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Current work suggests thet, under certain conditions, Salmonella cul=—
tures form reduced ceils which a) reedily pess filters retaining the usual
bacteria; b) are more fesistant to disinfection (heat, alcohol, chloroform);
and c) remain dormant in the absence of a stimulus from living cells, If
verified, these findings mizht require a reexaminaticn of concepts of
becteriological stérility. |

This result wess ungxpected}y encountered in connection with work on

the mechanism of genetic recombinetion, Such a procesg, analogous to that

established in Escherichia coli X-=12, seems to occur in some strezins of

S. typhimurium, Whether there is a specific connection between the filtrzble

agent and genetic recombinstion, as 2ppears nossible, is the subJect of

current exneriments,
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Recapitulation and Introduction

This research projiect on genetic aspects of the biology of Salmonella
is directly related to previous and concurrent studies on genetic recombi-
nation in the relsted group of coliform bacteria, It will help to out-
line progress and aims of the Salmonella project if the results from Eschere=
ichia coli are briefly recapltulated,

About five years ago, B. L. Tetum and the undersigned (2t Yale University),
discovered that genetic recombination occurs among cells of E. coli strain
E~12 (1,2)., This was demonstrated by mixing cells from different nuirition—
2lly exzecting or auxotroriic mutant cultures on a synthetic agar medium,

}By surpressing the auxotropnic verents, this medium selects for a small pro-
portion of cells which have become prototrovhic, i.e., a2ble to form colonies
in the a2bsence of suppnlementery growth factors. Uith appropriately devele-
oped mutant stocks it was possible to rule out the possibility thst these
prototrovhs zrise from intrinsic instability of the mutant parents; they
could arise only from the interaction of the distinct mutents: e.g., Ab
with aB give rise to AB. This type of recombinetion process inmedirtely
suggested the possibility of a2 sexusl process in this bacterium. This pos-
sibility hss been reinforced by a number of experiments wiich showed the

following:

1) Recombination was not confined to nutritinnal fectors. liany other
genetic differences introduced with the rarents (e.g., fermenteztion cheracters,
virus resistance, drug resistance) resssort in all possi?le combinztions
smon; the prototrophs.

2) Recombination occurs pairwise, In mixtures of three kinds of mutants,
only tlose recombinants occur which could erise from pairwise exchenges,
vhereas uniquely tri-partite exchanges are not found.

3) In certain crosses, cultures ("heterozygous diploids") have been
isolzted which cerry the genetic fectors from both psrents, which may later
segregete during the further proliferation of the culture (3). Single cell
studies showed conclusively that tlis sesregeotion involves the separation of
intra-cellulsr units, not entire single cells (4).

L) Jumberous attempts to effect senetic exchanges by means of culture
filtrates, cell extracts, or other prererstions not contcining normal viable
cells of both nerents have feiled commletely. This requircment for intact
cells from both perents supworts the cencent thet the fusion of ordinery
vegetative bacterial cells is the trmsis ¢f zenic conjunction (a2s in many
other microbes) end thet no special gemetic forms need be invoked. FHowever,
the actuzl fusion of cells has not been observed in this meterial, so that
our c~nclusions on tais detzil of the "sexual' process ere entirely infer—

ential,
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Until recently, evidence for ene recombination in bacteria was confined
to strain =12 of E. coli. Covalli, woriting ot Cambridge, England, has '
discovered 2 strain there vwhich csn be crossed with K-12 (5) a2nd more re—
cently a considerzble number of strains hcve been isolated (2bout 3; of a
series of 500 tested) vhich 2lso silow tais pneromenon (6). Mlany of these
new "erossable! strains are quite differsnt from X-12, some being classi=-
fiable as paracolon or as coliforz intermediztes. This result makes it 211
the more necessary and hopeful to scrutinize other bacteria for similar
genetic processes., Tvo objectives ere preeminent: 2) to provide the basis
for genetic analysis of problems unigue to other bacterial groups, €.ge—
antigenic and pethogenic variation in Salmonella, and b) to find better
material for the determinztiecn of the cechenisms, scope, 2nd ecological role

of recombination.

Fxperimentzl Res:lis with Salmonella

Considerasble time was sment durizg the first two years in collecting
suitzble cultures, developing technigues for producing otiochemical muta—
tions in Salmonella (7)., 2nd in perfecting the training of the research
sssistant assigned to this problem (lir. ilorton D. Zinder). After an inter—
val duringz which mutants were incduced iIn a diversity of types, including
S. tvohimurium, poona, medeliz, %coii", »nd others, it wes decided to con-

centrate on a coherent set of cultures of S. typhimurium,

Such a set was provided by Dr. S. Lillceungen (Stockholm) who hed worked
out 2 procedurs for brcteriophege i ming of this species, FKe izindly placed
2t our disrosal representative cultures of each of his 22 tymes of world—
vide origin. In this wey we could bte feirly sure of covering a compre-
hensive sample of S. typhimurium cultures without unnecessarily reduplicating
our worlz,

Auxotronhic mutants heve been iInduced in 20 of these t:nes. The rresent
moterisl has alloved crossing tests (lize tiose in I, coli X~12) to be mede
in zbout half of the 200 possidle c-mbinations (inter- end intra-strain
crosses); tie mutants required to comnlete 2ll of the possible crombinetions
are being produced from day Vo dar. It should be pointed ont thet, despite
technical advances, the production zad cherecterizeticrn of at least tuo
double auxotrophic mutasts in esch of 20 sirains represents 2 considerable

tinlication of effort and hes occuried the larger pert of the time sivent

on this project to date.

