic recombination,

Linked Genes

Since many genes are carried on a single chromosome, we must also
congdder the transmission of two genes both of which are carried on the
same chromosarme. Such genes show the phenomenon of linkage, Le., they

of crossing over Consider two gene patr, p/+ and 4/ bothufwh!ch
are curried on the same chromosome, with ¢ farther from the centromere
than p
centromers P :
'

! f
T T

Ths centromer e 11 the point on the chromosome where the stster strands
remain attached prior to separation, and {t is also the point where the
fibers from the spindle attach and draw the strands to opposite poles.

If the strains (p +) and (+ ) are mated, and progeny ascospores
rolated, the majority of the spores upon germination would be of one ar
the other of the two parental types, efther (p +) or (+ 3) However
recombinant strafns are also found, i e, strains that are normal with re-
spect to both traits (+ +) s well as the double mutant carrying both the
send p traits (p 3) The two recombinant classes are invariably present in
progeny in equal propoction. The total number of recombinant progeny
however fn this case, fs Jess tham that predicted on & basis of random ar
independent transmission. If thess two genes were transmitted fndepend-
ently of each other 25 per cent of the progeny would be like ane parent
{p. +) 25 per cent like the second (4 ) 25 per cent would be pormal
{4+ +) a recombinant class, and £5 per cent would be the double mu-
tant (p, s} the second recombinant class.

The hallmerk of linkage fs the fact that the total number fn the two

b classes is ficantly less than 50 per cent of the progeny
As shown t Fig. 12, recombination of linked genes results from an ex
d;mgnd;epnenubchmmn-dﬂerm-rdxmdnda&ypahedhund
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(s, p) Note carsfully from the figure how the two melotic divisions then

be readily determined in Neurospora by poting the spore arrangement in
the ascus. If no crossover occurs betwoen two genes, the fint melotio divi-
don will result in their separation, the ascus will show & 4 4 armangement,
and the two classes will be tdentical to the parents (ses Fig. 11) If, how
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will not occur until the second

has

division, it will result in a 2.2 2.9 segregation, and the two perents] and
two recombinant classes will be presest. This i3 dlsgrammed in Fig. 13,

In the photograph (Flg. 14A) oue can clearly see both cromsover and noo-

consover ascl
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The farther away a gene is from the centromere, then, the greater the
chance of a crossover between the gene and centrowmere, and the groater
the chance of 2 2 2 2 2 (second-division) segregation. The frequency of
first and second-division segrepation thus permits the ordering (map-
ping) of genes relative to the centromere, for the gene dlosest to the
centromere will have the mmallest ratio of lst/2nd division segregation,
whlkﬂngcmfarﬂmtnmy\dﬂhawthehl@mﬁehdl}utthe
chance of a crossover in any given part of a chromosorpe s about the same
for any other part of the chromosome means that the farther apart two
genes are, the greater the probabulity that a crossover can occur The
greater the probability that a crossover will ocour the higher the fre-
quency of bination. Thus the freqs of bination is & meas
ure of the relative distance betwreen two genes. This fact permits the
preparation of genstic maps. A map of one chromosome of Neurospora is
given in Fig. 14B For a discurdon of the detatls of the construction of
such & map consult Chapter § of the text by Srb and Owen.?

Mrutation

Geno configuration is not fired. As has been mentioned, a given geno
can exst in several different forms (alleles) A change of & gene from one
form to another #s called mutation. Mutation #s of paramotnt fmportance
to the study of heredity for it must be re-emphasizred that we can be
aware of the existence of & gene only when more then one allels of that
geoe (s observed. The rare mutation that occurs spontancowly in nature
provides varation and permits the evolution of new and novel forms.
Mutation frequency however can be incressed experimentally This was
first shown by H. ] Muller using X rays X-rays and other jonizing mdia
Hoos increase mutation frequency ey do many other agents, e.g., beat,
ualtraviolst Hght, and chemicals snch as nitrous acid and nitrogen mustard
(the mustard gas used in Wordd War 1) These and other mutagenic
agrnts are extremely useful in genetic research, since they permit s to
explare the possibilities for variation that are inherent in genetic ma-
terial and to utilize mamy mutant genes as tools in experiments.

Genes and Nuetrition

We are now in a position to consider a problem of primary coo-
temporary toterest and research, the mechanism of gene action. The
genetio trafts we have discusted up to now have been mainty morpbologl-
clLbutwuhwwdn!lblad}emICulbuh\mmtlmdﬂﬁed]nmhpb&
nomena, Cells of a colanial form must differ from cells of a spreading form
in blochemical characteristics, even though the nature of such differences

1AL Stb and BD Owen, Ganerel Cenatics (Ban Franceen Freemen, 1853)
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{s otfll unknown. Such a statement tmplies that gene ection ultimately
must be expressible in terms of cell chemistry To get at thls problem, we
obviously need tratty that can be studied hiochemically So-called mutri-
Honal traity satidfy this requirement. These were first fntenstrely studied
inmiu’mrgnﬂnm,mdhemwegmthaﬂntdmeo;ruphaw
thees experimenty were wied for the analyrs of gene action, however
requkusamcundurund!ngufmﬂulnﬂodumﬂry

The basio ch cellolar binchemistry pertt to a dis-
mnimofgmeﬁuwﬂ]bahndlyrwiuwedhnm For a mare detatled
description, the resder is referrad to the book by W D MeElroy in thia
wfine pexiey.

Comparative biocheristry has taught us that there are great sim-
{larities betwreen cells of phylogenetically different organisms. A surprising
bochernical unity 1y, in fact, found throughont the bving world. All Hving
cells are sirmilar in composttion and contain the same classes of chamical
compounds. Despite variation, oIl cells are buflt from the same building
blocks, and all ving things need essentially the same besic mutrients for

A cell synthestzes its vital companents by a serics of well-defined
chemtcal remctions. Most of there reactions require energy A coll, there-
fore, carries out another series of reactions {n which energy can be trapped
and forced futo synthetic resctions. A constant interplay thos exists be-
tween eoergy releastng and energy requiring reactions. The astonishing
fact that the cell can carry out all its necessary resctions under conditions
o(mtmttmnpqn:m-nmdprsmmhducmﬁmpmsmof:pcdﬂc

ber in the lab y the chemist can use

temperatures and pressures over many thowandfold ranges, while the

lmmmmﬂmdolhuodmﬂmy-thmd-mdnbmn
Hke other

1 why oaly very small amounts are needed per cell

All enzymes are proteins, and many of them requirs a cofactor (vita-
min) usually & small moleculs or a metal fon, to oy out their cutalytio
role. E: are sho ch red by spedifi Lo, s single enryme can
catalyze only a single resctim or cdlasy of reactions. In FIg. 15 a serles of
Hotynﬂrﬁcrucuanmma‘dnwpahu.ﬂwmlnaldd.ugnmh

thestzed from citrall Tline tn tirn from t and
ﬁmghumiclnld.ch:um!o-ddmbenndafnmglumbynlmg

WD Mefoy G Phide ot Wit (ot s £
N ] FPrestice-flall, Inc., 1961)
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series of reactions. Thus arginine i3 formed from glucose by a largs num-
ber of chemical reactions, and each of these reactions requires the par
ticipation of a specific enryme. A similar series of eveats i found in the
synthesis of the amino acid, tryptophan, although different intermadiate

compounds are

One last point should be noted. Whils a majocity of the reactions
tnvolved in the formation of argiine are common to the formation of
many compounds, there are a fow terminal steps which are unigue, (These
will be painted out shartly ) This is generally trus of the blosynthetic
sequences fnvolved in the formation of mast end products

Living cells very considerably in their synthetio powers depending
mwhlchmymadrypouen.owomly i @ cell cannot syntheskzo a

essentlal compoumd, it reguires

that compound as & vutrient.

Wme,d!.ﬂrqumurcﬂsdmymucmpabﬂimmm
ganirms can synthesize all their amino acids, vitaming, and nucleotides.
They got the energy to do this from relatively stmple compounds ks
sugar Many microorganisms are of this type. Flants, however are capablo
of synthesizing thefr ammo acids, etc, from even simpler compounds, bat

they require sunlight as their energy source. Other

vitamnins, and can synthesize only about one-third of his amino acids,
Study of nutritiongl differences points to an impartant fact for the
study of genetics. Essential compounds, like amino acids and vitamins, are
svnthestzed by a serles of well-defined steps. An organivm can Jose the abil
ity to synthestze such compoinds and the loms peed pot prove fatal, since
theso substances can be provided In the diet. As a test, then, of whether or
not genes control cellular reactions, resctions involving the synthests of
yuch substances prove to be excellent means of getting at the basts of the
genetic control of cellular biochemistry For example, using an organtsm
2
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which can synthesizo all {5 needed amino ecids, we can determine
whether & given mutation resulty tn a nutritionel requirement for & given
amino acid. If it does, does this natritiopal requiranent foduced by rmta
tion result from the loes of ability to carry out a specific biochemical
reaction?

Expedmmudtbbmmtuid‘mibythugmdidn,(é:yrmw
Beadle, and the blochemist, Edward L. Tatum, for which wero
awarded the Nobel Prize in medicine fn 1650 Their expertments with tho

Neurowpora crassa gave conclusive proof that omtation can result
In nutritions] alteration, and that ihe bashs of the nutritonal alteration
rests on the loes of the organtrm 5 ahdlity to carry oat specific biochemical
resctons.

To see the bass of this concluston, consider an actmal experiment.
Neurospara utilizes sucross as both a carbon and sn energy source. It can
utilizs nitrate es a nitrogen source and requmes ope vitamin—biotin.
Neurospors, therefore, grows on a medtum cooteining sucross, nitrate,
blotin, snd minerals (mintmal medium) Microconidia (the unimrcleats hap-
1okd spores of Nexrospore) can be treated with a mitagen such a3 X-rays,
ard theso frradiated spores can then be plated out on an enriched minimal
medimm, Le a minimal mediom to which the known vitarius and amino
cids hure been sdded. Thiy supplementation permits growth and sorvival
of nutrittonal mutants. Under appropriste coodittons, these spores will
grow into discrete colonles. As a teat of whoether or ot a ndhtutlon which
efocts & nutritional trait hay octurred, an nocolum from each colony can
be put into mintmal medium. Under these conditions, some of the coloates
mfoundmbouohngcrcapubkigmwingmnminﬁm]me&m
slthough they are shil capable of growing oo a
d.hnn.Thaemhnnefuundmmqumenmbshnuh:ldd}ﬂmmtbe

with « mutagenic agent can therefore kead to the farmation of stratns hav
tng altered nutritional characteristier,

Are sach ! diff heritable diff or are they duo
to & nongenetic or nonchromosanal change? This question can be readily
answered by means of the inheritance test. If an argintme-requiring stratn
{A—) Is cromsed with a parental strain (A4) the eight ascospores of a
singlo s3cas, representing the four products of meknlks, can be isolated end
grown. \When these spores are germinated on 2 medrum comtaining er
gintne, all eight spores grow If these efght cultures are now transferred
m-mcdlumhddng-rginino,fmnufdnmhnwﬂlgmwmdfwrvdﬂ
not, Half of the spores are arginine-d dent. This trait, therefore, segre-
plelupmdkiedfwlﬂn-gb-mdtﬁmlrderhdwﬂg.u-nd
in plecs of (c) substitme (A—)) This type of inheritance is churacter
istio of all nutritional mutents. Alteration of a single gene can result fn
loss of ability to form a speciBic essentia] compornd,

r
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Genes and Mochemical ReacHons

To pinpolot the biochemical nature of this induced nutritional akter
atlon, we must look at the cellular reections tnvolved in the formation of
the required end product. Let ns conthmie with arginie The blosynthests
of arginine requires the formation of glutamic actd from glucose. Glutamic
acid in tum is converted to arpinine through the formation of ornithine
-nddtm]lmn,rucﬂnmumquutod}efurmauonufugmme {See Fig. 16.)
The hests of actually involves the formation of compounds
closely related to omithine and ditrulline, but, for the sake of clarity we
will discus its formation as described above. Mutant strains which re-
quirenrginhnfurgmwtheanbetcﬁedfmﬂ:d:-bmtylagrowm
thete comp i mq\ﬂmdfu-nrgtﬂmlyndnsh.
The g thc:n.hwﬂ]u,_.,mw q mutanty grow on ornithine
lnddh'ummuwaﬂ?(SeeF’ig.l&)\Vsﬂndﬁutmnfthemuhnu
veill grow emly when supphied with arginine. Others will grow on cltral.
line, and still others on citrulline or omithine.

These mutants are not kdochemically identical. One class appean to
bo unable to farm arginine becanse of ity inability to carry out the con-
version of citrulline to argintne. A second class of mutants appesars unable
to form arginine due to an inability to carry out the conversion of arnithine
to dtrulline. They can, bowever form arginine from citrulling, sincs
can u3s citrulline for growth. The third class lecks the ability to form
srginine, through inability to carry out the conversion of glutamio acid
to arolthine Each of thete mutants seems unable to carry out one specific
bioch 1 reaction. This suggests that mutetion of a singls gens leads
to the lom of the ability to carry out bt one biochearical reaction.
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If thess mutrnts are examined genstically we find that all the strainy
that cannot convert dtrulline to arginine are ganetically similar All thesa
straim arise by omtation of the same gene. Simflarly all the strains that
coannot convert omithing to citralline involve mutetion of the same gene,
but & gene distinct frow the one fust mentioned. Stll & third gene s found
fn which mutation results in the loss of ability to comvert glotamic acid
to omithine. Thero appesrs to be a clear association between a specific
geoe and the ability of the organiym to canry out @ specific blochemical
reaction, This has fust been shown for

Simflar results are found for nrutations that affect the formation of
tryptophan, as well as for mutations that affect the formation of other

reactions. This correlation established by study of notritional mutanty is

known a4 the ono-gone, one-enxyme hypothesis and states that one gene

controbs the formation of one enxyme. The anrwer to one guestion thus

thapos ancther How can a gene control the formation of a specific en-

Tyme? To answer this, we must cunsider 1n grester detail the relationship
genes and protems.



Iuﬂnpm-vimudnpta it was stated that spe-

Genes
and
Enzymes

cific genes control the formation of spe-
cific enxymes. This was based largely oo
the observation thet mutetion of a speribe
geno may result in the loss of abllity to
carry oat a specifio reaction. Additional
evidence may boe obtained by testing for
enxyme activities in the test tube. Call-
free extracts can be prepared both from s
mutant strain and the parental strain
from which the mntant was derived, and

extracts confirms that a mutation which
results in the loss of abdlity to carry out a
spedific reaction also results in loss of the
euryme activity that is required for the
catalysts of the reaction.

This clear relstionthip betwoen
gene and enxyme suggests that an under
standing of the pature of this relationship
might well go a long way toward explain-
ing how geoes act. Let us probe further
It would be of interest to know for ex
ampls, whether the result of mutation is
stmply a faflure to form enzyme or is &
consequence of a change in the structure
of the formed enzyme. Does & geno exert
control by regulating rate and other
quantitive charscterhtics of snTymo
formation, ar does ft control the architec-
ture of the enxyme, Lo., the sequenco of
amino actds or their relative proportions?

expediency

thesa questions have been studied in de-

tafl enly fn microarganhms, and our dis-

cussion must deal with these organtsms.

However it should be barne in mind that
0
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the principles deduced from the study of microorganisms are general and
pertain to afl living things, including man, & will be documwented f &
subeequent chapter

Tryptophan Systhetase
A oumber of different genes and errymes have been closely analyzed
during the past ten yeans. Since all the systems mggest & sodler relation-
ship of gene to eaxyme, wo can on cus well-described systen.
Tho emxyme, tryptophan synthetase, has been studied in detall in fungl

(
short) Thaiutamedhmrud:wﬁhm-hmulhawnh:?lg 17 A substitu
ton octurs betoroen sarine and the triose phosphats porticn of InGP to
sive tryptophan and tricse phosphate. This, the terminal step in trypto-
phmfa-mlﬂon.hclh}ymdbytrypwphm:ymhemu(!m)
ting the tf tase can be recognired by two
aﬂuu(l)thﬂymmumﬁmnwhlchrunhinnmh'lﬂanlmqutmm
hvptop!nn.md(Z)fwgrmh,trypwphmum«bomphmdby
InGP or its precursar With N T s large number
dmldimpauunbewtolmuhgﬂﬁcngmt.e.gqmmnﬂd.
and we can select out many independently arising mutant strains of the
above type. Noos of there mutant strains has measurablo tase activity in
cell-free extracts. Such an ellelic series can bo wsed tn & mumber of ways
to examine the nature of the relationship
One soch problem #s In how many regions of the etire genetio
structurs (the genome) of Neurospors cen mutation ocrur and cawss Joss
of tase actfvity? Is there a singls region—or are there many reglons?
Thhpmbhmanbomswacdbycmxtugnﬂdwmmmtmm:wﬂh

are ientical or very closely linked, few H any tryptophan-independent

Py 17 The reaction catalyred by iryplophsa rrathatere,
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2 Genes and Enzymes

progeny should be found (see Chapter 3) Crosses between membens
of the rmrtant sexrles cleerly establish the fact that they are all mutations of
the same area of the genome (Fig. 18) In Neurvspora, this area is on the
second linkage group.

/

Py 16 The chromasomes
of Neurcepors.

It can be stated categorically then, that there s & singlo region in
the geoome which directs tase formation, and in which mutation can
ocorr to cause loss of ability to form functional enzyme.

The next problem s Does mutation in this genetic area decreate the
rate of formation of the enzyme, or does mutstion result in structoral
changes in the formed protein, or bothP This problem can be experk
mentally examined by determining whether as a consequence of muta
tion, Do enzyme is formed, whether enzyme Is slowly formed, or whether
the altered gene still directs the formation of & specific protein but one
which lacky the catalytic activity of tase. To obtain evidence an the last
point, we must bo able to recognize and pinpoint a given enxyme by
properties other than its catalytic activity This cam be done by wxing {m-
munochemical techniques.

