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1. ¥Formel genetics 2nd 1ife cyele,

Our central problem has to do with the sexuel cycle of c-mmon bacteria,

sspecislly the colon bacillus, Escherichia goli, The methods used to i vestl-

rate th's cycle have been indiresct, and based upon the finding that genetlc
recombination takes place when cells of different genetic ¢-nstitution :re
alloved to grow in close preximity to esch other. Selective methous hrve
been ased to detect the oceurrence of these recombinations of genes.

4 geod de=l of time has been spent on elucidating the so-called formal
genetic structure of this orgenism by mezns of breeding tests involvin- »
gre:zt many different cherrcteristics, mostly of a2 biochemlcal nsture, thet
:ve under e ntrol of the genes. As a result, we can =ffirm thatl the st-aderd
1ife cvcle of this bacterium is r~ther simil=r &o that of Newrospors »r cer-
taln yessts, The normal vegetative phase is haploid, i.e., the nucleus carries
= sinzle 36t of zenes, although there is both cytologlical and genesvlc ovidence
that individusl celle may carry twe, four or eight similar nuclel which sort
out in succesaive fissi-ns., Opn rerc occzsions, the haploid muclei fron differ-
ont cells fuse to give a treonsient dirlois zygote., Usually this undergoes
$rmediste reduction-division to restore the harloid cendition, and in the
course of this reduction, crossing-over with genetic recombination may take
nlage,

Certzin exceptional siralns have verified this picture, These =rs in-
stznees vhere the reducticn divisi-n ia delsyed, or where there is = sec ndary
re~fusion of products of reduction, giving rise to culturesvhich persist in
the diplold econdition. These cultures are heterozygous for most or =11 of the
“aotors that distinsulshed the ysrents, and therefore meke it poesidble ¢~ test

for renetic dominsnce. Ye £ind thet bicchemical cepacities =re in general,



doninand ¢~ defects, =3 is typlesl of other orgeniams 1lso. Host inter:z:ting,
puscartibility to deleterlous arents sueh 23 bacteriorhsge or strert nyein
he o ae far reen douinant to resistanee, go thet resistant mutztions m=y be
mzs-ed 2n the heterosygous condition.

The heterozyrotes have provided the best proof, so far, of the rezlidy
of bacterial hybridizati-n, Single cell $asolzticns by M,R. Zelle =nd T,
Lederverg showed unequivooslly that the genstic qualitlies of two rprrantal
cells cooxist in single beocterisl cells, subJect to later separati-n ~nd
rezgsortment, To date, we have been unable to dem~nsir=te directly the norrho-
logical basle of reccmbination in . coll, mostly because of the infre uency
wit: wileh 4t oceurs -~ one cell per million - in the experinentzl stocks of
this orgsnism, Ve e=n infer, howaver, = sexual fusion probadly invel.ings
intact cells or slements of similsr zlze. So far, we hsve found no evidence
of sexusl differentistion, 1.é., sbocks which mizht be lzbelled mels :nd fern:le
rogectively, sn that ¢ njugetion s p-rently occcurs =zt rand-m betwoen ¢ llg
ol ures or olxed culiures, but can be deteated only in terms of reassorinent
between senetically differins cells,

The diploid culturee have, however, been subjected to a eytological study
in com- rison with haploids, This stud; is »till ‘n progfesa. but thers is
no qusstion of conasistont differunces in nuclesr structure, the di;loids show
ine laprer numbers of ranular elements (chromcscmes?) in each nuclesr argrer=te.
Seudies are slso in vrogress of the effects of rrdiations on the cytorenotics
of di-loids, These show the=t persistent effects can often be detected in some
descendents of » trested cell long after cothers s pear tr have recovered com=
rletely., The mein result so far 1e thet the effscts are sc comlex =8 t-
raquire thet extrems caution be exercissd in interpreting detzils of exeri-

ments nn setisn of matzgenic scents: the cell is an orgenized zporesste of onas
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and other enmponente, =nd mutsgenic sction may well be much more comrlex than
s chenmicel reaction between & mutggen molecule with a locsllzed gene,

2. Thysiologleal genetics.

The groundwork deseridbed in the ~revious seetl n hes made it nosoidls
to crrev out work on mechanisms of gens sotion with some assurance thet these
findirgs with bacteris will be vertinent to the general yproblems of rhy:slo-
logical pgenetics,