Detectiag CRM

It has been known for a great many years that sntmals can farm
proteins, called antibodies, fn respanse to a challenge by certain forelgn
materals (antigens) For example, many of you have been fmmunized
agatnst diphtheria and poliomyelitis. You react to the shots by synthesiz
ing antibodtes which collect in the sefum portian of your blood. If you
then come into contact with efther diphtheria todn ar the palio viras, an
antigen-santibody reaction takes place. The toun is peutralized md ren-
dered harmless, while the virus {s prevented from infecting your nerve
cells. Antibody formation can be elicited by many substances, nciuding
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proteins. Important to our discusrion is the fact that antigen-antibody
rwdmn-mhig.h}yrpcdﬂc (No(nhuwrpedﬂdtyuh.ﬂcmwmy
virates ) Antibodies formed
Agxlmtmnpmtdnwﬂ]mctou]ywiﬂ:dmpmtem,ammwmuh
are structurolly reloted. It b the specificity of the antigen-antibody re-
spoose that makes this & remarkably weful tool tn studying the conse-
quences of orutetion at the enzymatic level
T'aso Is, of courte, 2 protein and ft can be purified. If & preparstion
of purified tase i infected into rablits, specific antibodies are formed in
response to a challenge by this entigen. Thess antibodies ars present in
the rabbit serum and can be recognized by the fact that gerum teken from
the frumruntred mbbit completely inhibits catulytic activity when added
to the enzyme whereas serum taken from tho tamy rabbit before tm-
muntration hys no effect on enxyme activity (Fig 10) The antibodies are
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spocifio for t ase in that they are without effect cn other entymer. Vo now
have two ways to identify tase- (1) by i abflity to catelyze InGP +
serine ——» tryptophan, and (2) by iz ability to renct with tase anti
bodies, If thess two characteristics represent two different properties of
the protein, we have a tool that permits the recognition of the t ase protein,
even in the absence of catalytic activity

‘The paint of all this is that t ase antfbodies can be usad to dstect the
presoace of a protetn which b structurally similar to t ase, but lacky the
catalytic propertics of tase. To repeat, we want to know whether the
motant tase gene can no longer direct the formation of & protein, or
whether it still directs tho synthests of a related but enzymatically inac

body is sdded to the extruct. If @ protein it present in the extract which
can react with these antibodies, t will do so and te them up, If some tase /7
Vs



0. The tert for the prasence of  protel which b related fo the
of the parent | ¢t in,

15 edded, there will be 5o antibodies to inhildt the enzyme which can then
80 shoed and make tryptophan from InGP serine, and pyridaxs! phor-
phate. Suppose the cell free extract does not contain a protein which
reacts with the antibodies. The antibodles will, of course, remain free.
They will nentralize addad tase and no tryptophan will be formed from
InGP etc. Ul ly theref: as ind d tn Fig. 20, the formation of
tryptophan shows the presence of protein in the odginal cell-free extract
which can react with and remove tase antibodies, No tryptophan forma-
tion shovws the lack of such a protetn fn the extrect

Tase CRM

If tase-less mutents are examined in this way for the prevence of a
protein which {s rerologically related to the parentsl enxyme, it is found
that mutation may give rise to strains unable to farm such a protein. Such
mutants are called CRM~ (CRM = cross-reacting material) However
this {s pot true of all the mutants. The majority of the matents do form
a protein, and in normal amounts (CRM+) This protein will react with
tase antfbodtes but is imsble to catalyre the conversion of InGP to tryp-
tophan. Thus mutation may resalt in loss of catalytlc activity withoat re-
rultng i lots of ability to form a struchurelly similar protetn. This sog
gests that mutation, in this instance, is not stmply controlling the rate of
enzyme formation. Rather it iy affecting enxyme structure.

This fact can be seen even more convincingly in the following way
T'ass catalyzes the reaction InGP and serine — tryptophen (1) How
ever this same enzyme cun catalyze two related reactions, indole end
perine ——» tryptophan (3) and InGP —— indole {3) Ths three resc-
Hons catalyzed by tase are shown in Fig 21 Reactions 1 and £ both
require serine and pyridoxal phosphate, while reaction 3 has no cofactor
requirements. If mutation alters enzyme structure, wo might predict that
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mtations of ths gene should be foind which wAll result in loss of catalytic
tdivﬂyhumurmacumbfmﬂmofﬂ)uermﬁcm,bmwtmnﬁ:m,
8- Joes of reactiont 1 «nd 2 but not of 3, ar oss of resctions 1 end 3 but

ot of 2 If the gene, hovrever s controllmg enryme formation by eontrol-
htﬁ!ntenffumaﬁm,wnwmldpruﬂdﬁntmuhuminwurycua
thould decrease all three reactions equally

Mutations which result in loss of reactions 1 and 2, but pot of 3, are
found and custly detected, since such strains require
tryptophan for growth and accamulate indole in their colture medm, ATl
such mutants are CRM+ (Le., resct with tase antibodies) Their CRM
on frolstion and purification, can catalvze reaction 3 m the test tube

Stmilarly mutations which resnlt in ks of reactions 1 and 3, but
not of 2, are also found and agan are easily detected, since mch straing

require tryptophan for growth, but they cen grow
equally well #f given Indole instesd. Again, all snch mutents are CRM
and thetr CRM, on tsolation and purification, will catalyze reaction 2
in vitro Le., outride the cell

Mutations which result in Joss of reactions 2 and 3, but ot of 1, have
Dot yet been observed, since rescthon 1 it the reaction noroully invotved
i tryptophan formation. Motatins of this cass would not require tryp-
tophan for growth und would pass undetected. To pick up a mutant of
this kind, we aro faced with the alarming prospect of maling extracts of
thousands of normal stratns to find ooe incapablo of carrying out 2and A
Stmilarly mutations which result in lovs of reaction 1, bat not of 2 and 3,
&re also difficolt to detect. —

From such experimental observations, we can concludo that muta
tioms In the genetic region Tling fase f result 1

such a1 rate of enxyme formation. This being true we must conclude that ./
ﬂwmﬂcmhmmmunbtbemndmnﬁhoformedmym;/
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Genes and Ezymes

Protelns

Tryptophan synthetase, Hke all proteins, is basicelly a chain of amino
acids. As previowsly stated, proteins are composed of 20 amino acids in
varylng amounts, the amounts and their distribution in the chain baing
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)
charactertstic for a given protein. The amino acids in 2 protein are Holed
bymvﬂaﬁtpepﬁdebond;andﬂmnmim-ddwqumhmﬂcdﬂn
primary strocture, The amino acid seq; of the entymoe, T
which catalyzes the hydrolysts of RNA, s shown i Fig, 22

The basio oc primary structare of all enzymes is made up in a
fashion stmiler to that of RNase. RNase is a relatively amall molecale
with a molecular weight = 13,683, while the molecular weight of tase
is about 150,000, This difference, however stmply means that wiule RNase
1 composed of 124 amino acid residwes, t eto i3 composed of about 1,300,
Detadled tnvestigation of proteins suggests that the active catalviic mites
ufmanymncmﬂﬂdm}yyfcwnnﬂ:mndd: that iy, the site on the
enxyme surface where InGP combines consists of but a few of the 1,300
amino scid residoes. The swne is true for the serine dio. For catalyns to
oocur a very specific orfentation of these two sites with respect to each
other i1 required. To provide for this an enzyme moleculo does not exst
3 & linear extended struchire. Rather each enzyme has a precise folded
structore {Fig. 23) Experimental evidence at the present time suggests
Mtbefnldingdnnduﬂsﬁ.clnfupmtdnmﬂyhedmmmcdbydm

aming acid fusion may not withstund the test of tme
bﬂtfurﬂ:omhofdmplidtywwﬂ]mmdn:thamﬂmndd:e—
quence does d fno the entire three-d I structare of an en-
Tyme.
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Exxyme AHsrotion

Sincs mutations appear to resolt in alterution of enxyme structure
and since enzyme structure tn turn is determined by fts amino add se~
quence, it follows that mutation must alter the amino acid sequence of
the product enxyme. Can this be shown? The following discussion will
enable us to answer this question.

As mentioned earller a number of differences can be readfly de-
tected among mutaots which are all alike in requiritg tryptophan for
growth and in lacking en enxyms catalytically active in converting InGP
to tryptophan. Some of the mutants are CRM~ others CRM+ Some of
the CRM's catalyze rection 3 others reactian 2, still others neither Of
the CRM's which catalyze reaction 3, some require one cofactor others
mnﬁﬂu&n‘lmﬁwommlmﬂnmﬁmefu]}y using quantita
tive i hnt weo find differences between them. If
wocompamdmmhtﬂrm:ufd)otﬂmpcmmmdmfhopﬁmalfwthdr
activity we find differences. In fact, after careful stndy uring many
diverse criteriz of comparison, we are left with the tmpression that few
truly identical alleles are found. Each allele is finctionally unique. This
moans that the genetic area controlling the formation of this enxyme is
mmtationally complex. It does not consist of a single site, alteration of
which produces an identical st of mutants rather the region must coa-
st of a large munber of mutational sites alteration of each one of which
can produce & slightly different effect.

As wo reo in Fig 24, we cem mentally expand the genetio region and
subdivide it into many mutational sttes This is what one would predict, if
the gene cantrols the amino acid and {f each tanal sits
were to determine ane amino scid of the sequence. Mutation could result
In alteration of the site in such a way that were the site ariginzlly to
direct the insertion of vatine into the ssquence, it might now replace it
with lytine. This chumge in sequence would be expected to have an effect
o the folding characteristics of the molecule Thers would be, &s a con-

of this one chenge, a profound effect on the activity of the
product formed. And we woald expect & large number of such mutational
1ites, snd stmost endless variation in structore. This is what Is fond. To
sum up the genetio evidence suggests that the gene controls the amino
acid sequence and that mutation results in alteration of sequence.

A

withio the Fes Gene

e Tam g
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What do we find if we tackle the same problem by protetn chem-
biry? Can we, by examining mutant protein, sctually find amifno acid
substitution? This is not an easy task. The fact that en enzyme contains
o total of several hundred amtno actds of twenty different kinds makes
the determination of amino acid sequence a particularly thorny problem.
‘The first protein whose entire sequenco was determined was nsulin. In-

took more than tan yesrs, and the work led to a Nobel Prize for the
English biochemist, F Sanger Forhumately certain short cuts now permit
“fingerpeinting of & protein. Thess methods enabled Vernon lngram to
demonstrate that thers is a tingle amino ackd difference between two,

distinct, Ily occarring b lobins in man Ths finger
printing method can be readily thown in the cass of RNase.

Fagerprinfing

The enzyme trypain catalyzes the hydrolyais of certain peptide boods
I proteins, nemely those in which one of the amino acids in the bond
i elther lysine ar arginine. This action ylelds protein fragments called
polypeptides. Treatment of ENass with trypsin will break the molecule
h’m'm}?ﬂafpolypepdda.ﬂ:meundmbemp-ntcdﬁumach
cther by a mcthod called paper ciromatography The rate of mgration
o0 paper is characteristic of aach fragment. If, for Instance, two different
trypsin digests of RNase of bovine origin are chromatographed and the
t‘Vﬂwpcﬂcunpmod,weﬁndthnﬂmrpaktm:uofrupa-hnpuuhlcpo}y
peptide spots. If bowwver a digest of bovino RNmso i3 compared with
that of horre HNase, the polypeptide spots are not superimposable, in-
dicating that thers are differences In the amino acid composttion of the
fragments and thus differences i the amino ackd sequence of cow and
harie RNise. Coasider the sequence
glu—als —ly
K} n i

e le—ghy—Ny 1 -

1 2 8 418 6 7 8t9 10
Trypeta Trypein
Treatment of this peptide with trypsm will bresk it fnto threo frag
menty, and, on chromatography we will find three discrets peptides.
However If the No. 0 glutamic ackd is substituted with glycine, the No. 3
wtﬂncwoe:upy-diﬁ’uru&p:dﬁo-nouthep-paulcum-
quencs of fts change In cition. If we compare the cf Al
proflles of thess twa, we fnd that the No. 3 peptida of tho first prepara
umh“dhpparuimdmhmhphmnwhmt;tnd{ﬂm
’P“—Indq;mt,yetdmphmed\odn{dmﬁnumlmndddlﬂ'm
A fingerprint mofummn(mndmrmllmhubﬂh:m
ried ont by Charles Yanehly Mutant CRMs from E. coll have been
Pm'lﬁﬂdmdmb}cctcdmfu@muﬂoubyuyprhﬂlepepudehgnmu

mﬁnmbcm-epnmcdfmnmd:othﬁbynppmpﬂlmdmmmg/
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raphy Chromatograms of the paremtal tase are prepared in exactly the
same way sud the two fingerprints compared. Some mutant CRM’s are
found to have fingerpelnty identical with that of the parentsl enzyme.
More tmpartant, however is the fact that several mutants have been found
whose fingerprints differ In each instance, the difference is found to in-
volve only one fragment, Le., the absence of one parenta! fragment, with
the app of a npsw nomp | fragment. The fragment frvolved is
charecteristic of the mutant, showing that the changs in the amino acid
chffers in mutants of independent origin.

The fact that a peptide difference ts found means that the mmtant
CRM differs from the parental entyme fn amino ecid composition, al-
though the exact difference has still to be determined. A word of canton—
the fact that CRM's are found which show no fingerprint difference s not
necessarily proof that no chemical difference existy. It stmply points out
that the difference in theso cases may not be detectable by present
methods, for the present methods will only detect alterations which resalt
tn & difference In electric chargs ar in chromatographic properties. Thus
substitution of glutamic acad (a dicarboxylic add with a negative charge)
by lysine (e diamino ectd with a positive charge) can be dstected, while a
substitution of leucine by valine ( both uncharged) could not be detected.
At present, therefore, cases in which differences can be detected sre per
haps more meaningful than cases showing no differeoce. However wo
do know that mutation at the tryptophan synthetess locus results in cases
of demonstrable fingerprint differences, and we can state with certainty
that mutation of this gene reslts in stuctural alteration of the foarmed
cnzyme because of differences in amino acid sequence. In addition, we
Toow fram work with other proteins that mitation at 2 single mutational
site appears to resalt in the alteration of but one amino scid.

In summary all the present experimental evidence clearly indicates
that the genetio reglon controlling the formation of tryptophan synthetase
controls the structural characteristics of this enzyme, Le, the primary
amino acid sequence. It {a true for this enzyms, and study of other genes
and qgther entymes loads to & simflar conchmion. One function of genetic
material, {nvolves the determinaton of enzyme structure. As
will be discussed later this conclusion does not farce the further con-
clusion that all genetic materizl must act fn the same way Other genetic
aress do play a role in the quantitative regulation of enxyrne formation,
bat most enxymes probably have a gene that acts by controlling structure,
and this ection of genetic material xhould thus be explored furtber

It {3 now apparent that a gens which controls the structure of an
enxyme must be able In some way to serve as an smino wcid code. In
addition, # must be able to trensmit this code to erzryme-forming ceaters.
Sincs the chemical basis of heredity appears to regids in the compound
DNA, wo look to the properties and characteristics of DNA ‘oc hints to
the solution of these new problerms.
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lated from cells of neardy all iving ocgsm-
tsms, and, independent of the source al
DNA {3 found to have manv of the sams
chemical and physical properties. (Ve no
longer doubt that DNA 1 a vital com.
pooent of the chem:cal basis of heredity
However whetber DNA alone contans
oll the geetic fmformation, ar whether
DNA must act m concert with other ms-
terie), protein for emple, is DOt & yer
knoem. Fmal resolation of thit problem
mast come from experiment. To date, no
expertmental toctmiques have bem do-
vised that permit the complets purifics
tion and hiclogical testing of DNA. Moare-
over po DNA synthesized in tho labora-
tary bas shown sy messurablo bioogical

w&my More aboat thit later
The reservation to bear in mind,

thea, is that DNA, while the major cam-
pouent of genetic materlal, may pot be
the only component.

The Structwre of DNA
DNA b & macromaolecnls of varfable

Y
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ton with deoxyribase and phospborie acid give four nucleotides the pu-
rne nucleotides, deaxyadenylic and deoxyguanilic acids, and the pyrimi-

pucleatide are given in Fig. 25. Included in the figure is the bond that
Hnks cne unit in the chain with another This is 2 phosphoester bond which
links the deaxyribose (carbon 3) of one nucleotide to the deoxyribose
(carbon B) of ity neighbar The DNA chatn is made up of a deoxyribose-
backbone with the bases pointing irrward and perpendicular

to the fiber axy.
A number of years ago, Irwin Chargaff and his collaborators ex
tracted DNA from a variety of sources and messured the relative propor

adenine) the relattve amount of this unit in the DNA from, say antmal,
tmsect, plant, fimgal, and bacterial cells, vaded However
the astonishing thing was that with any gioen DVA, if all the purine
nncleotides were added up and all the pyrimidine nucleotides added up,
the two sums were equal In addition, it wes noted that the nomber of

Ry 18 The repesting mh | DNA.
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dunywdcnyﬂcld.dmo!cuﬂawunlwy:cqmlmdwuumbaafd&
orythymidylio acid molecules. Stmilarly decxyguanylio ackd was equal to
dcoxycyﬂdyﬂc-dd.mfoﬂawinghmuﬁﬂdﬂbutl&umﬁvonmplr

Decrythymidples. Deomscvtihlle DencvadensBe D S

ocid acid
(Amonait of sach arsit b per oot}

DA, 10 40 10
DNA, 20 20 a0

s}

The Watson-Crick Model

Thess observations, together with studies of Xy diffraction pat
tems by MHF ‘Wiikins, led James Watson and Franchs Crick to pro-
pose a structure for DNA which & shown o Flg. 26
Wation and Crick suggested that each molecnle of
DNA is made up of twro intertwined strands, and that
the sequence of bases in one strand determines the o~
quence of the other the complementary strand, a1 &

mentary strand fs with thymine- guanine b paired with
cytosine,

The d h tic of the pm d
stracture of DNA 15 that ft 15 dooblestranded and that
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of replication and mechantum of gene action must now include this fact.

Replication

We know that the genetic material of & given cell must be able to
replicate itself exactly The double-strunded nature of DNA provides an
attractive hypothests for the mechantem by which genetic material doa-
bles. Assumne that, at replication, the two strands of & moleculs of DNA
soparate, and each single strand maintains 13 stroctural Integrity Base
pairing botween sdenine and thymine and between gusnine and cytosine
then fmplies that each zingle strand can farce the synthesis of an tmage
of ftaelf in the complementary strand. Take a malecule of DNA and label
the strands I and IT. Normally 1 and II form a tight coaple At replice
tion, I aod IT separate. Strand I directs the svnthests of a new I simlilardy
1I directs the formation of another I “The result is two molecules of DNA
that are identical with the fist. Such a method of replication would
permit preservation of {dentity from generatfon to generation, for a strand
once formed would remain intact and would dictate the structure of its
newly formed complementary strand. In addition, ¥ the base sequence
Were to serve as the hereditary code, we have & way to preserve and
tranymit the code.

The question now 13, what evidence is there that replication in the

these points. A series of studies by Matthevw Meselson and Frank Stahl will
bo described at length to ilhwtrate one kind of experimentnl attack now
being made.

If you look at a table of atomic welghts, you will ses that niirogen
has an atomic weight close to 14. Most nitrogen atoms do have this weight,
but there is a stable (ponradicactive) fsotope of nitrogen with an addi-
tional neutron In s muiclens and an atomic weight of 15 This is heavy
nitrogen, N'  Bacterial cell will grow in a medium containing efther
pormnal nitrate, N*'0O,~ or heavy nitrate, N'*O,— If the nitrate fon is the
only source of mitrofen for the bacterium, the nitrogen atom from NO,~
vill go into all the malecules that have nitrogen a3 part of thelr sirocture—
in particular the bases of DNA. DNA, extracted from bacterfa grown in
NU0,~ will have a higher density weight per unit vohume than DNA
from bacterla grown in N O — This difference in density makes it pos-
sihlotol-eparato'hmvy DNA from ordinary DNA In the centrifuge.
Under d of & molecule in a centrifugal field
(sedimentation) depends on its density Heavy DNA, with nearly all of
s nitrogen as N*  will have a higher sedimentation rate and move 2
greater distance beforo coming to rest (equllibrium sedimentation = 5.)
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than will ordinary DNA. A DNA molecule with balf N'* and half N will
have an S, fost in hetwoen the others,

Meselson and his associates grew cells of the hecterfum, Escherichia
coli, in N0, for many geoerations uohl virtually all of the DNA con-
tained N (DNA™) The cells were harvested, put into a medium with
only N'0,~ and grown for just that Jength of time required for each
coll to divide ance. The total mumber of cells had now donbled, the total
smount of DNA had doubled, and each moleculs of DNA had donbled,
The total amount of DNA' nmst equal the total amount of normal DNA.
A sample of the cells was then taken, the DNA extracted, snd S, meas-
wred. It fell just between that of DNA™ and normal DNA.

Let us consider the pradictons of our ariginal hypothesis on the
mechantims of DNA replcation, and the predications dertved from a
contredictory The origmal hypothests was if wo start with a
cell having DNA  both strands are heavy and we have strands [*5 end
H“LetﬁmDNA"mplmmN“OrmedimE-uhmmdrmhn
intact. The il ry strand th d by [ s then IT' and that
of I 1 ’Ihocd]d.lvidﬂl.omcd]gctxl'n DNA, the other It IT\*
DNA. The DNA molccules are fdentical, each has balf of {5 nftrogen as
Ni¢ the other half st N** and the S, of this “hybrid” DNA should be
between DNA and narmal DNA.

A contradictry hypothesls s DNA strands do pot remain intact.
They separate, break down, and the new strands are formed at random
from the N'* bases contributed by the ariginal DNA  and the new Nt
bases made by the cells from the N*0; in the medhm. True strand I
makes & new II and strand II & new I, but now the N™* in each DNA
moleculo f distributed equally be¢wesn the strands, and we wind up
with too DNA malecules, [VILEKL 14T ¥51  Remember that befare,
one sirand in the DNA moleculo had all the N* asin I' I The two
types of DNA predicted by the two hypotheses carmot be distinguished
by S, measurementy.

Noto carefally that while the predicted distribution of N i sharply
different, both types of molecules have the same number of N atoms,
and it ty the number not the distribution, that determines S, However
kttbabnazrldudhgathzwgbmnaxmvdhtﬂth"O Now

mhhAmd]ngtOlhﬂlccuﬂhypdbdh‘lgdn!hﬂD\{Ahruh
dowm. Since each strand has but one-half of its original N when ft forms
2 pew rirand, esch pew strand wll bave one-quarter of the odginmal N
L{mwmmdwﬂ]m.tmtﬂmmmu{m

Congider the consequences of the original lypothests. After one divi-
sion, [T and [TV were formed. [ [I¥ in N**Oy~ will now separate
and form TSI and IT ' | Instesd of ell the strands being alike, and
having one-quarter of the orighmal N wo have two different spectes of

\ /
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DNA, one with all N4 pormal DNA, the other speciex still with one-half
its original N** If they exist, they can be separated. The experimental
result was that two species of DNA did exist, not ome. Moreover the
“heavy species contalned ooe-half the original N'* content, not ope-

quarter

This is 2 beautiful expertment, beflliantly concefved and executed. If
you have mastered the concepts, you have a taste of tho kind of work
guing on today in molecular biology Of course the experiment does not
provide a finel answer It is consistent with, and offers suppart for omr
original ypothesis. It disproves the second hypothesis, but there are other

es. Why not think one up, and see if yon can plan #n experiment
to test {tP (Suppose DNA is not two-stranded, suppose tt is four-stranded?)

There s evidence, then, which points to a semicomservative method
of DNA replication fn ofoo 1n the living cell, that ts, the phyxical integrity
of a strand ance formed is presecved.

Experiments in higher plants also lead to much the same conclusion.
One such clever experiment by ] Herbert Taylor makes use of thymidine
(thymidylic acid without the phosphate acid group) Some of the hydro-
gen atoms of thymidine are replaced by tritium, which is a hydrogen atom
with two additionsl neutrons in the muckeus. Trittum is radicactive and
can take its own photograph when exposed to certain types of flm. If root
tips of the bean Vida faba are grown fn the presence of radicactive thy
midine th.othymidmahinmrpcntndintoDNAudﬂuxythymidyl}ondd
and iy seen to be distributed throughout all the o If the chro-
m0soIes are pOW permitted to divide once in the absence of a radivactive
label, we now see one strand which is labeled with radicsctivity and one
wmnlabeled strand. The level of organization at which thess obsexrvation
are made 15 st the chromosomal, not the molecular lavel But the observa
tions again point to the conclusion that there {1 a basic doubleness to the
replicating genetic structure, be it a visiblo chromowome a1 we find
Vicka faba or the DNA molecules we find in bactera.

Addidomlmpporﬂngcvidenceforﬂ)upmpmedmuﬁrodufDNA

licat] matic studies carried oat by Arthur Kornberg
mdhhcolhbontcn Thuoworkm':h:w:hownthntDNA.ud:mctu
1zed by its physical and chemical properties, can be syntheized tn oltro
Tho conditions of synthesis require not only the presence of the mucleo-
tides, an energy source, and a specific enxyms to catalyze the polymerina
Hon, but also & small amount of specific single-stranded DNA (donble-
stranded can alto be wred but is not as effective) to serve as a primer
or inftator (perbaps model” would be sppropriste) for the reaction.
The DNA formed in the reaction has the physicochemical propertes
including base composition, of the primer However hiological activity
of the source of the primer DNA hat not been duplicated. It would be very
e to take tramsforming DNA from the pnewnococeus, make it single-
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strunded (you can do this by heating the purified DNA, which serves
to separate the strands, and then quickly cooling it to prevent the strands
from re-associating) and male more tramsforming DNA fn the test tube.

this strocture replicates fn & semfcouservative way Le., by separation of
the two strands, with each single strand maintaining physical ftegrity
during replication,

While stodies an the ch | structure, synth hantsm of
rupllmﬂmufDNAmgd.ugm.oﬂnrpoophmwuﬁngabmimodmr
peoblem, the problem of the structire of gene information.

Gene control the sequence of amino acids fn enxymes (and prob-
ably in all proteing) A part, perhaps all, of the gene i3 DNA. Therefore,
DNA controls the sequence of amino aczds in enxymer. DNA combsts of
four bases, Proteins consiit of twenty amino acsds How can DNA be
coded o that its genetic information can bo read off &1 an amino scid
soquence? This is a feld in which thero are ¢o few facts to work with
that speculstion is sheer delight.

Cryptograpiy
Again, the cryptographic problem is to wark out a four-letter code

words to spocify 20 amino acids, an embarramment of riches. Some re
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DM“Wnﬁ.ﬂN“mmlDNA,thooﬁurpedm:ﬁﬂMthmhalf
its original N** 1f they exist, they can be separated. The experimental
mhmun“woq)udaofDNAdideﬁrt,mthumom the
-bmvf;pedacumﬂnodone-halftbemig;lndw‘wmmt.nmom-

This i u beautiful experiment, brilliantly conceived and executed. 1f
ymhavuma.rteraithowncepb you have a taste of tho kind of work
mmmd.ryhnmlomh:bfology Of course, the experiment does not
provide a final snswer It s conststent with, and offers support for our
original hypothesis. It disproves the second hypothesis but thero are other
possibilities, Why pot think cne up, and see If you can plan an experiment
to test #t? (Suppore DNA 15 not two-stranded, suppose it 1s four-stranded?)

There i3 evidence, then, which points to a semiconservative method
of DNA replication in ofvo in the living cell that f3 the physical integrity
of a strand once formed is preserved.

Experiments in higher plants also lord to much the same conclusion
QOpe such dlover experiment by ] Herbert Taylor makes use of thymidine
(thymidyllc acid without the phosphate acid group) Some of the hydro-
gen atams of thymidine are replaced by trittum, which is a hydrogen atom
with two additional neutrons in the nucleus Tritium is radioactive and
can teke its own photograph when exposed to certain types of Slo. If root
tips of the bean Vicia faba are prown in the presence of redioactive thy
midine, the thymidine i Incorporated into DNA ss deoxythymidylic acld
and s seen to be distributed throughout afl the chromosomes. If the chro-
mosotmes are now permitted to divide once in the absencs of a radioactive
label, we now see one strand which is labeled with radfoactivity and one
unlabeled strand. The level of orgamization at which these observations
are made is at the chromosomal, not the molecnlar level But the cheerva
Homs again point to the conclusion that there is a basic doubleness to the
replicating genetic structure, be 1t a visiblo chromoesoms as we find in
Vicla faba or the DNA malecules we find in bacteris.

Additional supporting evidence for the propased method of DNA
replication comes from enxymatic studies carried out by Arthur Komnberg
and his collaborators Theso workers have shown that DNA, a3 character
tzed by its phyxical and chemical properties, can be synthestred n oitro
The conditfons of synthesis requirs not only the presence of the nudeo-
tides, an energy source, and a specific enxyme to catalyze the polymerize
tion, bt ako a smell amount of specific single-stranded DNA (doable-
stranded can also be wsed but is not as effective) to serve as a primer
or initistor (perhaps model” would be appropriste) for the resction.
The D\A formed fn the reaction has the physco-chemical peoperties,

base composition, of the primer However biologheal activity
of the souree of the primer DNA has not been duplicated. It would be very
nice to fake trantforming DNA from the pnenmococcus make it siogle-
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1t s cloar that we wonld lke to have as mutagens reageats that will cause
base substttution.
Tontzing radistions such as X-rays, are highly mutegentc. The effects,

be lost, while others can recombine bat in different order X rays also
probably canse bess sabstitution, but this a point that i3 dificult to prove
Ultraviolet light s also highly mutagenic. Like X-rays, ultraviolet radta
tion can give rise to both chromosomal alterations and paint mutations,
Again, the molecolar baxis of the ection of ultraviolet ight is not clserly

In recemt years, another class of mutagens has appeared and has
been found to be of great mtevest m connection with base substitution
and mutation. This is the class of chenical mrotagens, one of whuch s the
common fnorganic acid, nttrows add (HNOs) HNO; bs a potent oxidiing
agent, It can react with primary amino groups, such as ars present in the

bases, and replace the gmino group

" — with an axygen atom (Fig. £7) As
r—' ) o 1hown in the figure, the reaction of
o HNO, with cytosine yrelds mracil

[ o=, HNO; can also resct with adenine
"°‘Lz,./°' "‘"J"\,( and comvert t to a different base,

[ Crtuame e hypoxanthine, Supposs HNO; does
_ react with cytosine m & DNA mole-

cale and converts 1t to urucil. The
it JSeametion strand carrying uracll, upon replica

tion, might now make & mistake in

pairing, and, rather than patr with
goanine, pair with adenine. In & smbsequent replication, adentne, fn turn,
wrill pair with thymine, HNOy wall thereby have effected the transition of
a guanine-cytosine patr to an adenine-thymino pair thus altering the base
sequence of the DNA.

Nttrous acid was fint shown to be mutagenic In tohacco mossio
viros. It ## now known to be mutagenic for bacterla, bacterial viruses, and
fungl, and it sppears likely that #t &5 mutagenio in higher plants as well.
Nitrous actd, however does not offer the specificity that one might like,
for it will react with the amino group in the three hases, 2denine, gusnine,
and cytosine. A techmiqus which, fo the long run, may prove of greater
value i1 one tnvolving some trickery Make & compound that looks like
one of the bases, but whose behavior f5 & bit dufferent. Such & compound
mfghiboodwh:kthﬂccﬂh:tohxapr:tb:gltlan\A,md,mln,lt

called baso

logues. One
into the DNA of bacterial virnmes. Normally this bass will pair with



2 Genes 1n Achon

sdenine, as does thymine. From structural considerations, it is conjectured
that B-bromourecil should also pair with guanfne The presence of S-
bromourac] in DNA thereby might enhance the lkelthood of transitions
of the type guanine/cytosine to edenine/thymine. It is pleasant to report
&u!&brmour-dlhfmndmbehighlymuhgmk:Alemndbae

2 rine, s also 1, it s
mcorpon!udianNAnndindnhcuelppennmmtotrmdﬁomof
the type sdmine-thymine to guanine-cytosine. It is perhaps interesting to
note that emino acid anal aro not mutagent fact which permits

£d. in the base anal reslts.

A curious aride in cammection with 2-aminopurine has to do with the
phenomenon of mutator genes. Genes have long been known which,
when present in the genome, enhance mutation rates of other genes i
the organimm It has recently been observed that a mutator gene present
in a strain of the bactertum Salmonella typhimurium has the effect of
cansing the organism to prodoce S-ami! ine, a bufltin
agent.

Extenstve lnvestigations by Erust Freese and Seymour Benzer wsing
base analognes, give strung support to the notion that substitution of cone
base can cuuss a mutaticn In the years aheud, with the acquisition of
stll better reagenty, it may be possible to extend studies of mutation to
the molecnlar level, for it should be possible to obtain reagents which
will substitute only for adenine, other reagents spedfic for thymine, and
others for guanine and cytosiue Certainly this is ope of the promising
approaches available,

There is one fnal question to be considered in this chapter Suppose
DNA does determine the amino acid sequence of protefn and suppme we
do have the correct code How then, i3 the information transmitted?

Messenger RNA

Here again, the evidenco s fragmentary If it were certaln that
protein synthesis occurs sokely in the nucleus, it might be suspected that
DNA serves directly as a template ( pattern or model) and that the chro-
mosomes were the actual sites of protein formation, Experimental evi
dence however has revealed that protein formation occury mainly in
the cytoplasm, in sptd.ﬁcpardcullte elements c-ﬂcd microsomes. There-
fore, we must Jude that en di between
the gene and the protein whase formation the geno coatrols. The swpect
Intermedlate is RNA.

The second major polynucleotide of living matter ANA, exists in all
cells. RNA differs from DNA in fs baso compoaition and its pentose, the
5-carbon sugar component. The beses are adenine, guanine, and cytotine
as in DNA, but with uracil in place of thymine Its pentoss {s ribase rather
than deoxyribose It has been known for mamy years that RNA is present
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In the cytoplasm as well as in the mocleus and an impressive amount of
duta hay been obtmined that implicates RNA in the formation of protetns.
Studies on the synthesis of proteln fn cltro further suggest that & number
of different RNA ¢ are required as necessary cofactors for protein syn-
thests. For a detailed discrssfan of protem synthesss, the reader is referred
to the book by W D McElroy in this serles.

At this paint, we will not concern curselves with the diverdity of
RNA s, such a1 the smmo acid. g RNA, the I RNA, etc,
butlole}ywiﬂ:dnrehdmﬂﬂpulRNAmdﬂxnudmOmw}uﬁmtu
the problem at hand wonld be for the D\A of the ouclens to direct the
svathests of an RNA. This RNA would reflect the speciicity of the D\A
and would then serve as a mewsenger in fact, it b referred to a3 mes-
senger ANA. It would migrate from the modeus o the cytoplosm and,
bymtu-ncumwithd:cmmmou-rpedﬁcmymefa-uﬂngme_

The dit of such & prop depends on whether
RNA synthesis occurs solely in the nucleus. Experiments afmed at an-
swvexing this question suggest that this may be the case In Neurospora, for
{nstance, m some experiments carmed out by \arko Zalolar no cytoplas-
mic ANA syntheds was obecrved. RNA was formed mn the muclens, and
evidence was obtained that this nuclear RNA migrated oat to the micro-
somes. Thess observations support the theory that an RNA serves as &
mesyenger between a gene and the site of formation of a specific enzyme.

suppert for this ides comes from current studies of bacteria
and bacterial virnses and from the fact that RNA nynthesds sppears to
ocexr along the chromosome strands. Using an organtan that has relatively
large chromosomes—cockroaches, for fnstance—and wsing tritiated un-
dine #3 a virualizing reagent, RNA appeans to be formed along the chro-
mosome strands as well a3 in the nocleolms (& nuclear structure in which
it hat been thought that RNA 15 mainly formed) The smm of the evi
dence favars a messenger RNA, but defintti e evidence iy still a1 afted.

To sum up we have discussed some aspects of the chemistry of the
grnetic matertal, DNA. We have gnne over some of the current thonghts
oa the nature of the code which directs the formation of a specifio protein.
And we have explored ono suggestion on the way genetic information is
communicated te the appropriate centers of syntheth From these con
sideratiom, we go to the problem of the molecular basis of recombinstion.




Innnearlierdupta we introduced and dis-
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Molecular
Structure
of a Gene

catsed thephmommon of gmedoro—
P

mfmmt.’mlppmrmceofncwmmb{m
tions of traity in the cell or living organ-
tsm. The rew combinations are formed
during melosls a3 a consequence eitber
of the random asortment of chromo-
wmucrafgmnﬂce:chmgepndu:ed
by v, The £
wﬂ]bccum-nedou}ywhhrecombmm
tion of linked genetic material.

Breckage Fuston

In metosis, prior to the first division,
intimate pafring of the chromosume
/strands (chromatids) takes place. Breaks
in the strands can then occur and, by

ciprocal exch chromatid

can bo recombined. This event, of conrse,
permits the recombination of linked
genes, For many yeans, #t was thought
that tuch recombination could occur only
between genetic regions controlling dif
ferent trafts, but not within o single ro-
glan ftself In large part, this concluston
stll holds. It i probable that breakage-
fusion recombination does occur prims-
rily if not solely between areas control-
ling specific tralts rather than within a
specific region Lo between genes, pot
wthin & gene

Although breakage-fusion can be
seen to ocour the molecular basis of
crosying over #s unknown This reflects
oar ignomance about clromosoaal or
ganimtion in general and, specifically

&
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owr ignorance of bow the DNA and protein are ermengsd. However
while the problem of chramosamal structure b sti! largely ohseure,
@ pictore is emerging of the structure of the gene. To mderstand it, we
mrust consider recomhbination once again.