The charscter that hss deen sudbjected to the most intensive study h=s bLeen
the fermentztion of leatose, for the following reasons: a) it is sesily cheye
acterized in single colonies of the becteriz with the helrn of indicstor medls,
b) it involves 2 simpls enzyme whese acti-n 1s limited to o single, direetly
measursble step, and which is readily purified: @) a lsrge number of mut=nts
affocting thls charscter were readily obtained, end d), it represents o=n
important diagnostie charscteristic in taxonomy soc that mutaticns =ifecting 1t
may bear on the problem of baoteriael specistion, On the other hand, zlthough
enzymes =re likely to be more or less direct products of gene =ction, our lack
of any real knowledge of the mechenisme of specific protein synthesis lorgely
rrecludes our lesrning very much at this time sbout the crucial rele rlayed
by zenes in such syntheses,”

This work was initiated vrimarily to test the "one-to-one theory* which
g.zested thet the primery action of 2 ziven gene wzs to ¢rntrcl the s ecificity
~f 2 8ingle enzyme, and conversely, that =2 given enzyme was directly related
to a2 single gene, With respect to lactzse, ocur findings sugrest th=t 2t lesst
soven different genes may affect the form=tlion of one enz yme, end s£ls: th=t =t
lezat tw of these zenes sffect enzvmes In addition to lectsse. All of the
muat-tions that could be analyzed proved to involve the conditions or extent

of formation of lactase, rsther than 1ts quslitative properties, sc thot 4t
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is posalible thet none of these genes in directly related to lactase, If

this voint—of-view 45 insisted upon however, the one-to-one theory becomes
immme to experimental disproof, and to thst extent of limited scientific
valug. It 1s expected thst different strains of E, goll may produce lactzses
of sufficiently different specificities thot 1t may become possidle tc investi-
gate the details of gene contrcol of enzyme quality, rather than solely its
formation,

It has been suggested that physiologlc:zl ;enetics might meke greater
progress 1f the interaction of zenes with each other were studied more closely,
rather than the broader questions of developmental genetics, This =z jroash
is illustirzted by work -n position effects and "pseudo-alleles®, for which
rather substantial evidenoce has been obtained. A number of lsectase mutents
initially reg=rded as genetically identiczl or allelic were studied more closely,
to reveal = more complex situation., Zxtensive cross-over studies showed tiz
arperently identical factors could be separated, alth-ugh at an extremely l-w
frequency, showing that they must be in close proximity on the bacterisl chromo-
some, An analysie of various crmbinaticns in diplold heterozygotes further
shrved that the combinstion of genes =+ b+ / a~ b= (where a+ and b+ are the
rormal; 2~ and b~ the mutated forms of the components = snd b respectively)
was ef7ective in produsing lactase, whersas the combination a+ b [/ &= b+
was not. One interpretation of this result is thst a+ must be adjacent to
b+ in order that the two may interact normally, whereas in separate chromo-
gsomes they will not. This sort of behavior, wilch the geneticist descrives
by referring to a and b as ®pseudoallelic® genes, was once regerded =z excep~
tionel, but while this work was being carried out with bacteris examples have
mltiplied from Drosophila, maize and Neurospora. Although bacteriz are not
1deal msterial for cytogenetic work, the esse with which recurrent mutations
can be isolated, and with which tests for allelism can be carried out on a
large scale, may meke them excellent for even more detalled analyses of the

ffins structure” of the genes, hithertc regarded ss indivisible stoms,
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3. Bacterisl sexuality and nstural history.

The role that recombination might play in the evolution and natural
history of bacteria gan only be spaculzted wpon at this earl:- dats, For sone
yeers, atraln K=-12 of %. goll was the only one in which thias process hzd been
dem~nstrzted. More recently, however, efficlent metiods have been devised
to eere-n other straine, and as a result about 25 distinct 4sclates, mostly
from humsn urine, feces, or infeoted sites, have been found which oan be
erogsed with E~12, and a2t leaat in part, with each other. 7Theae 25 wers
screaned from over 700 strains, The remaining 675 sre not necessarily com-
vletely sterile, as some of them may rciulre special partners or environ.
montal eonditions before they will hybridize. The fertile siraine do, however,
lay » besis for studies on the comperative or taxonomic genetice of this
bacterial specles, z subject for which the analytical tools till now have
been purely descriptive. In addition, they show sntigenic differences which
zre expected to meke 1t possible to devels; an imsunogens$ic analyeis of bao-
terla along lines simlilar to those estadblished for men, cattle, domestic fowl
and cther organisme. Here, such an analysis will be especially important be-
cause of its relevance toc prodlems of bacterizl infection and {mmunity,