All the ariginal cbservetions on recombination suggested that no
recambination was detectable fn matmgs in which each parbicipant ear
ded an alternative allele of a singls gene. With time, exceptions were
found. 1t is now known that alleles, afl concernod with a single function
ndauﬁ)nfumnﬂmofnpurdcuhrmymu,duﬁnlmlymnundu-go

fare, take place within a genetic
mmmg.m@hmuohmmmkmhmm
ton is & break fudan type, amilar to that cyto-
logically observed in crossovers between genes, or whether it represents
somsthing elss Breakagefotion would tmply that jost before redoction
division, when the alleles are very closely paired, bonds are troken at
idmﬂulpcdﬂumintbeDNAmolomleofdmtwnﬂdamdmmn—
nected to the other partners. To the exact mucl
dboﬁ:mnd:,ﬂ:hmﬂdbamtnlum}wthephnphﬂndﬁbmd
botween adjzcent mucleotides.

Many dificnlties are raised by this suggestion. Do the deaxyrihose-
pbosphate backbones of the DNA chams over get closs enongh to enable
ruch bond breakage? Phosphate groups are all negatively charged under

a socond barrier &8 fnberent in the phosphate ester bend. This is « rels-
tively stable bond and also wonld require cansiderable enerpy to bresk
and refarm.

Because of these and other difficaltes (for exampls, consider this
problem n relation to coding, me the dictionary to sct up some semso
alleles and exwmine the consequences of breskago{usian) efforts have
been made to formulate alternative propasals to eccoant for ntragenic
recombination. One such proposal 5 called copy-choice, and the rea
son for fty formulation will become evident when we note same edditional
curious facts about intragenic recombination.

Coerider a cross of two different alleles of gene B b, and b We
cun represent their pasition on the chromosomes &3

a + b
Y
A b+
A

L Ou
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The alleles are symbolized as slightly displaced from one another for the
purpose of descriptive clarity Two additiona) lnked genes, A end D
one on either dde of b are necessary to the analyrls. Note carefully that
if no erossover occurs between by and by, the b mutant will be recovered.
If a closrical crossover does oceut between by and by normsl B progeny
(a :E d} will be formed. However croming over between by and ba
must yleld recombingtion of the outdde marlers, that is, B progeny
should also be mutant for 6 and d The expectsd reciprocs] recombinant
class is AbD mutant b and wild type A and D

Actmally in many crosses of this type, one finds normal B progeny
which are unexpectedly normal for A and D s well ( genotypically ABD)
In addition, in intragenic crosses there are cases in which it has been
passible to prove that one of the two recombinant clarses never waf
formed, that is, either aBd, or Ab b D ~was formed, but not both. Thiy i
referred to as nonreciprocal recombination.

Tho fact {s then, that nonreciprocal recombonation does tgke place
within the gene, This means that procal b p bly
takes place between DNA molecules To account for this, breakage-fusion
in DNA, although certainly posable is unlikely evge, copy-choice.

Copy-cholcs

Copy-chaice is assumed to work in the following mahner Prior to
replication, the two strands of DNA uncoill to form single strands. (This
occurs through as vet unidentified physical forces or is catalyzed by the
enzyme Travelase) Stnglestranded DNA then replicates ity comple-
mentary strand. An error fu the replication conld occur as is shown in
Fig. 28 Suppose a strand, complementary to strund 4, wers in the process
of replication. Atsume that another strand, {dentieal to A except for an
alternative allele (strand a) were also in the cell and very close to the
newly forming complementary strand. The replicating strand, ca rare
oceasions, might switch and use strand a ax fty model for a xmall region.
The replicate, then, would not mirror the parental strend, but would
effectively recombine the genetic codes of the two strands. With this
model, there Is no need for brealage-fusion or the formation of reciprocal
classes. This type of copy-choico Teplitation abod woold explain the re-
combinatitmal events obeerved in bacterial virases or in bacterial trans-
formation.

In bacteral transformation for example we know that a small
amount of DNA istaken Into a cell, and that & portion of the code it
carries, fn same way can become Incorpotated into the replicating code
of the cell, In this case, tho copy-choice mochanfim suggests that the in-
ecrpnxﬂrdDNApanﬁllhomobgomrcgmd&mpcmtnlmnd
.nd,nnmsequmeeufnmpv—d)ok‘emmmp!hﬁm,rmnlim
tHion of the traits of the donor DNA and the parental DNA occurs



Bg. 20 Copycholc recomb natian The two parsirt | sirancs are homol-
ogons bot not Kieetcal

Whether recombination occurs by copy-chofce is unproved. But the
facts are clear Within one chromosame, st lesst two types of recombins-
tion must occur- recombination betereen genes and recomblnation within
genes The mech of r L still awadt clarifl

Since recombination within a gene does occur we cun uso it to map
& gene, and to try and ses what 1ts fine structure is fine-

cistron, the units of mutation, of recombinstian, and of function, respec
tively Benzer: experiments have been carried out with a bactenal virus,
and he has gone far toward dedining genetic units at a molecular level.
Stnce we have previcusly and st length described the genetics of tryp-
tophan synthetase formation, wo will continue to use this gene as & model
in describing genetie fine structure.

Fne Strucisre

As we discuged fn Chapter 4, an allelic series of tryptophan synthe
tase mutants can readily be isolated. These are mutstions of e single gene

another, do yleld infrequent ent progemry and now
we can map the genetic regkm by determining the freqoency with which
different allelic crosses givo rise to tryptophan-independent progeny The

mpmbeprrpn:dbyuﬂngthhomcdtudmmdwiﬂmnmmpﬁug
the stmost 1 task of d whether the
h-hufuund.ﬂnlh.tbogmeviththedoubhledm]

As was also discursed in Chapter 4, we know that mamy functional
differences can be ohserved between tho members of this allelic series.
e can set up a broad classification of these mutsnts in the following
way (Fig. 20) Mutations mxy give riss to either a CRM* or « CRM -~ strain.
The CEM+ 1, &3 indicated in the chart, can bo subdivided further into
three classes  (I) strains which havo lost catalytic activity for all three
reactions catalyzed by the parental emryme- (1) strains without catalytio
activity for resections 1 and ¢ but with ectivity for reaction 3, (LI1) strains
without activity for resctions 1 and 3 but with activity for reaction -
Class II can be subrivided further in that some of these mutants have no
cofactor requirement for remction 3 others requbre, in contrast to the
parental stratn, pyridaml phospbate and still othery require both B8 and
tho amino acld serine.

57
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Frvmﬂlhinfmﬂm,ithnpp-n:m netic
trolling the formation of tryptophsn W&Tzismy wma:
analvring the fine structure of the region, therofors, wo can rabdivid
the reglon into & large tumber of individusl mutationa! sites Such muts
tional subdivisions of & functtonsl arez might be consdered as mutons
A muten, es defined by Benzer ts the smallest elernent that when altered
can give rise to a mutant form. A single functional ares, a gene, consists
of many mutout. Stnce the geve is DNA, it {5 reasonable to inquire what
the muton repr in termsy of rocdsotides. A muton shond represemt
the minimum number of nucleotides that muost be altered to permit amtno
acid elteration. From his analysis of bacterial viras recombination, knowl-
edge of the totn] amoant of DNA per virwm, aod some ingeniom ssvamp-
tom, Benrer estimates that at maxvimum & muton conxlsts of & few about
three or foor nucleotides and hopes It is really ove. (This would fit
qur code.)

What about the structure of & geve in terms of recombinstion®
Beozer suggested the term recon to define the smallest unft tiat &5
Interchangenblo by genetio recombination. The analysis suggests that the
recon may have the molecular dimengons of one mackotide. A men-
ﬁoncd,ifvnﬂomu-y;ﬁnphan_mquiﬁngmuhntm-dmmmcdwﬁﬁ
oae another tryptophan-independent progeny occasionally arise by intra
geplo recombination. Using orthodax mapping procedures, we o ot
map the mutons. It tums ont that matoas appeer to be wranged i &
Jioear array within the functional geve arex (Fig. 30) TWithlz the aea,
certaln regions ars easily susceptible to utation ( palsy mﬂw)“x
reglons &r® {mpervious to mutation ( sllent resfws)"n'ddwmt
serration of Interest is that alleles that are functiopally sfmler are
sattered hroughont the genet. bufned-gﬁﬂir‘]ﬂ‘“w
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Foc clers type, see Fig. 2¢ e - D
area of tryptophan mutations of cJasy I appear to be clustered

W‘hltnhmtdnhﬁmtugmg}cmn{:ﬂmce?hitmdﬂmkm
obixin pratation there? Or are exp 1 tools still inad
mnhod:cu&mdmﬂwhxduanpom?ﬂhhrdnndmdn
problem of knowing what to look for and whilo there are no answrers to
the questions posed, there &5 » suggestion. It may bo thet mutation {5 fust
23 frequent in the sflent regiom as in the nodsy regions. This would
that in certain areas of the enxyme, smino acid sabstitution can
enzyme sctivity while in other areas mbstimtion cannot. To sctually nd &

the enxyme, and see what happens. Either that or have a clever idex. The
problem watts.

Some interesting evidence for the above concept, howover comes
ﬁun&:omperbltmcmrdm}yrbof&mpmmmmbb‘nmnkdm

by Dr J C. Xendrew snd his s By Xy crystall diffrac
tion and the livelisst imaginstion, it was possible to determine the entire
slobin. The ts given tn Fig. 23 In their work,

ﬂaqem&mnddnednmo}uuonnﬂdmtwlctthemlmkuﬁnfnhh
within the protein chain. One fact emerges clearly—the protem malecuke
is folded in ruch a manner as to being into closs spatial relaonshtp ammmo
acid gronps relathely dotant from one another in the chaln, Thus we
find areas in which folds occur a5 well a3 aress of straight protein cham.

The importance of thess structural cousiderstions bevomes #m
mcdmdg:ppammthaeh-pmtdu]o{md:mlnﬂ;ble.thn
permits extension of the picture of nryoglobin to other proteins, in-
duding emxymes. If partions of pelghbaring chains of amino acids,
brought together by folding, constimte ates of enrvmatic scthaty and

on the one hand between the polsy regions of the gepe and the sites of

emmrymatic activity and on the otber hand between the quiet regioas and

the arees of stralght<chaln structaral uppart. In the latter case, substi

tion of oo aming acid for another bro at n a mutation (n
=
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qu t remon easily conld have littlé or no measurable effect on enzvme
actmity \utation {n the noisy region, with consequent substitution of &
amino acid in the site of enzyme activity could have & dramatic, easily
measurable effect

At the present time, therefore, we can state only that there fs still
much to be lexrned about the nature of protetn folding, what directs it,
and whether the gene affects folding apart from sequence determination.
It must also be emphasized that while noisy and silent reglons heve been
found in the genetio fine structure of tryptophan synthetase, simflar re-
gions have not been observed by Benzer n the genetic fins structure of
the trait he studied t 2 hacterial vires The ressons for these differences
awnit reconciliatfon. This is an ares n which many experiments are pow
belng carried out, end tn which the combined use of bological and
sophisticated chemnical techniques are being profitably exploited to gain
further insights tnto the molecular basts of heredity

7
Complementation

We now come to an additional and intriguing question. Mast all the
mutons of & sngle genetic aren be present together and in & preteribed
order for a specific enxyms to be formed? We can find out by making use
of a test called the cis/trans test, a test which gave rise to the unit of
function, the cirtron. The principle of this test ft fllustrated in Fig. 31

Basically the problem is whether engyme formation will ocour when
all the necessary genetic elements ore present, ot in a single linkage
group (the dis position) but distributed either between two homologous
chromosomes located in the same muclens or fn two different nuddl car
red in a coommon cytoplasm (the trans position) Surprisicgly it appears
that all the genetic elements necessary for enzyroe formation need not be
bound together on the same chromosome. The term cistron will be nsed
to define the smallest cubset of mutons that must be present together in
the cis position, for enzyme synthesit to occur in the ceil. (We are deliber
ately simplifying the original definition as given by Benzer but at no
sacrifice for the exposition of the general concept) As an filastration, if
there are 100 mutons in a gene, assume that the prosence of af least 20
linked mutons on ons of the chromosomes is necessary for entyms forma
ton. A partition of 18 81 on ane allele and 17 83 en the other would not
permit enzyme formation. A partition of 19 81 and 21, 79 would permit

complementation.

Fig 31 The cri/frams tost Obrect WIE
+ + + - the tralt be manderted [a the freas cda
T the W onfiqure-
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Let us try the following type of experiment. If two strains of Neuro-
spora of simflar mating type are grown together fusion of hyphae between
the strains can occur and new hyphae will be formed that carry the two
parental nuclel in & common cytoplasm. The noclel do not fuse to form a
sexual phase h:tdividuind?endent}yofe-chothu This fasion strain s
callad a hetarocaryon and cah be seen easily if we grow a strain of Neuro-
spoce which requires tryptophen togstber with a strain requiring arginine.
1f the growth medfum containg nesther tryptophan nor arginine, & hetero-
caryou will be formed. These struins can grow becauso the nuclel that are
unable to form srgiuine carry a gene winch enahles them to make trypto-
phan, and the typtophan-requiring nucler are genetically capable of
forming erginine. Thus we have a sart of offbeat heterozypote, since the
stratns have all the necesrary elements for tryptophan and arginine farmas-
ton, but distributed between two different noclal, rather than present in
on¢ nuclews. These two nuclear types together get alang as well w the
wik] type by {self Thess two nuckear types are sald to complement each
other

A similer complementation test can be carried oot using two allelic
tryptophan synthetase lets (t aso-less) mutants. As a test of complements
tion, we can determine whether o heterocaryon formed between two tase
less mutants in our allete series 5 capabls of growing on a medfum lack-
ing tryptophan. If ft i1, can such a strain form teso?

Certuin combinations of alleles do exactly this. The heterocaryon cam
grow in the absence of tryptophum and can form tese, In this cate, the
heterocaryors grow slowly and the amount of enzyme formed is small,
but it is an expertmental fact that complementation does occur between
oertain alleles and does resukt in enryme formation. It fs even ponidble to

is that the relative position of alleles in a complementation map is similer
to their order fn @ recombination map but the correspondence s pot
identical. Theeo two maps must then tell us different things—bat retoarch
on this recent concept has not yet edvanced to the point where the differ
ence 1s understood.

But one thing has been learned. Such complementation maps tell
us that alleles of similar function do not comploment. That fs, alleles all
belonging to class [1, those without enzymatic activity for reactions 1 and
2 but with activity for resction 3, will not form tryptophan-independent

However by this test, mombery of class 11 will complrment
members of clags 111, mutants with no catalytio activity for reactions 1
and 3 but sctivity for reaction 2 Can wo explain the type of Interaction
involved in complermentation? No. Bat we can speculate

Ve know that many enzymes consbit of at least two independent
polypeptido chains Hoked together by covalent bonds (e g, 5-8 bridges)
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can dissoclate. Genetic analyxls tells ns that a gene consists of relatively
few cistrons At present, wo are tempted to predict that e dstron may

, ropreseut the ganetic area that controls the farmation of a single polypep-
tide chain. If an enzyme consists of mare than one polypeptide the func
tiomal genetio area defined by the geoe will then conslat of an equal pum-
ber of cistrons. But this s fust & blo guest. The probably
will not survive long, and may pot nrvive publeation,

Sammary
We now can arrive et the following conclusions concemning a geno
A geve is the ares in the ch n which cxn oceur and

affect the ability of the organtum to form & specific ensyme. This genetio
area is a complex region in terms of both mutation and recombination. It
can be subdivided foto many mutons and recons and into a few clstrons.
‘We might now define, or perhaps we should say redefine, the gene as the
entire functional ares required for the formation of a specific enzymatic
activity The astute reader will realize that the dafinion is wncertstn,
In the years abead, it is eapocted that the definttion of a gene will con-
tinue to chamge for the gene is essentially an operational unit. In the
hands of earlier workers, it was first a unit of segregation and then & undt
of classical recombination. At present, it Is & unit of function, and in the
future, it may well bo a anit of DNA. In any event, we are now

to talk about the molecular dimensions of umts of beredity

Although DNA appears to be the subx that fts hered

lniunmtkn.mh-wnmmﬁoned(ummindmlnchmmﬂn
visible chromosome of higher farms probably contains all the DNA of the
cell. The inheritance test indicates that gemes are mmanged in u linear
array in the chromosomes of all organisms from bacteris to How
ever the linear array can obvicusly take many different forms, We know
that the DNA, tn some way must be condensed fn chromosomes, since
the total length of DNA, calculated from the Watson-Crick model, far
exceeds the sctoal chromosome length. It hes been suggested that the
DNA i1 srramged in Christmas-tree style, with the DNA as limbe along
aprmdnmmk.RedpmmlmmHnlhonthmumldmrdungdn
trunk and. procal adong the limbs, but again this i
only speculation. The hard facts are still to be discovered.
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Genetic
Mechanisms

on the geoe 1telf, ity structore sad its
fundim.Wanownnnmleamdcnﬂm
of the mechanicx of gene

n.nd'.hel-lmdhumdlw We fntroduce

perent nucleus.

mosome differs from all the others in the
genes it carries and, therefore, in the set
of tralty # detcrmines. \When gepe muta-
Hon occurs fn smy hapladd modeus, sn
tmmedlate alteration of geme function in
that nocleus must tala place

Mutaion and Selection

Whether or not sech a mocleus sar
vives depends on many {actors. To {us-
trate, assume that we have two Neuro-
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requirement {or tryptophan. If we now place both spores in an environ-
ment that normally permits germination but that contains oo available
source of tryptophan, what happens 13 easily predictable, Tha normal
spore will germinate to give rise to & new plant, the mttant spare will not
germinate, and its nuclem with its mutant gens, will be lost.

Consider another type of mutational event. Assume that a single
mutation occurs i one spore to confer upoa it the capacity to germinate
and to grow more rapidly in a relatively arid environment. If the two
spores are placed in a norme! environment but with & cimate in which
the molsture content {3 reduced, the mutant spore will germinate and the
plant will grow faster than the pormal spore The mutant will extract and
utflize all the resources of the environment at a mare rapid rate than
will the narmal plant. In sum, the mutant will outgrow the normal plant
and displace it from the new envirenment. In this cate, the normal nucleus
with the narmal gene will be eliminated.

In the above examples, one ar the other of the parent and mutsnt
nucsel was oliminated. These lex, although somewhat stmplified, 1
Iustrate a principle that has been validated by countless obtervations and
experiments. Mutation and campetition in the original or in & new en-
vironment represent powerful forces in the creation and survival of new
fitter gemotypes in a haploid organism.

Medothc genetic recombination also ocours in Neurospars, sincs thers
is a sexnal phase. (Nots that in Neurospors, the diplaid stage i transient
and gives tse immediately to the haploid plant, in humany, the complets
roverss is true. ) To form a sexual rygote, two cells from strains of opposite
‘mating fuse and form a diplotd cell. Fach of the haplofd nuclef contribistes
a et of heplotd c and a cell twhsuch sety is
formed, Such a cell ts diplodd It contains two genes that govern any
xpecific trait. If the two tets of chromosomes are ideatical in gene con
tent, the diplatd cell is called homoxzygous but ff the sets differ—that is,
1f there are alternative alleles of certain genes in the two sots of chromo-
somes—the diplaid cell ts wxmed heterozygous The terms homazygous and
heterazygoas can alio refer to a gene A diploid cell with two identical
alleles is homarygous for that particulsr geno if tha alleley differ the cell

sores. It also parmits crossing over b

Melosis, therefore, Is a sexual hanbsm for the bt of genes
contributed by the parental struins, It permits the ready formation sod
{ of new gene comblnations, We might sy then, that the life

cycle of Neorospora permits the evolutton of new types by at least two
mechuniums. New genes with new functions can arise n the haploid
organism and be {mmediately expressed in its unimcleats condiospores
the second mech permits ): of thets now genes with
zhogmllrudyprncntAﬂfbaamﬁmbomb{tctedmlbetmﬂf




Genetrc Mechanmsms &8

the environment, which can sclect out thote genotypes best fitted for the
envirument.

\ Bacterial Recumbisation

‘We have sthown how new gene combmations form by genetic recom-
bination in an organism that enjoys meiosis The inquirng mind, however

has been deduced from genctic experiments, althoagh it has not yet been

Y

Escherichia coll and Sal o typh tum are les of two
becteslal species which characteristically contain ane linkage group and
a0 haplaid. Vegetative reproduction takes place through doplication of
the b 1 chr and the i of sn i chromo-

some to each danghter cell. We suspect that this event o similar to mitosis,
althoagh this 1 lacks cytol 1 confirmation.

As wo will discmss in @ mament, nmatation plays a majec role i the
evolution of pew genotypes in these organsms, However bacteria are also
capable of recombintng, the genetio tralts of two separato cells. In bacterial
trantformation

words, a partial betesazygote. Unlike the formation of & diploid eell in

Nmmmtnn-mﬂumuumﬁngmcﬁcmuﬂmﬂonuﬂbemwmm
recombinstion may well result from 2 copy

tnfectrd fnto the recipient cell. Bacterlal conjngation requires a mating-
type system, sincw cells of only

ave kind (Hfr) can serve o donory, while
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other cells (F~) cau serve as recipients The difference between (Hir)
and (F~) cells is still a mystery Surpritingly encugh, even under condi-
tons in which a cytoplasmic bridge is formed between the two cells, the
mﬂmgmomoofﬁndmceﬂh;ddom!n]edcd.Agdn.ﬂwmdphnt

cell is only partially diploid. After conjugatiam, the cells sep
recmnbdnnﬂontakuphcnbetwemthegmum}edcdby&ndoumceﬂ
and the genes present in the redp Daughter cells bear

mgmmbmumufdmtwopurmtceﬂamiamed,mdtbomw
eanlﬂmﬁommt:mmlﬂcdmdxirpmgmy
Still a third h for \i fon, bacterial t d
exists tn bacteria, Bacteria] transduction differs from the other mechantums
in thet the agent for tranumitting a portion of the DNA from ono cell to
another is & virus. It may be somewhat disquisting to think that a virus,
the very model of & cell parasite, can transfer ity hosts DNA fram ooe
/  cell to another It does occur however even If unexpected. The story i
briefly this. While many bacterial viruses appesr to infect and invariably
destroy the specific bacterfum they parasitizs, other viruses behave differ
ently These can and do infect and destroy but, under some
circumstances, they infect cells and then turn benign. The viral DNA
becomet attachad to the chromosome of the host cell and multiplics when
the host chromosome multiphes, If a virus has this characteristic, ft {s
known as a temperato virus. The condition whereby the viral DNA «its
quietly on the host chromosome is called Iysogeny
From tme to time, the virus spontanecusly erupts (by now yoa
realire that tpontmcom in Wology mesns we do not know why”)
its form, multiplies, destroys its host cell, and pours
out ready to infect another bost cell, prepared either to destroy it or to
Iveogenize. When the DNA of a temperats virus in & lysogenic condition
is activated, it forms a complete vir It can then lysogenize a new host
and curry a plece of s old hosts chromosome into the new host. More-
over the genetic information of this chromoomal fragment can become

incorporated into the new host.
Bacterlal bination, theref h istically tokes place

through a number of different mechantsms, but only partial dipladd cells
are farmed, and copy-choice may be the primary mechanism for the in
corporation of the new information. The absence of equal genetic con-
trfbution and the abtence of a true redoction division distinguish bac-
terial recombination from that found i higher organisma,

One of the many enigmas that surround these various foems of bac-
terlal recombination is the role they play in nature. Do they represent
Inboratary oddities farced upon nature by the investigator or are they
crucial to the survival of celk? And of equal intorest are theso exclusively

bacterial phenomena? \We know that human cells are susceptible to cer
umtypuofvinnnndthndrvcundmharbavimeifmymn 2 condi-
tion sualogoas to hysogeny Do human viruses carry DVA from cell to
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mﬂnﬂ,ﬁthoydo_why?%uupmlmummtmeantmglm—ﬁydn
stats of the question mark, bnt to gtve you sams {dee of the things thet
intrigus biologlsts &t the moment, and of the things they are trying to
leam. Therefore, although we know thet bucterisl recombination cen
ocqur fts rale tn the creation of new bacterial types has sl to be ssressed.

At the present time, it woakd appear that mutation and selection are
the major forces mvolved in the evolution of new bacterial cell types, We
Inow that mutation ccrurs spontaneomly snd in a1l genes that have been
studied, although the sp rate of among genes appeers
to vary In general, bacteris are single haploid cella. Matations are rapidly
expressed. Mareover heplold organisms multiply very rapsdly as com-
pered with the higher diplaid forme. In the laborstory onder smitable
coodttions, the bectertum, E. colf, wall divide about every balf hoar At
the end of 15 hour, one cell will give rire to 10* or shoat one hilion
cells. This means that matant populations can eastly be exprened, and
seloction of new genotvpes by the environment can easily occur We have
Mstruted the principls of mutation and selection earlier tn the chapter
and will now discuss one additiond] example which has come to our atteo-
ton rather forcefully in recant vears.

Escherichia eoli ts ordinadly killed by the entitdotic substance, strep-
toarycin, If streptomycin 135 added to a culture of sensitive cells, the cells
will be killed. However E. coll contains a gene which can tndergo muta.
tion and confer resstance to streptomycin upon cells that carry it Muta

ton to sirep <l oceury sp ly about once n every
10° to 10* cell divistons. In the absepce of streptoaycin i the saviroo-
ment, & from ¥ y to

'{ﬂgumuumdbym.m:i.ppumﬂydmbymmmdnm
myein-reststant genotype does not accuxralats to ary noticeable extent fn
normal populations of E. coll In the presence of streptomycin, howover
only those cells with the resistant gane can survive and grow and the
strept afttve popul 1 erad d In & world filled with

hasar ) ¢ Bexibility ths 1 to mutate and meet the
challenge of a3 yet unknown enviromments in order to survive. In a struler
'Iyuymmmkncwﬁ:eﬁlahtmeunquathDdemwmh
congtdering whetber bo con cooquer the loutzing redistions and tha
weightlesmess and the new challenges of apace.

Dipioidy

The Lavrs of genetics were farmulated from the study of higher plants
and enimals, Thess organisms difer from fungl and bactera in that they
reproduction,

mdipbﬁmdtwarbb!ypwumfmdm
Typkcally 2 now individnal arises by fdon of two nontdentical gametic
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cells, the egg and the sperm cell. Fusion results in the formation of a
diplotd cell, which, by division, growth, and differentiation, glves rise to
a now adult. Reproduction, therefare, requires the formation of haploid
gametes from the dipladd cells of a mature organism. The formation of
progeny consists of two mefotic divisions, one tn the male and ane fn the
female cell lines The fact that fu the diploid type of life cycle a new
tndividual arises by fusion of two nontdentical gametic cells suggests that
recombination plays @ major role tn the formation of new types.

The formal genetics of diploid organisms differs in certain respects
from the genetics of haplotd orgunisms. In diploid genetics, the ohservable
characteristics of the organism (the phenotype) dertve from the existence
and expression in each coll of & duplicate set of genes. Further allelism
implies that for any given gene a heterozygons condition can exist. This
ruises the problem of the phenotypic expression in the orgunism of more
than one allele To illustrate this problem, let us choose a microorganism,
a yeast, whose vegetative growth phase is diploid.

Dominance

Diplotd yeast cells divide by mitesis and can also undergo medosis
to form haplodd cells The fusion of two haplaid cells results in the re-
establishment of the diplotd line. Two haplold strains both capable of
forming tryptophan synthetase (teset) upon fusion, form a diplotd cell
carrying two taset genes. Two haplo:d strains incapable of formfng the

(tase—) fure to give a diploid cell line with  nutritional require

d:mnnmmebnmutmtaﬂelethntcnnmtﬂmpbenotypecfﬂmdlpldd
cell line, which is h gous for the try synthetaso gene, Is
h-yptnphmindeptndmtﬂmmﬂ:tynthﬂﬂutﬂumymomdcmgmwm
the absence of added tryptophan The tase+ gene is sald to be dominant
over the tase— gene
Ingcnﬂde)eahﬂltymlymhcdumncﬁvomxymoqun]lﬂalgme
4 dom The p of a doml geoe in the diplaid cell alo
maﬂywﬂuthefmmﬂoud-rpcdﬂcanymenlmmmﬂickntm
allow growth, although not necessarily at the maxtmum postible rate. This
example {llustrates the problemt, however that can arlss as s consequenco
of b gosity For a ton in the taset gens can result
tn the formation of 1 mutant enzyme that might in some way inhiblt the
normal enxyme. This would to a requirement for tryptophen in &

heterozygoto containing a taset allele In the absence of other
knowledge, we would then conclude that the mutent gone war dominant
tntbonmnalnlkl

Tattonship of domi and its ene, T s 2

N
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convequence of the fact that i diplodd cells, cach ane of the alleles exerts
ts own acton and the phenotype mmst reflect the result of thetr fntersc
tion. If one of the alleles can functon and the second allels cannot, and i
neutral, the former would appear dominant. If the second allels inhitdts
the sction of the first, the second would appear doninant. If one allele can
direct the farmation of a product bat in tosnfickent amount, the hetero-
Tygote appears intermediate, and dominance is indleterminate.

My interactions are possible and all are found. On the Jevel of the

betereen complete

homarygosity and complete hoterazygpsity exist; and allelic interaction
is & problem batic to all of diploid genetica.

The fact that & vegetative coll carries duplicats geney confers genetic

stabiility on a cell, end this may be one of the reasons that the majerity of

N pors and can Jead to the mpld phenotypic ex
pression of the mrutant aflele In a diplold organtym, however expression
of & recestive mutation that the mutation occor at least twice,
ddmhbod:membaiuf;diplaldpako:dngiyh:mdtpﬂdgmu
fallowed by of ane member
Dfagmap.khlinlﬂ’mﬂ"‘“ the probability that both memb

ofﬁmgmopuxwﬂ]mntltumdnmecrﬂndnumcﬁmehnpnﬂm
of this probability o 1 in 10* cell divinons. This o 2 rare event. In
addition, #f the mmtation occurs separately the mutint alleles st find
each other or they may be lost in the metotic shuffle.

'ﬂm:mmymudununocanmndlp!mdurpnhmmdpaum_
detected during the vege » of ths Thnttrl:ln
can stmply grow and 1 ootations. Occasiopally
dﬂuhlnmemiwwtﬂbafcrmed.anidnpbmtﬂitﬂpruﬂmafﬂx
gene can then be observed. If it 41 valuable, wo treat the argantrm and
the parent lines with great deference. If it b troublesame, we try to correct
oc eliminate 1t These are common practices in horticulture and anmal
husbandry

Whils diploidy coafers great stability on vexetative reprodocton,
sex combined with diploidy provides the opportunity for a species to try
out mary new gene combinations To see how this works, let m consider
the transmission of traits {n € diplokd apunim Iz whick the taw diplold
cell lines both undergo malosis and form haploid pametes.

Three:Owe
Assume that two ccll lines differ in a particular trait, enzymeo forma-
tion, and that a dominance relation balds. Let E represent the (dominant )
gtoe which directs enxyme formation (enx+) in the phenotype, and 0
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represent the (recessive) inert allele. Assume that ooo organtym has the
genotype EE and the other e A croes between the two will give the re-
sultz ontlined in Figure 324, where P stands for parent, Ga for gamets
rroduced by medorls, and Fy and F, for the first and second fllial gen-
erations. In this case each parent prodnces but one type of gamete, and ~
2ll the Fy progeny are alike, E¢ (enx+)

A cron of two F; organisms is diagremmed in Fig. 328 Hers, oach
F gves rise to two gametes. These are vanally produced in equal mumber
Random fertilization means that fusion of any gamets from ome cell Hno
by auy gamete of any other cell line is equally probable. Random fertiliza
tion of F1 gametes produces thres Fy genotypes in the ratlo shown in the
figure. Since both EE and Ee are (emx+t) there are only two phenotypes
in 3 1 ratio. In the Fy, note the reappearance of the two parent types, EE
and s¢ aud the persistence of the recombinant type, Ee In diploid ge-
nstics, a 3 1 phanotypic ratio in the Fy is a clear indication of a single-gene
difference.

X e ] l
é (J.) € @QO@ Fy. 1L The lbent ceof
-hti:mm(l\)“mu

& F & P - of arrgous domln at

nd
1 2 ' (B) M ting of F het ro-
Trgotn

Nine:Three:Three:One

Let w now anclyze a cross involving two gene differences Stoce in
this book we lave emxymes, let the traits controlled by the genes be T =
the presenco of tase (taset) ¢ = notase (tase~) H = the presencs of
histidese (hate+) & = no hase (haes~) Aoume that the T and H
genes are on separate chromosomes.

Tho results of a crosy between the parental types, TTHH X tthh,
are given in Fig. 33, as 13 the result of the Fy cros. By now you have oIl
the infarmation necessary to calculate and confirm the ratios and the
genotypes given fn Fig. 33, Moveover you ean backeross the F to elther
parent and predict the results. You can check your answers by referring to
any of the standard textbooks given in the bibliography The appearance
of 2 9331 ratio (with dominance in each gane) clearly indicates the
segregation of two unlinked gener.
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Fig 11, The inherrtencs of two genes an webarste chrsmosomet

Urkage

For our third example, wo will analyzs the transmission of two genes
Haked together on the same o Clo during
mewwmumm(mm)dm
gmes. In the absence of crosover all the progeny would be phenotyp!
cally end genotypically like their parents. Astame that the tryptophan end
Hs&dhegmamhnkudm&wnmechmmmAmdﬁn
bomorygoas damtnant (T,H/T,H) by the bomozygous recesstvo (6h/th)
will give heterazygoas F pme;m!(g:]ﬂrﬁ) (Fig. 34) Moiosis tn the

will

progeay t 10 the formation of only two

types of gametrs, (T.H) and (th) Thus, if two beterarygom F, progeny
are cromed, we will find o the F only strains that ars (T,H/th)
(TH/T.H) and (1h/th) all pesotypicslly ke o5 o the other pareat.
Nﬂngng-ﬂmdthapumul;muondndwmmhnmmed.
discssed tn Chaptes 3, during mefosts the fntimata

permits the

betwoen
menta exchanges, ﬁmdm;mmw
of crosstng over ut:umnwdﬁcqmncyofmomﬂw,m@ﬂhfun

in Fig M.
ewmin! figure, will notice that «ll the F progeny are
o foy e $JWF progeny that arfse when the

dominant gemes, as Y
mm:ﬁtewpmdﬂm}nwm is that both
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dominumts are still on one chromosame., In the F cross, recombination of
the dominant and recessive geoes takes place through crossing over
{Have you noticed that crossing over in the parental chromosames has no
genotic effect?) The types of gametes formed, their fraquencies, and the
foll genotypic and pbenotyple consequences of random fertilization are
recorded n Fig. 34 Note that nine different gerotypes are produced in
the Fj by the breaknge-fosion recombination. Genes even swhen linked,
72



Genetic Mechanisms 7

dowgugamThmﬁnﬁm]phcnutypicmﬂowﬂhmpcramt(lmB)
crossing over s 64 10-10 18 far different from the 8 3 3 1 ratio expected
for unltnked genes. Study the figure carcfully and devote same thought to
1. Set up the following problem

=) )

Amnnnlmpammm&quymdw}wltbywﬂﬂngmy

cinating work that hey been doge, and is still being done, in the genetics

of higher n breedmg and selection, in fmect L con-
trol, and in the effects of rediation.
Sex Determination

Befare we go on to a stady of luman geneties, we must disents two

tween tho mating types They are characterized by the fa>t that strains
within a mating type are mutnally infertile Stratns from dilerent mating
types will crosshreed to form a partial or complete xygote. This com-
patibility differemce is tnhented as a single-gene difference. In troe sex
uslity clear functional and structurel differences cdst Thers are two
gametic cells of different frnchon, the egg eell und the sperm cell, mith
elsborate functiona] differences between the sdulb of the two sexes. In
bhumam, many developmental differences are known to enst between the
sexrs, and thess differences appear to reflect the acton of many different
genes, Le., sex determination i multigenic, This 13 barne out by the fact

d tvolves a ct 1 diff with 1t full

that sex
complement of genes,

The & 1 batls of sex o cxn be seen cloarly fn
the fruit iy Drosophila. Cells of the femalo have four homologous patrs
of chromasomes, while cells of the male cootain thres homologous pairs

characterivtic of male cells b called the Y chramasorme Females cap trams-
mzadyxmuhﬂemlammw(tddxr‘(uY and In equal
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froquency Clearly then, there i3 an equal probability that & newly fer
tlized zygote will contein either two X chromosomes, a new female, or
one X and ona Y & new male, thus providing for equality in numbers of
both sexes.

chrom 1 basls of sex determd in men is superficially
similar to that in Drosophila. The female has two X chromosomes in her
celly, the male an X and Y This chromosomal distribation, however is not
universal. In some organtsmi—the damestic fowl and some moths—the
malo has the equivalent of two X's and the female the X and Y In still
others, the female narmally has two sex chromosomes and the male only
one—there is no “Y" chromosome and there are other variations.

The role played by sex chromosomes was clarified by a stody of

ction by Calvin Bridges. He found that on rare occasions, dur
ing melosis, the X chr paired, a1 expected, but then did not
teparate did not disjoin. They both went into one of the succeeding
daughter cells. The other cell did oot recelve an X. All the other chromo-
sames wero well behaved. These eggs, XX and O instead of the normal \,
wers then fertilized by either \ or Y from the mals to give XXX, XXY
OX, end OY In Drosophils, XXX developed tnto an infertile femals
{called a superfemale—unfortunately a most inappropriate term) XXY
was a fertile female, OX a sterile male, while OY was lethal, the egg did
not hatch.