The selective methode used to demonstrate the existence of recombination
are for the most p=rt labor-tory tools rether than models of nstural processes.
Howover, it has been shown th=% mixtures of antibacterial asgents, such sg zre
used in chemotherapy, cen be used to select for recombinants exhibiting multiple
rasigtents, or, to exprese thie another way, that reccmdination provides a
means by which bacteria cen adapt tc the presence of gombinstions of chemo-
thearapeutlic agents more rapidly than is poasible by mustation alone,

The poseible ocourrence of sexual interzctions in other bacteries hes

scarcely been eonsidered from a genetic point of view, slthough a scattering
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of provocative eytolozleal cbservations is in print. However, the techniques
developed for X, goll are of very wide potential arplication, and thus oren
a vhase of zenersl microbiological rssearch that eould keep a number of lab-
oratories well occupled for an indefinite period of time. Our efforts to
axtend this problem have so far been limiisd to species of the cenus Salmeonella
(tyrhoid-peratyphoid~food poleonirs crganisms) wilch may be regarded as a
distant relative of X, gcoll, The procedures wsed were similar to those for
E, col}l X~12, and experimente clearly demcnsirating genetic exchanges were
ultimately successful., In erntrest te Z. goll, however, Selmonella recombinze
tion ren be medisted by & varently sterile filtrates so th-t, =t first slance,
1t may =rpear to psrallel the remsrkeble transformztions of serclogical tyve
imovm for vneumoeocei since 1928, In Salmonella, however, it appears likely
that the genetic exchange has a morpheclogiocal basis in minute gramules,
sbout 1/4 micron in diameter, which we currently feel may be rel-ted to the
#I~forms" of Dience and of Klieneberger-lobel, men; of whose observations with
resrect to filtrable forms of bacteris we have been able to confirm, ‘/hether
thare 13 a similsr breis for the pneumpcoccus transformztion, hitherto inter-
nreated rother in terma of the extraction and artificial transfer of geres
(ehemiez1ly described 28 "pure" desoxyridonucleic acid) the present evidence
does nnt say., The behavior of the Salmonells gramiles, if our present sup-
vositione are verified, is rather along the linee of organigzed “gametes",
wirse inviabllity 4s & result of limitations of the usual dbactericlogical
mediz, In 2ddition to thelr releveance to specifically genetic problems, the
I~forms mey play & hitherto poorly srprecisted role in meny espects of theoretical
end ayrlied micrnbiclogy.
L, Cenes and viruses,

In I, goli K-12, all of the many characters ro far tested have been

shown to derend on factors in the organized genotyr;e, presumebly in the
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nucleus. 4 single exception has been found in the form of lysogenicity, or
the presence of lzteat or symblotic bacterial virus, Long hidden, the fact
is now glear that the initisl stook of K~-12 was alrezdy infected with thisg
oryriic virus whose activiiy remained undetected 8o long as an indicztor
sira’ s, subject to lysis by the virus, wae not avallable, Such & strein
occurred as an accldentsl "mutent® in two or three out of several ticusand
cultures, snd the thus uncovered virus activity introduwced tals investigation,
Lysogenioity hae been known and descrlied for man; years, but hzs largely
been diseounted by the bLiophysical sehool of virus resesrch until very re-
cantly.

The lysogenic straln produces rather small amounts of the virus in liquid
culturss. The bacteria can be filtered off, ieaving the free virus., This
can be grown to high titer on eellp ol the indic:tor strain., When sensitive
cells zre exposed to the virus, a ocngiderzble fraction are killed. Among
the survivors, nevly oreated lysogenic forms, now resistant to lysis b the
virue, but producing it, msy be detected. In addition, there sre mutants
that are neither produvers ol nor sensitive to the virus, This resistence is
a parently controlled by sene muiation, The mechaniem whereby s sensitive
sell beeomes lysogenic is still obscure, bat there s;pesrs tc e a genic
comonent, comparsble to the relatlionshiy of K and ke ps in Peramecium.

5« 0fore t.is report is toerminated, scknowledzment must e made to zssuciztes
snd asaistants largely responsible for the progress reported hers:

Estiaer Mo (Mrs. J.) Lederborg, Ih.il, Wise-nsin, 1930 (Physiolo.-ical =nd
Jormal genetlics)

Horton De 2indsr, Mehe, Wsconsin 1949 (Salmonells)

dbaelyn N. Lively, MeA., Wisconsin 1551 (Cytology)
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