It i3 pow known that pondisfunction can occur in many arganisms,
including man. Of particolar interest is the fact that it apparently can
involye any chromosome. The revelations provided by studies of non-
disfanction in man in terms of both sex determination and the develop-
ment of physical and mental abnormalities will be discussed in the next

chapter
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thought of his remote planet us the center
of all things with the rest of the oniverse
revolving respectfully around it Scleo-
tific inquiry has demolished this gmall
concedt but not man s ego It & no wonder
that ho has made human genetics a sub-
fect of spocial Mterest. And it s in this
part of genetics that he needs Ingenuity
for tn obedience to cultural require-
ments, he most deny hdmself the fres
use of & valuable experimental tool, con
trofled matmg.

Direct study of the genetic basis of
Inman trarts hay depexded largely on re-
fined statistical nalysis of geneological
Hoes and the compilation of vital statis-
tics These methods have been forced
upon us by the long reproductive cydle tn

pew end promising methode.

The Chreaosemal Bagls of
Gene Transmisslon
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cally altke while others are small and dificult to detect, Recently human
cells have been cultured in the labomtory by techniques (tissus culture)
slmilar to those used with microorganisms, and, under these conditions,
they provide excellent materal for cytological {nvestigation. By special
methods, cell divition can be arrested and the chromosomes maintained
at the most favorable point for observation—on the equatorial plane fost
before separation. These studies reveal a basic chromosoms number in
man of 46, consisting of 23 pairs. Cells derived from females thow 23
homologous pairs, while cells from males thow 22 pairs and a twenty-third
pair contisting of an \-chromosome and a shortened Y (Fig 35) An im-
mediate resalt of the development of tissue culture methods wes the
discoverv in man of nondisjunction.

Some Congesital DI and N !
It has recently been found that Mongot a serious ) 1
disorder fod by a charscteristic M ) ’-ppe-mneemdby

mental retardation, is associated in many cases with a chromosome count
of 47 The rare child with 47 chromosomes 15 geoerally born to perents
with normal counts of 48 The most ressonable ¢xplanation for this aber
ration s pondisfunction. An egg cell In which one of the chromosome
pairs does not separate during melosis would, upon fertibiration, form a
rygote with 47 chromosomes, 22 normal pains amd 1 triplet. In Mongoliam,
thotﬂpletnornul}yocmninchmmommoNo,ELmdforwmeunn
pldnedmﬂmlddjﬂo‘ml alters devek and results
in the described nmm‘ogxcn] disarders

Noodisfunction of other chromosomes including the sex clwomo-
somes, has been found and is assoclated with other disorders, Indtviduals
are known whors cells carry two X-chromosomes and one Y They suffer
fmmlncumbglcddﬁfndkmwnuﬂdn{cldmlSyndmmenﬂdlhuw
1 and psychological abnormalities relating to sex determina

g;xmdzqrmﬂm
Nondishmction of the sexr chrom tmplies an sth
If o pair of ch d.oanot.ep.ntadurlngmdmu,then

oneofﬁh]toductxufmdo!hgmbodld\mmdnmd)axhw}d
get nono of the chromasomes When fertilized, the latter would have a
chromoseme number of 45 and be haplod for the mining chromosome.,
This has been verified. Ind{viduak have been found whote cells contain
mXbutnoYPbmotypimﬂydwymundcvckpedfeml}mwiﬂlm
ovarian Hssues (Turpers Synd ) In addition to p
fmnmdh[undimﬂledhmmyﬂxodmmmmmﬁngmd-&an
into sex determination in mam,
In Table 1 are listed some known genotypes relating to the sex chro-
and the corresponding phenotyple exps in both man ad

Drosophila.
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Table 1
The Phanotypk Expression of Yarous Genotypes n Man and Drosophilka

Genotyps —» x xx xr xxy XXXXXY
Huwan UF F " M M
Fratt Fly M F M F

F = Fernalo M = Mals UF = Undevolopad Femalo

Notice that in man, X and XX are female, whereas the possession of only
one Y is sufficlent to confer the mals phenotype. In Drosophila, ons X,
with or without Y is male, while XXY is female. From this and ad-
ditional evidence, it appears that Y in Drosophila carries few if any
genes and none required for male development. In humaens, the genes
carried on Y appear to exert a powerful influence in sex determination, a3
1s attested by a male with the bizarre clromosomal constitution, 5X,Y
In general, it can be concluded that the possession of sn extra chromasomo
or the omission of one of the ct leads to devel 1 ab-
normalittes There is no explanation for this but there it some intexesting
speculation which we defer to Chapter 8

Our discutsion hes tooched on bat @ limited part of the evidence
available from intensive researches now under way into the chromosomal
basts of human heredity In the fature, many more instances of the asso-
cistion of a specific diseate pattern with chromosomal tmbalance will
probebly be found. We know no treetment for this type of disesse. Per
haps one day it will be passible to prevent nondirjunction or to rectify the
physiological q of dishmetion once it bas ocared Theso
are not idle hopes. Other human disorders with a different genetic besis
are known. By making ws of the facts and principles discused in the
Mgebnptmwhnmbem-bbmuumhhlmumdmm‘
therapy in some of these cases As an Mustration, we will discun & dizease
called phenylketomuria.

Phonylhetonuric
In the 1630’s, it was observed that unusual amounty of a compound,
ndd,wmmﬂzdmdmmmo(mulnpadmunmued

mﬂedphmy[kntwwiﬂmdnppwedtoa.ﬂwtnmbﬂﬂoﬂhomm
iy A moro detailed analysis of the patter of family distribution turned
up.rmﬂtumpectedudmtumnamhaiwdpbeny]lmh
coald bo explained on the basiy of a single-gene difference. 1t was found
thltphmylkctouuﬂnwcmedinh&hmmdnb&moﬁdwodm
h:tmdylntheh-pmenuormnmdlruntrehﬂvmmchnundn.
gunty, and cousins, The disorder was unusually frequent In consanguine-
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ous marrizges, Le., thase between cousin-consin, uncle-niece, sunt-nephew
(You realizs thet comanguineous mates have & common ancestor ) For
ﬁ:amnmmlﬂmihm]iu,pbmyﬁmmmm!hﬂmmaﬂy

The obsexvations all pointed to the assoclation of this disease with &
m:ﬂdndlmbmdgunmmgmypuwuldd:mmm

in the popul the b with a normal phenotype,
hmmmmuwmmm
mal phenotype. The for the in-

mmdﬁequmcycfﬂ:edkomammnmgummmﬂlgm.mtﬁc
probability s Increased of a mating botween two hoteroxygous todividnals
to give the required homozygons recesstve. Oncs the genetics of the trans-
misdon of the disease had been solved, the rest bocamo & matter of Ho-
chemical detection,

The bioch | basis of phenylk ria Hes in the bolsm of
ﬁ:cnmtnondd,pbeuyhlmtno(FIg_fE)PutafﬂJepbmyhhmm“m—
gmmmrdieuhna-mnﬂymdimdmmmhﬁnmim-ditymd.mlf,fu
some reason, the oxid is blocked, phenylal is
dlmdmphmyipvnwh-id.wﬁchud)mmdnd.Cumbimthogmeun
evidence {a single gene) with the lox of a single reaction and our sus-
picion falls, correctly on an enxyme. The recessive allele cammot direct
the formation of the enzyme that catalyzes the of phemylal
to tyrosina. But how can this singlo kot lead to mental fmpairment?

Human benge are unable to synthesize many amino scids essential
for protein formation—they must obtain tham i their dist. Phenyllimine
1s one of these required amino acids, but tyrosine fs not, since & suficdent
amount of tyrosine is erdinanly formed by the cndation of dictary phenyl-
alanine. The normal diet, however provades both phenylalinine and an

—

otLo -
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adequate amount of tyrosine, and thus the genetic loss of ability to con-
vert phenylalanine to tyrosine does not impair growth. By ftself the loms
of the enzyme should be harmless. However since phemylalanine camot
be converted to tyrosine, an alternative mechan{sm takes over and canges
the production of aboarmal amounts of phenylpyruvic acid. The accumu
lation of phenylpyravic atid, a secondary consequence of enzyme losy,
appesns to be responsible for the nearological damage.

Tha course of therapy evolved for this disease makes we of all the
informstion outlined above If this disorder nvolves fust the one enxymatic
defect, it should be possible to rear such an tdividnal withoyt attendant
mental impatrmeat by maintaining dietary levels of phenylalanine fast
sufficient for protein synthesis but low enough to keep phenylpyruvic scid
at a minimal and, hopefully nontoxdc level

This treatment has only recently been apphed, and the data gathered
mﬁ!mmeoungjng.?hmylketmuncchﬂdrmmlmdfmmbh’thml
carefully prepared diet contatning subsi. levels of phenylalant
pear to grow pormally bodnphyﬂuﬂymdnanulogkal)y Olnerv-ﬂom
on their progress are still contmuing, and there iy reasonable hope that
dmdheuemyhawbccud.rmmvm!cd.

Phenyll ia offers a valuablo lesson when wo are comidering the
effects of gene mutation. A genetic change that affects a specific biochem-
ical rescton may indirectly bring aboat more extensive hiochemtcal
chunges than the lom or inhibition of ope reaction. If a call loses its nor
mal ability to carry out a reaction, s5av A — B compound A may acen-
mulate or may be bolized to other compounds. Either event can have
a profound metabolio effect and must be taken into accommt when assess
ing the over-all phenotypic effect of a single-gene mutation. Phemyl
ketoruria alvo makes it clear that if @ human disorder can be shown to
corespond to & tingle gene difference, there is a strong probebility that
the difference between a normal and an aboormal individual is basically
a difference in & single enzyme If we can recognize the reaction, we may
bo able to bypass the genrtic defect.

The inhexitance of galactosemia is another cate in point. Galacto-
semia, & disease first noted m children, is therited as & single-gens differ
ence and tnvolves the Joss of a single known enxyme. As in the case of

pbmyﬂ::twmia,wuﬁrﬂﬂu:lholonu{lxmglebbcbcmh]wﬁm
lndkod}yl:-dstu-mm:bcro{ ! including mentel
Jedge of the biochemical basis of the defect again per

mmmtiomlunmxmt'nwtnmmdaudmtummadﬂyﬁndmndmm
in a reference given at the end of the book.

From these examples, we can see that the basis af gene action tn
man, contral of hiochemical reactions through the medution of enzvine
formation, ts the same as that fn microorzantams and other subdivisions of
the plant and animal kingdoma.
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Slcide—cell Anemia
In the cases cited above of inberlted ditease in man, we drew on
gathered from other sources, to

sories of bellliant studies an another human disease, sickle-cell amemts, has

ficantly increased our knowledge of gene action in all

In 1848 HnmPlulhgmdhhcoﬂaguadkwvnedﬁlmﬁmfam
ton of an ab d to be the beoch 1 basts for
ﬂJolnhuﬁedtrﬁt,dckb—cnﬂmh.A:ymkmw bemoglobin s the
mafor protein of red blood cells. It combines with oxygen in the hmgs
and curries it to &1l party of tho body In general, a decreass in the amommt
of atmaspheric axygen has no effect on the red blood cells of normal indi-
vidual. However it was noted as early as 1810 that under these condl
thons, the red cells of some peoplo become elongated and take on an odd
sickle shape. Ordinarily this does not effect the health of the indivadual,
but in some cases red cell sickding is assoclated with severs hemolvtic
asemis. A study of the family dutribution of red cell scklmg showed ft
tubainbedteduad.ughmu:tﬂ-wpne.[tm-ﬂupmdbletodkﬂn—
gulsh heterorygous ind 1 347 since heter
axygotulhowdckhnghnno:ymptonuwhﬂabomozygmmmvu
show dokling and suffer from bemolytic anemin. A famuly pedigres of
this disense i given in Flg. 37

Punling and his collab bsolated the b lobin from pormal
and sickled cells—the Latter from homorygoos recesstves—and discovered
that the two hemoglohins differed in the electric charge en the surface
of the molecules (Fig. 38) The hemoglobin of the hetrrozygote was

¢Q

o gdIQ
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Ry, 37 of mchie- o Mg
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then isolated and found to be compoxed of about equal amounts of both
normal end abnormal hemoglobin (& nice d ation that both alleles
were functioning independently of each other) With the balp of finger
printing and amino acid sequence analyxis as described in Chapter 4, Ver
non Ingram showed that the two hamoglobtny differed in one amino acd
oat of about five hundred. Ope glutamic acid residue in normal hemo-

globin,
H,C—COO
H.é [o]
b

13 replaced by lysine,
H,C—~CHy—NH,+
H,
ud o

bl

in precisely the same place fn the protein to give stckde-cell hemoglohin.
The xmino scids are written with the charges they would have f the red
cell, and explain the observed charge difference.

As far sy can be determined at pretent, the substtution of glutamic
acid by lysine s the oaly difference between the two hamoglohin, but this
substitntion has @ prafound effect on the physical characteristics of the
formed protetn. It rezults i tho alteration of elactrical charge as well as
in a difference in blological activity namcly tho transport of ovygem
vmracmtuudkuufodmﬁ}nmun}zmoglohimhavuln—mpjnmhght
other single amino acid diff g that multiplo alleliom fs
Uwidt!‘pl’udlnhum:mmlndhaorgunlﬂm.
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Muttiple Allsles
‘The mast striling case of multiple allelism fn man occurs in the penes
that determne his blood types. Blood ch differ from individnal

to individual, and oce can observe this by a simple test. Mix a sample of
red Bood cells from one individual with serum from another (it woukd
probably be advantageons at this potnt to reread the section an fmmrantza.
ton tn Chapter 4) A difference in blood type between the fndividuals wdll
be revealed by the dumptng of the red cells in the serum The red cells
'ﬂlfamhrgnlmmmdntdnmthebotmmdﬂnmbe Thds phe-
is called aggt and betwoen
dnbbodzAgg}nﬂmﬁmmbammdntuttnbe.bulvfﬂdwm
tn the blood stream; Le f hlood b tnfected fram oo individual fto &
second amd the blood s fncompatible, aggiutination of the red blood cells
of the danor will ocour Since agghitinatiom can be fatal, careful tests must
bemndctoddem:incwhltbloodm:yben{n}ymcdmtrmsfmim

Aggl ion requires two P in the serum
mdncun-poncntmﬂmceﬂuﬂmdmumﬂmtrmndn!mcoo—
cemed with specific agglutinating activity are callsd antibodies and were
described in Chepter 4 The specific properties of the cells that enable
them to resct with amtibodies are antigens, and agatn these were disconed
in the earlter chapter When the cells and the serum of two indtvidaals,
A and B, are mixed in all possdble cambinatians, the cells of A, when put
into the serum of A, give no egghutination. Cells of B added to the serum
of B give 0o agghrtmation. But cells of B agglutinate in the serum of A,
and, reciprocally cells of A sgglutinats in B serum. All this can be ex
pladned by awuming that A individuals have an A antigen on their red
cells and have mmtibodies to B in their serum. (They have no A anttbodies
in their serum, since that wonld bo sutcidal ) Simlarly B individuals have
B antigen on their red cells and antibodies to A in thetr senmm. Trimsfasion
of A to Bar B to A, therefore, will ghe agglutination,

Blood types fall into four major groups with respect to the A, B
antigens A, B AB und O As shown in Table 2, A carrfes the A antigen
and B antbodfes B carries the B antigen and the A santibodies AB carries
both the A and B antigent on the same cell and no antibodies, while O

Tabie 2
Human Blood Groups

Genatypar Cell amtigen Serwm entibodics Blood growp
LL or LA A m: s
LL o L7 B Axtr-

LL AsodB Nome AB

I Newhes & oo ™ i n
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carries neither antigen and hos both entibodies. The group to which m
tndivideal belongs is inherited a3 a single gene and the difference between
an A and a B individual is an allelic difference.

The heritance of blood type, then, corresponds to the inberitance
of @ gene that controls the formation of a spocific antigen. The gene &
called the L gens in hoooe of the great fmmunologtst, Card Landstein
Individusls of type A carry an allele L4 which directs the formation of
antigen A. Individuals of type B carry a second allele L*® which directs
the formation of antigen B Individuals of type O carry a third allele, L, and
peither A nor B antigen is synthesized. We would expect to find geno-
types representing all pomsible combimations of the three alleles. Theso
combinations consist of the dx different genotypes listed in Table 2 The
six genotypes give four phenotypes, A, B, AB, and O since L4 and L
are dominant to 1 but show no deminance with respect to each other

The genetic consequences of this type of inheritance are clear An
individual of Hood group O might arise from the mating of two individ
uals of bleod group A (Le. from AO X AO) or from two individuaks, one
A and the other B (AO X BO) but an individua! af blood group O could
not have an AB parent. Conversely an AB individual could not possibly
arise from a mating of two individuals of blood group O For this reason,
blood grouping is of critical impartance to legal medicine in belping solve
such thormy cases as Isnues of disputed parentage. While the mberitance
of the A and B antigens is bly well understood, the § ring sto-
dent may wonder how the L gene, while determining the farmaton of
a specifio antigen A, at the same Hme results in the formation of antfbodies
against B The best information is that the assoctation of L and anti-B
antibodies s acdddental, but the problem i still open. It must be em-
phastred that other blood group systems in man are not assoclated with
the simultaneous presence in the serum of antibody to the antigenic
product of the alternate allele

Other blood traits in man are ekso known to be inherited as an allelic
secies. The Rh foctor was discovered by testing human red cells with and
serum prodoced agalnst red cells of the Rhesus monkey Same human
bloods reacted with thess antiserums, others did not, revealing that an
antigen similar to one on the monkey cells was present in some human
blood cells bu not in others. The antigen was called the Rhesas or Rb
factor and it has proved of great interest since an assoclation has been
establithed between the Rh factor and hemolytic anemia of the newbomn.
Gemetic fnvestigations have revesled many different Rh alleles, and the
inheritance of the Rh factor represents a multiple allelic sertes or a series
of very closely Inked genes Whils the Rh factor i3 an inherited trait, its
relation to hemoly tic anemia of the new born #s an fmmunologicsl problem.

In matings of an Rh+ father and an Rh— mother a situation can
arise n which the Rh— mother carries an Rh+ embeyo. You can reedily
ﬁg\nenutdtgcnotypaofdwm-op-mnrequhcdfordlhmmum.ln




Genot ond Man

#ome cases, tha Rb factor (antigen) of the embeys cin croty the placent
and tnduco antibody formation in the mother (Since she is Rh— she will
react to the Rh factor as ahe woakd to any other foreign antigen.} We thes
have a situstion in which the Ah factor of the embryo induces antibodics
fo the mother and thess antibodies can now return and damsge the
embayo by sgglutinating and destroyhng the embryo red cells (Fig. 30)
Since the totl amount of Rh factor in the embryo is small, the totsl
amount of anttbody formed ip the mothar will be limited and will have
relatively httle effoct on the first born. With suceseding Rh+ pregasmctes
and contioned hmmuntration, the level of santi-Rh antibodies will increass
in the mothar s serim, increasing amounts of anhbodies can enter ths fetal
circulation, and thiy fn time can give rise to a severs anemia in the fetus.
After a fow prognancies, antibody levels can become dangerowsly high,
lndthomwbmnmlqu\maamplﬂuh-nmfummpmtduth
It b clear that & ledge of Rh bl perents is of
ﬁulhnporﬂaneunﬂ]mbemfmtbcpmﬂblanppanmed
hemolytic anemia fn the newborn child. If it does exist, & complete trans-
fuslon will save its hfe.

541 other antigenio difierences are known for blood, and even in the

tho inheritanco of blood types and the Fh factar In the years shead, t
may well be posible that we can be made of circulsting blood cells =
oloo to study problems of cell populstions tn a mammer ximiler to that m
which we study bacteral genetics.

Up to now our discumon of genetics has been confined mainly to

however appeans to be governed by more than one gene

Fg. 1 Ridackr jscompatbddy (after $b ad Owea)
Z-JPr-vr-mcv E
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Theto tnctude such traits as susceptibility to certain disenses, height, the
development of the nervous system, skin colar etc. An extended analysis
of ymultigenic inheritance is beyond the intention of thit book, but, becamss
of its impartance to human genetics, we will briefly describe one case

Skin Color

Let us see what would happen if two unlinked genes, each con-
tributing equally were to determine the difference between black skin
color and white. Let the capital letters Y and Y, stand for the black genes,
and y,, y; for the white alleles Assume whits and black are boeozygouas
for the two genes. A cross between black Y Y, Yy, and white yiys.¢gs
would give the Fy, Yyy; Yaps, Intermediate in color between the parents.
A cross between F Yoy Yapy, and white, yiy sy, would give three
goontypes and three phenotypes yyyy == white, Y i Yy = the same a1
F Yyyy = intermediate between Fy and white, The three phenotypes
would be in the propartion 1 1 2. (We have left ot the subseripts tn two
geootypes since the total number of genes is the determining factor not
whether ft is an allels of the first or the second gene.} If you work out an
F X F cros, you will find the results to be 1 whits, 1 black, and 14 with
varylng amounts of intermedtate pigmentation.

In humsn skin pf| Hon, the genetic diff between yellow
black, red, and white mcludes muny gemes Estimates vary for the total
number involved, bat the evidence points to at least eight and probably
many more. Assuthe the number s ten, that they are unlinked, and the
conditions stated above pertam. In a mating between two people both
heteroxygotic for every gene, 1 in abont 1000 of their children would be
elther white or black, & rure occurrence- the other children would be
intermediste. On the other hand, & mating between white and inter
mediate could produce no children darker than efther parent.

In this curtailed soalysis of multigenic inheritance, certain dmplify
ing amumptions were made Since o large number of genes govern the
tnheritance of skin color we would expect tome of them to be linked and
thus not able to make equal contrbutions. The candlations we arrived at,
hawever will not be badly distorted. This is affirmed by analysis of multti
genlc traits i plants and animals under conditions of chntrolled breeding.

In this chapter we have attempted to present an outline of the
principles of human genetics, There aro other aspects of human gepetics,
each with its unique contributbon to the diversity of genetic mechanisms in
man, that we cannot describs because of space limitathons—far exanple,
the t isyion of color blind and hemophilia, which foflaws a pat
tern of sex-linked” inheritance becanse the genes responsible for these
tralty are on the X-chromaosome but not on the Y {Note that XX = female
15 pocmally diplofd for o sex Hnked tratt, but XY = male ix haploid.) The
significant thing s that the genetic material of man {n its tmmsmissfon
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and action, B simflar to that found n other organtims. We are thes tn-
creasingly smure that information obtained by study of microarganisms,
Imects, plants, and animals will be pertinent to the on of the herad!
tary problems of man. Pechaps of greatest interest is our presert comvic
tion that bman genetics itself will mako fmportant contributions to the
batio probk of genetics, a that would have been considered

tmplansble ten yeurs ago.
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years has been engrowed in the identifi-
cation of the material basis of the gene,
DNA, and of the mechaniym whereby the
gene functions in the living organism. In
our desciption of some of the current
research techniques, of the success that
has been achieved, and the questions that
arise with each new It of information, a
certmn amount of bias Inevitably has
been introduced. We have tmplied, at
least by emphasis, that nuckear inherit
ance 15 the sole mechanusm operative in
the trarsmisnon of beritable traits and
that the gene functions by the determina
tion of enzyme structure If this be
gospel, then it must be recondled with
ofl the facts of biclogy Reconciliation is
oot easy

Consider but ove ewample Man
starts from a fertilized egg csll, ons cell
which divides mitotically to produce two
cells thess divide mitotlcally to form
four cellv—and 50 on up to a few billion
cells, all generated by mitosls, all with a
gene content presumsbly {dentical with
that of the first cell, the zygote. But we
Inow that these billlons of cells are not
tdentical in form function and biochem
istry- they are liver cells, nerve cells,
blood cells, eys cells ete. Dificrentiation
hes occurred. We wonder how these dif
ferences ure generated, haw the cells tale
up their roles in such o prechse and
orderly fashion. We wonder fn abort,
what ft 15 that regulates and how regula
tion is carred out Is this an sdditional
and exclustve property of the nucleus, or

n
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fs #t an fnterection between muclens and cytoplasm, or cytoplasm and
? Theso are problerms basio to an und ding of develop-

ment.

Acquired Tralts

Hnred:ltyhulmgbemthwghttnbem!qndymodlmdwﬂhﬁre
nndm.Muﬂnhlzm,mcﬁu!.dmydmlnhm{uncnquuimdd:n
Mmmncpthm&ruthogmﬁmdmmdhodly-ﬂmm
role of eviromment in heredity has been a subject of speculation for many
yours. At the tumn of the century lg’utdm]ufdhumimmokphm
about the relative roles of environment and celfular factors in beredlty
Pwphmnmc{dumbddywﬂhwhlchuﬂngfunm:dxpmdm
thetr 1 the exquist flage of certain tosects, birds, and

mhhﬂﬂ:pocmbydircdingl:pedﬁcdnngninthnbaadlhrylp-
Plrlimuhbnu—ganhm.urmd;hmmedbynndomd:mgnfoﬂowed
environmental salection?

Thhpoﬂanmwtmapmmuumbyd)ecammmm
Angnst \Wetgmann, many years 4go The talls of an inbred strain of mico

very md,h,mmpopnhdonmmuurummrpm-
“"’np“"f“m eoest the bacterla cver being exposed to the antiblotic -
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This experiment, and many others, implies that Hving things, through
geno mutation, are endowed with & certam potential for adepting to
new envirompent if it proves necossary But this potential i3 not infinite.
Dlnuammdhplwedbyod:uhvingfmmblyboaumﬂny
could not meot the chall 1 conditions. The
evidence today thm.mggmdmuwiﬁnnndommumﬂnn,phuﬁnmd
less reshufflings brought about by gene recombination, living forms can
offer a wide vuriety of response to the environment. The concept that the
environment can induce @ specific heritable change fs not supported by
experimental data.

Russian genetcists, however have raited the problem ancw Political
philosophy in Russia demands that the envireoment play a hereditary role,
for Marxdst dogma decrees that xoclal forces wre capable of forging a
fitter race. This doctrine {3 purported to have received expertmental rup-
port from the work of Lysenko and his school, who heve attempted to
prove that permanent hereditary changes can be tnduced in plants by
grefting, o7 In anfmaly end birds by means of blood transfuston. Numerous
attempty have been made iu other countries to duplicate at least the
major experiments on which their conclusions rest, bot without ruocess.
At the presemt time, therefore we can only state that Lysenkoism has
proven largely nonproductive in terms of genec theory- it is essentially
a revival of an outmoded genetic theory reapplied for political rather than
scientifio purposes.

Although experimental data do not support the theory that acquired
tratts are bereditarily transmitted, bow do we dassify soch phenomena as
bacterial transformation and transduction, for here we know that new
genetic traits can be scquired by & microorgantm from its surrounding
mediom? In these instances, however the trilts have been acquired by
the physical incorporation of genetic material, DNA, and thus ths mechs-
nigh differs from the akder concepts of how scquired traits are transmitted.

Although we may conclude that traits acquired from tho environ-
ment may sekdom become permanently transmitsible traits, this does not
anywer the question about the uniqueness of the mucleus in the transmis-
sion of hereditary information. Are thero clements in the cell for whose
trazsmission the nucleus i {nsufficient?

Cytoplasmic Inkeritance

There it a rather easy test for non-nuclear inheritance, In diplatd
genetics, we know that the egg contributes the bulk of the cytoplasm to
the cell formed by gametic fusion. The rperm contribirtes relatively littla.
If there are elements in the cytoplasm that require the trammission of &
cytop!micnlemcntrﬂherﬁnnlhonndmu.wewouldglmthnmch
traits would be maternally transmitted. The progeny should then show
only the maternal trait. Many instances of this type of inheritanco are
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Inowz. A good example can be rewdily observed in plant yadegstion,
Variegated plants are those that have areas of pale green, white, or
other calors in otherwite normally green lesvee. The varlegation can be
symmetrical or it may be frregular In Mirabilis, the plant commonly
called the four-o dock, the progany of a cross betweea & pelo and green
plant i pale or green depending an the color of the maternal Hoe- Le., if
the matermal line is pale, the progemy are pale; if the maternal hne iy
green, the progeny are green. This Is in contradiction to Mendelian ge
netics, Straightforward nuclesr inheritance requires that the progemy of
2 cross between true-breeding pals and green plants be the same regard
less of the materpal trast. The simplest way to sccount for this type of
nheritence it to postulsto that a pon-nuclesr element dertved from the
materpal plant determines this traft, and we find this to be correct.

‘The cytoplasmio elernents concerned m variegation are the chloro-
plasts, the bodies carrying the photosynthetio green pligment, chlorophyll
Thombmhnmpqmofvu{epﬁonmggcmthnthumbmmd

2 chlacoplast depends of the transmission of & chloroplast jtelf. The
data, in foct, {ndicate that {f a plant were to lose ity chloroplest, oo oo~
dear element is present that can initiate its de novo farmation. Chloro-
plasts, ke genes, can undergo mutation and a mutant chlocoplest ghvea
rieo to & mutant chlaroplast, just &3 orotant genes reproduce mutnt genes.
This ts why verdegation is found. It 5 clonr from a study of color mutants
lndvmdcglﬁmtnplmbdnttbgcyfnplamﬂcpnrt{mhhq}men!.tﬁu
that shows extrapuclesr in-
hu'ﬂlncnlndﬂnkﬂ)etnlmﬂmeedldlhuphﬁ at the mind
mum the traramission of & dlhuphnmdf.lnha'ltmmuflnndwm
13 not soffickant.

‘Wo alw know howrver that noclear genes can affect the character

cytoplasmic
drawn from another argantim. The general charscterkstics of cytoplesmic

S borm and his } have stodicd the
gu:eﬁanfﬂ:ed.nglo—cd]td, .“ aurelia. Par
aurelia is a zmall, clliated with a narmal mitotic vegstative

with melotic reproduct h occurs by tHon of
homhn.huloppodtumﬂ.ngtypa(ﬂ;.w)
Confugaticn initiates a series of nuclear changes that can be sum

marized s follows. When mating occurs, the mecronuclews disintegrates
and the two micronucke] cach undergo metosts, during which etght haploid
rmclel are formed. Seven of these eight roclel distntegrate, and the re-
matning haplold nudeus prreent in each mating animal underoes ooa .



Fig. 43 Recprocal ferhiaston P ramecewn (after Scnnebors)

mitotio division, giving rise to two identical haploéd nuclel. One haploid
nucleus from each antmal is then exchanged, resulting in the formation of
two animals, each carrying one haplold nucleus of s own and one con
tributed by fts mating partner These two hapladd muclei fuse to form a
diplold nucleus which, in a serfes of developmental changes gives rise to
normal animals contatning @ macronuclens and two micronudel. Coafuga
tom, therefore, resulty in the formation of two anlmals that are genetically
tdentical heteroxygotet, but whose cytoplasms may differ

Paramecium by capable of undergoing a second type of nuclesr re-
organization, coe that does hiot requirs mating. Under appropriate nutri
thonal circumstances Paramechmn will undergo sutogamy (Fig. 41) In
this process, the macronuciews i3 again lost, and the two microouclel each
mdergo metotic division to form elght haploid miclel. Again, a3 in mating,
seven of the nuclel ars lost. The rematning haploid nucleus undergoes &
mitotic divisian. The two baploid nuclel then fuse to form the diplofd mu
cleus which, in turn, undergoes a rearganiration that recomstitntes »
normal anfmal The autogamy results in the formation of a genetically
homozygous anmmal These two diffs events Le., ad
sutogamy make Paramecium a remarkably {ntq'resﬁugnndusehﬂgmeuc
tool

Becmuse certain races of Paramectum can kil other races when pres-
ent together in the same culture medium, certain strafns are safd to con-
tadn @ “killer trajt. Strains of Paremecium, therefore, can be characterized
a1 either “hnller or sepaitive types depending on which is the assassin
ard which the victim. To determune the genetic basis of this Miler tratt, !

Py 41 Agtogemy n Par mecium (after Sonmebom}

81150
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wo can croes & killer and & snimal. After the animsks
separate, and the phenotypey of the two cell hnes derired fram the two
mﬂup’n-u (exconfugepts) can be determined. Since confugation results
in the of id ! b yEoter we would expect that both
erconjugants should be elther killers or sensitives, depending on domi-
mance relationships Surprisingly however after conpugation the enimals
that were Killers remain killers, while the anfmabs that were sensittves
remain sensftives,

The tratts of the exconjugants, therefors, are determined by the
perental cell and perxist despite nuclear identity When simals are per
witted to undergo autogamy and thos farm homorygotes, revealing re-
salts wro obtatned. If the progeny dertved from the seusitive exconfrganty

antogamy enly sengitive antmals ar recovered, but i the pro-
gy of the heterarygons killer exconjugant undergo autogamy half the
mnimah are sengitive and half are kil A 11 segregation bas taken
gm.twmmyde.ﬂymdk,ungm.ugmucfmuummd

a

Inheritance of this tratt shows cettain odd features. Confugation
shows no noclear but gene segregation bs seen at autogamy
Inlﬂndynfthhphmnmon,itwdhmvﬁudﬁntmﬂynkﬂ]ﬂ
0 & senditive enjoy prolonged confugation and that under these croum-
Tances, although the killer strain remains killer the senmtive 1 trans
formed ‘into a Idller Upon entogamy both cell lines thow a 1 1 segrega
tion for killers and sensitives Confugation pormally results m retention of
the original tralt, Le., killers remain killers and senmtives rematn sensitives.

conjugation, bowever permitxnmdﬂvutobeu-m:fwmcdhm
Killers. We know that the difference between normal end prolonged coo-
Jogation cermot bo ascribed to & difference in nuclesr exchange, but the
d‘ﬂﬂ'ﬂ;:muldwaﬂmﬂuul'" h:,.;d; havgo—tbe
Tongec conjugation, the more Laym exchan; t was postula
qmpﬂlehﬂmmuldbﬂmmﬁtdm
A 3ensitive enimal during proloaged tion and causo the trantforms
Hon of & sensitive to & killer This turned out to be tree.

The Kl mnmqukuthun.pedﬂcekumbe;naemmdw
i elemant 15 trensmitted from killer
of sensitive to Kdller ocours.

. tn order for this cytoplasmic element
to bo fum ]dwmmkmpwenn;ped&cnndnrgmﬂw
ts called “kappe, and the geno Tequired for ity repli

¥ kam’dzmlm‘mhwﬂym&nmmkﬂtn
both and Killers aro heterozygous K/E In the absence
Oflholngm sens .hno(hppa,wblchmmm}ydmhg
o "Pml'”“‘h sithves, altbough genctically capable of becom-
muw fugation. . aioce wve 10 kappn, while the killerd’

93
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with kappa present, remain killers, Upon autogamy half the animals are
expected to become homozygous, KK, and half homorygoas, kk, the latter
groap become sensitives.

These principles were derived in the abeence of virual evidencs of
the presence of kuppa. In subssquent experimentstion, tho predictions
were confirmed. It bas been shown that Kiler antmaly do powess & par
ticulats element in their cytoplasm snd that thiy element must be trans-
mitted if the killer trait ts to be establithed. It has further been confirmed
that the animals must bave a gene (K) in & specific configurstion for this
alement to reproduce and act, In the ahsence of the transmission of the
kappa particle, no pucleer element is present that cen initiate the de
novo formation of this particde, The kappa particle, in turn, requires for
its duplication & specific gemetic constitution of the antmal The killer
trait, therefore, ts gene-controlled but not gene-initiated.

The tr aton of kappa fn P reflects the geoeral char
acteristics of cytoplasmic inherltance Many particulate elements of the
colls show cytoplasmic inheritance, snd in exch caso they show the gen-
eral charuoteristics found in the inheritance of kappa, Le, tranymbsion
requires tramsmisaion of the particle, but action and/or replication of the
particls i controlled by the mucler constitutian of the cell Theso traits
may in general, be said to be gen: Tled but pot gy d. This
mode of inheritence seems to be true for the inheritance of chloroplasty,
and from the very flne studies of Boris Ephrussi and Piotr Slonimski, it
appears that functional mitochondria are also inherited i this way In
fact, wo might suspect that a large number of the particulate dements of
the cell require cytoplasmic tranumission and that if they were lost, no
m.duualcmmhwukibcpmzntthntwu]dlnﬁiamd)drfomudm.ﬁc
inherttance of cellular el such as mitoch ete,
however i+ hard to study nnceoytnpl-m!.c&amnumprmentin

fusion, and it {s exper Ty difficult to create sitnations in which
nocymplnmlcmxmlmmoi a particle can take place In any event,
studies lke those fust described clearly indicate that the nudens s not the
sole determinant of bereditary characteristics. Nuclear fnheritance s of
obins tmportance, but the characteristics of a cell and of a whale organ-
trm require the transmission and interaction of many elements,

Cytpphmﬁc{nherltxncnhnbcmdbcuuedpﬁmuﬂyﬁunlhn
standpoint of the 3 The cytoplasm,
bumﬁmydmphyldcdﬂwmhmddﬁmmtugpﬂa—iﬂuﬁrgme
function In Paramecium aurella as Tracy Sonnehorn and Geoffrey Beale
and thefr collaboratars have shown, esch animal s endowed with a pum-
ber of genes, each of which controls the formation of a specific cifar
antigen. One sutigee, however {s predomipantly farmed. An anfmal,
ﬁndmmybcmpublcnf!mmmgmdgm:.\,BC.D G but

under tpecific conditions will form pred ly sxy B If wo cross en
.nmalfa-mLugBmdgmwhmefomuugc,dwammgmumd
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thetr progeny will be genotypically fdentical. In spite of this, the progany
dertyed from the B exconjugant will form antigen B, whereas the progeny
dertved from the G will form G Thus an atigen can be formed by an
animal i and only {f the proper gene i3 present. However which of the
antigens will be expressed will be determined by the cytoplasm, and, in-
terestingly enough, by the interaction of the cytoplesm with the exviron-
mthmhumu,druﬁthﬁutnd)eeuvimnman,md:uchmgam
and m salt {on, cun canse the aptmal to synthesizs
1 different antigen, but again only cne for which the gene fs present.
Thos the cytoplasm plays a decistve and intriguing role in deter
mining the slternete and exclmive pricrities fn gepe functioning. The
nature of the cytopl, control b not und d, but, cleady the cyto-
Plasm B of fmportance fn inheritance, and  role hay many facets,

Regulatios

A secand problem mentionsd at the beginming of this chapter con-
cerns the action of all genetic material. Does ol genetic material act alike
and does it d only the ] ch irtics of prodoct en-
xymes? Thers i1 no clear answer tn these questions. We have known far
many years that the exprosion of some traits is influenced by other genes
(modifier genes) For instance, the intersity of plgment foomation tn
phnhmnbcmudﬂ}cd-oﬂutmcmnbawmnmp@mamfmﬂm
than others. Theve intensity diffe d bat
hvdwmmygma,uchhvmg-mﬂuﬁm‘vhudomodiﬂu;ma
do? They themselves may bo genes that cootrol the structure of specific
onrymes and that secondarily even accidentally affect or modify the
trait being measnred, or they may be ganes ar genetio matertal that regu-
lato the expression of other geney, perhaps tom them on and off, or change
the rate at which they function, snd thus differ tn their action from genes
that determine enzyme structure. At present, it seems that both kinds of

have an amxyme, beta-galactosidase, that i necessary for the utiltration
by the cell of lactose. (Beta-galactosid: ) tho of
lactme to glocose and galactose.) Mutation of this gene leads to Joss of
activo eoTyme and loss of ability to ctilize lactoss 53 #n enery and carbon
source. In order for a cell to take lactose up from the medmm, however

dﬁwwmhhnguphdmhl ﬁ Independe
events, Jeads to loss of ability to me tat for different reasons.

Thos mutation of the uptake gene can lead to modiBcstion of lactoss

wtflization, and, If we were not a—-— ~F =T f e ———oos bT—d o
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would describe the upteke gene as a gene modifying the formation of
beta-galactostdase.

Many genos sre known to have such indirect effects. Thus it #
abundantly clsar that fn an organtzed system, even if all the genetic ma
texial were to act by controlling the formation of specific enrymes, genes
ofqukadhwprhmryﬁmcﬂmmnnﬂoctdmncﬂvﬂyofoﬁ:qgmoﬁmﬂy
determined traity Inmordlmryinherltmteﬂ,gmﬁutm-tl
secondary effect on the trait under 1
mmodiﬂurgcnu.ﬁllth,ugmuwhidlaltuﬂnupmofﬂn
geoetic trait under study

Ancther type of known genetic modification 1 exemplified by so-
called suppressox genes, genes which suppress the phenotyple expresston
of other genes. Such genes need not be linked to the gene they affoct, and
thetr action {s probably indirect. As an example, let us armsume that the
metal, rne, inhibits the action of our favorite enzyme, tase. A mutation
resulting in excesive uptake of xiue would lead to mippression of tass
activity thus the gene permitting zinc uptake would appear to act as &
suppressor of the tase gene. Like modifier genes, suppressor gemes prob-
ably reflect biochemical interactions rather than diversity in the mechs
nhm of gane action.

By pow we have come sufficlently far in our description of gena ac
tion to entertain the astonishing hypothesis that all genetic material may
not function by determining emryme structure, Recent studies in bacteria
suggest that same genes do not themselves act by specifying the structure
of specific enxyres but regulste the action of other genes that do. These
have been termad regulstor genes ey distinct from the familiar stroc
tural genes. Motation of & regulator gene can lead to & marked change in
the total amount of enxyme formed by the cell. A regulator gene has been
found to regulate the farmation of tryptophan synthetase tn Ercherichia
coli, another gene regulates the formation of beta-galactosidase in the
same orgnnism. The regulator genes in these cases have an action which,
in effect, turns a structural gene on or off The limited evidence avallable
suggests that regulator genes may act by represying emyme formation,
Enzyme represtion is exerted via the cytoplasm, but the importent fact
umnﬂmmmm&mmmmmmm

s tself e, and the \! gene coo-
h'oﬂlngreprusiunptmblydcmnotudby}udfmfurm 1 specific
mxymea}thoughkm&yfmmnrped&:mpradngRNA.‘

One 1y repress the formation of
smdfmcﬂmnﬂyrdateduuyma.Fm{mﬁmﬂ:egmewh&dlmgu
lates taso f also \! the fi tion of other enty
quired tn the earller steps of tryptophan blorynthests. Negulat swa

I1For discrsdon of ecdyms repremsion, seo D M. Bomoer od  Conérol Mechs-
’ ima in Cellular Processes (New York Roral, 1961)
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Mfmuimbymymmmuﬁmnacdnmhehnbdm&em
whoso sction they regulate They are effecttve even when losted on a-
Oﬂiudnmm-mhhnpaofmlmumm operatir” genes, genes
'Hchrrquimdmcllnhgefmfumdm.gmwhidlmlymmb
Md&emhﬂﬂ&mtmht&mgq@mmm@t
ﬂfwmnmﬁm&amgmmmdludthoFmdxm
1;:?“ Framgols Jacob, and his collaboratars. To see how this takes

%hmmmﬂmmanymf«mummmh
tion by the operator geoe, therefore, requires both Hnkage and o eco-

Theso facts and other data cbtatned by Jacob and his colloagues
Fogmeat that the operator geno can directly control the formation of the
menxcagh ANA of the stractural gene, aod eperator genes, like regrlator

apecetor bets- P‘“""l"“
%‘;‘?‘
1 p =
Coutirming research fs sttempting to define the molecular bashs of

8%00 action. genetic material
These now data a5 new conceptx tmply that o

be of two distinet types. 000 which e o

regulates the rate of ewrymo (onmation.
ﬂnymmmdlm&ﬂ"ml ired for theso differing kinds of gene

remains e oystery Rogalator and operatoe
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factors Enzyme formatian occurs in the cytoplasm and requires the par
tictpation of an arganized biochemical system. Any effect on one of the
compoaeots of this system (all presumably under gemetic control) ob-
viously can affect the rate of enzyme formation both directly and fndi-
rectly In summary we should perheps simply say that gene expression s
never free of the genome and that a diversity of interaction clesrly occum,
a3 can be seen from the names given to varkous components and their
effects modifler genes, aippressor genes regulator and operutor genes,

Genetic regulation is of particular interest to the fleld of growth and
development. A single cell, with its entire complemeant of hereditary in-
formation, must interact with its environment in a prescribed sequence tn
time and space to produce the adult organism This is one of the most
complicated events confronting the biologist today In this regard, let us
turn for @ moment to a consideration of the chromosomal trisomio con-
dldan,MongoH.nn.K]dnfeldeurynd:mre.em d.acdbcdmdnpta&
Through an entire dupl chre
wrpm-atedintod;anudem-ndmtumlhnonml phenotype Al:no'm:nl
chromosomal consthtutbous are known in other hving forms. In certain
plants, normally diplodd, duphication of the entirs chromosome set octurs
{polyploidy) The resulting 4N plants reproduce their 4N state and seem
to get along perfectly well, whereas the addition of just one extra chromo-
soma is troublesorme. The dufficulty appears to be one of imbalance. In the
haplodd, dipleid, or polyploid state, in which full complements of chremo-
somes are present, gene products are apparently formed in varying
amounts, but in a balanced condition. An additional chromasame soems
to disorganize this situation This {s another indication that genes do not
act independently of one another in determining the phevotype of an
‘orgamism, and that the balance of stracture and regulatory genes may well
be critical

Amang other probl devel poses the question of ordesdy
genotic regulation, that fs, what tumns the sction of a gens on and what
turng it off? No satisfactory snswer hes been proposed. Perhaps develop-
ment requires since {on leads to f 1 diff
but f it does, the mutation must be a directed mutation, coe that not
only shows precision in term of the genes concerned, bat preciston with
respect to developmentad time. n recent yean, the magnificent work of
Barbara McClintock and R. A. Brink with comn has revealed genetio ele-
ments that can induce gene mutation and direct the expresdon of specific
MuthEmmMmmmm@w
for differentiation s not present. The regulator genes and “Toperon are
also of terest to the problems of developrment even if they oaly furnish
hints as to how regulation may be effected but they too lack the pre-
cislon required by differentiation and development.

The cytoplasm bas abo to bo reckooed with in development, for as
discussed in tion with variation tn P clum, the

wo
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eytoplasm plays a role in & tning the at and excl priocities
fn gene function. Many of the diverse phenamens just discumed may
sctally be closely related. From the study of bacterla, we know of callu
lar elements that enfoy both & ch 1 and cytoplesmt far
inrtence, lysogenic phage. Such elements have been termed  episomes by
the French warkers, Frangols Jacobtand Elis Wollman. It may well prove
troe that the elements that can tnduce gene mutation and direct expres-
#on of specific genetic materlal in comn, the regulators of microorgantems,
#0d the priority-determining cepacity of the cytoplasm may fnally find
common ground In - eplsomes.
Onmnglln,wmmtm‘p!umﬁnkdw‘hemudﬁ“pﬁt
ten years In the Beld of molecular geostics have bean extraordinanty re
warding, the jnfarmation obtatned does not provids the solution for many
problerns fn biokogy particularly those concermtng differentistion and
dorelopment. 1t may well be that genetic elements axist whoss actions
bao oot yet been described, wo dont know At the minimmu, develop-
ment requtres & foll inderstanding of genetio regulation and of the mter
actions betvween mucleer and cytoplasmic eements. Genobcs and develop-
et copstitntn a feld of tremendous experimental » feld
h'ﬁdlmmynowhhbgiulhwmlﬁu}ymbedxmuadhdw
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learned much abouat heredity and its w-
derlying chemical basis. In turn, genetio
knowledge has contributed to man s wel
fare on many levels. The material re-
wards to soclety derdved from such
knowledge have already been large, and
will undoubtedly prove larger in the f
ture. An exciting chapter in genetio his-
tory has been written in the production
of high yleld strains of hybrid corn, of
high-yield wheat strains resistant to at
tack by the fungal parasites, rust and
smut, which formerly cansed natonwide
crop failure, and in the more recent,
slightly incredible, use of X-ray stedbzed
male blow flies to hélp erndicate the pes-
tilent screw worm in the Sonth. These all
attest to the value of genetic knowledge
m elmmating pestilence and in breed
g animals, plants, and microorganions
to give hardier mare productive strains
and to marease the world’s available re-
sources of raw materlals, mtibiotics, and
food.

Today & glance st the newspapers,
with articles on population explosions,
the drive of newly emerging nations for
economic self-sufficdency and live polio
vaccines obtatned from mutant viros
stratns, will again remind you of some of
the cunsequences of men 5 curiosity about
the so-called ivory-tower coacepts of the
gene, DNA, and mersenger RNAL

However let us trn our attention
to still another topic of contemporary
impartance, caught up in recurrent omi
nous besdlines, to a topic that now en-

100
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£ages the attention of people throughout the wordd—the global genetlc
problem arising from the hamessing and exploitation of atomic encegy
We know that o partion of the stupendous energy released from muclear
ond furlon fs released fn the form of gh-encrgy jonixzing radis-
the farm of radioactive isotopes of elements such & stroo-
carhon. loniring mdiations are highly ic. Befors the
stomio energy the known mutagenic agents with wiuch the
bad to contend wers pat of alanming comcern For
enmple, ultarviolst ght hes low tssue-peetrating properties and
Mhmbm—nhgdlkmmdmvaenindmalhnm(t
bx 1o marked mutegente effect on other uman cells Chemica) agents
sash e mmstard gus aro deleterious caly when foals deliberately set them
loogs to be fnhaled, and base analogues are ordinarily not present i tho
dict, although they may bo used to trest o control variow cancars. [0
mmmmmwwmmmmb‘w
or forgotten at will
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we know that interactions between bacterla and bacterlal viruses are
modified by radiation. We camnot, therefore, conclude that the Incresss
in lenkemi clated with an in in radiation arlses as & conse-
quence of mutation, for it conld result from the interaction of frradiation,
virns, and host. This #s, perhsps, a fair essessment of the relation of radis-
tion to cancer tn general. Radistion could nduce cancers for & number of
different reasons. Since cancers have diverse arigins, they may be cansed
by a viros, a mutation, ar other factors. Regardless of the details, how
mﬂ:uﬂhmmodxﬂmbetwemminuﬂdngnmuntu{nﬂhﬂm
and an idh of cancer Radistion i clearly a potentlal
socnatic haverd,

We know of still other somatic effects of radiation, for & relation-
ship between irradiation and aging has been olnerved. With incressing
amounts of radiation, longevity is shortened. In fact, from animal experi
ments it appears that the shortening of human lfe may well be measured
in days per wnit dose. Agafn, increasing radiation must be viewed as a
somatic harard.

Uncontrolled release of noclear energy also tmperdls the human

because it increases the abundance of certain radicactive elo-

comsequence
) of hydrogen-bomb expl is extremely d. us, since it has a long
half Hfe and can replace calctom in bone. It is curried into the jonosphers
and iy ultimately washed dovn and widely depodted over the earths
surface by rain and smow Fram the soil, stronttum 90 is absorbed by
growing plants, the plants are ingested by cattle, and strontium 80 appears
in milk and milk prodoct. When taken into the body this redicactive tso-
tope can take the place of calctum in the bone tinsue, particularly fn grow
ing children. Strontium 90 tn bane constitutes small centert of radioactivity
and, if present {n sufficient amounts, can give rise to bane cancer and a var
ety of other sbnormalitier. This is traly a new cydle of nature, & “twentieth-
century cycde. The amount of strantium 90 has already been markedly
f d by nuclear explostons, and we have no clearcut answers a3 to
how much strontium 80 can be safely tolerated in the buman det or how
big an tncreass in the total amount of strontfum 60 can be absarbed with
out adverse effect an the population as & whole.

Safety levels in man are difficult to determine They require long
term study but our restless workd denies us time. Decisions affecting the
usn of nuclear energy must be made, bat, unfortunately our information
about the deleterious effect in man per unit increase of radistion is fo-
adequate to permit us to offer anequivocal biological advice. The thought
ful person must agree that «n increase In radistion fs attendent with
harerd, and that any political decision leading to an incresss In radistion
must be made on the basis of the gravest, most sonlsearching condders-

thoms
A secend problem posed by bomb testing s the effect of jonizing
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ndlation on germinal tssue, There Is no question that mutation rates are
enhunced by radigton. This was shown years ago by H. ] Muller with
Xreys and Drosophils. By far the great majority of ruch mutations sre
Jethal or del As bacdkground radiation io the averages dose
received by eech of us fncresses, and presumably the total nmnber of
motations preeent fo our gametic cell also tncresses. 1f the total mumber
of transraiseible mutant genes fs oo the incroese, the mumber of yeoes
Baving a deleterious develop ] effect ot ly must aho rise. For the
aaks of future generations, we despecately peed information oo how big
1 fncroass in the genetic burden & buman popelation ctn withstand amd

In the populations of the citles of Hiroshime and Nagasaki that
Farvived the atom bomb, despite the observed incrosse in frequency of
a0 rub 1 riso tn the freq of o bortions o
1 the number of stillborn afants has been noted. Theee findings, thoogh
&mqmdmmthenm&xpmm-haﬂanmd
etilTbirths pechaps should provids roms clne about the foreats in domi-
ran mutant lethal genes In tho irediated population, and the incresss
2 domtnent lethals In turn might give at loast & rough cstimats of the
inczoess in recenstve lothal gepes. But Do fncrease wa foupd. Pethaps
donthhant fethals fn humans &re rare compared to recestive lothals, or
Perheps dorinant lethals are quickly fltered oat by cell death. Intreeding
aerimenty are necetsary to answer this point, but such experbmenty ero
deted

&Nnmhmdnmhh!l’q"’hﬁ"" that an increnss in radia-
h“m.lnpq)ullmmd‘"u s

m_.ﬂcdunngcruﬂndhm.rd.bmhﬂb
tion may constituto & STEATET load of the human popalation

tion snd fa effect on the geastic
virtual moknowns. Inerensed radiation
Qe fact doks remain crystal clest T v
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serfous luman harard, & hazard of recent odgin and ooe that must be
studied in detafl. In the absence of overriding political considerations,
background radlation obvioasty should not be increased vithout a sounder
knowledge of the hiokgical of such an How can
mumdotnﬂcdlnfuﬂnltionlhmttbeeﬂocuufmdhﬁcnmh\nnmpth
tions be obtained? The answer in part, must come from population stodies
of other organinms, and it also hinges on how successful we are in securing
detafled information about the gemetics of man. As mentioned earlier
techniques are now being developed that in time may enabls us to grow
dtfferentiated cells in tistuo culturs, and we may soon bo abla to stody
differentiated human cells much as we now grow and study bacterial cells.
Perhaps the methods that have proven fruitful in defining genetio mecha-
niems in microorgantsms will then prove fruitful in defining genetic prob-
Jems in man, including the effects of radiation. The problems are tmme-
diate and urgent and require the thoughtful attention of all of us.

ATl of heredity carmot be presented in this slim volume. YWe have
attempted to present the current idews oo the chemical basis of beredity
and its mechanisms of action in the living cell. In addition, we have de-
scribed some of the latest trends in genetic research, the problems that
confromt us/and the expectations that stimulate vy, To do this, we have
tonched but lightly on the contributions of the glants of the past. And wo
have omitted, or merely hinted at, many other Selds of genetic inquiry
that are bustling and productive. If we have succeeded in whetting your
appetits, wo Jeave it to your curlosity to explore mare deeply into the
salence of genetics. In our own bissed opinion, we think that the future
of genetica can be simply stated by these lines from » poem by e.e. com-

mings

—listen thereos & hell
of a good mmiverss pext door- let 1 go |
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