Of the 99 combinetions so fer tested, 9 heve more or less consistently
imal agar medium, while the perents sersrately do
not form colonies under tiese conditions. This is preliminary presumptive
evicence for recombination in Selmenella typhimurium. Some of the combi-
nations have given very low yields of nrototrophs, 2 result wiich hinders
the further study of the mecianisms of the zoperent recombinstion. Our

effort hes been focussed on one periiculer eombineticn wiich proved to be

excentionally fertile, Culture "A" is a mutant derived in two siens from
Lilleeungen's type 2, "B" from tyne 22. "a" requires histidine end methionine
3% phenylalanine ¥plus® tyrosire, and tryptophane. Cultures of A or of B

by themselves have never been found tn vroduce prototrorhs, even when very
dense suspensions were plested on minimel ager. However, mixtures o A with

given prototronks on nin
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B have given yields of prototrophs of at least 10~5 of the perental inoculum,
(considerably higher than has been found in . coli). Since this combinam~
tion gives the highest yield of presumably recombinant prototrophs, it was
selected for further study. Two directions are being folloved a) the
genetic rules of recombination, and b) its biological mechenism,

7ith respect to a) certain peculiarities have been noted already. At—
tempts to induce fermentation mutants in a have been mostly unsuccessiul;
2 pumber of mutants heve been induced ir 3, and such stocks as "B7 Gal~ Xyl=
(;alactose-,'xylosebnegative) developed; in distinction to the Gal + Xyl +
cheracteristic of the original A 2nd 3. nGal" and "Xyl" are here used as
unselected marlers, ie.€., the distribution of + end = qualities among
nmrototrorhs of A Gal+ Xyl+ x B Gal- Xyl- is followed. So far, the proto—
trophs neve been a2lmost all Gael- Xyl- like the up" perent, and a like re—
sult has been obtained with other markers. Howvever, a Very small nrorortion
of Gal+ Xyl— and Gal=— Xyl+ have been formed. The disproportion of types
night be due to genetic linkage, vut more work will be needed to clear this

Up.

It has also been noticed thet many fermentation mutants lose the
nfertility” characteristic of the orizinal culture. This probably rerre—
sents an inherent instability in tae cepacity to react with other strains
w-ich must be given close attention in our surveys

The most unexpected results deal with the pmeciianism of genetic inter—
2ctinn, end heve been purposely lelt to the lsst. In view of their rather
heterodox charactier, they will have to be subjected %o more than usual
scrutiny, and tested in other laboratories vefore they can be entirely ac—
ceptable to any large Dvody of workers, including ourselves.

These experiments began with one modelled 2fter @ revort by Be De Davis
(8)e A U-tube vas constructed with an ultre~Tine sintered Fyrex filter in
the horizontal arme The tube was sterilized and filled with broth. U
wes inoculested in one 5T, 731 in the other. 37 alternating suction on
the tvo sides, tne medium vas flushed from one compartment to the other
until the cells had become SO dense as to cloj tuae filter. Several experi-
ments in which one side only ves inocalsted with A or B confirmed tne in—
territy of the filter, and the stebility of the perent culturese.

The cells in each cormsriment were hervested and washed senzrately.
Yeither a4 nor B cells from control exneriments geve any wrototronhs on ninimal
szer. However, the 2 cells from the U-tubes in waich the opposite erm
conteined A, repeatedly geve nurberous prototrophs; the A cells did not.
4s in the -experiments in wiich the cells were ixed directly, nost of the
prototronhs cerried the unselected mFriers of I, lut otiuer ty:es hzve elso
been noticed., FIvidently, the jnteraction of A vith 3.involves an narent!
troduced by A which cen pass @ filter taet roteins the tynical cells of A
end B, The egent has been stucied Iortaer in culture filtretes end other
preperations. It is not produced (excert to e very i1inited extent in 2ged
cultures) by A or B cultures separztely. Hived cultures of A 2nd 3B grovn
for seversl hours were gsedimented #nd tne supernetents passed through two
jendler filters, one medium, one extrs fine, (the first of thaese usually
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sugfices for sterile filtration). 0.1 ml, of such a filtrate plated with
1.7 cells of B usually yielded ca. 100-200 nrototrophs. The filtrates
.themselves were sterile by the usual criteria (no colonies on synthetic
or complete agar medium; no turbidity in yeast extract broth).

Two filtrable factors are deronstrated by thece experiments: 1) from B
which stimulates A to form the agent 2) which reects with 3 to form pro-—
‘totropus, The first factor is nrobzbly a latent lysogenic bacteriopaege
secreted by B, as 1t can be propagrted on A conconitantly with phage lysis.

t con be revlaced by sublethal concentrations of crystal violet; other
deleterious tresitments ere being studied,

The agent is readily assayed br nl-ting test samples with washed B
cells on minimel esgar. The number of rrototronas formed is proportional
to the volume of a given filtrate tested, i.e., the assay is linerr. The
agent is more resistant than ordinsry cells to jnectivation by hest. chloro—-
form, benzene, or alcohol, 2nd is relatively unaffected by exposures which
effectively sterilize the cells of B. It is appsrently nondialyzable.
It is precipitated by €0-707 ethanol or 607 saturated emmonium sulfate;
the sediment redisperses rezdily in water, The azent hes also been sedi~-
mented directly from filtrates by uliro—centrifugetion in the Spinco cen—
trifuze. These findings simplify the concentration and preparation of the

acent.

We have not succeecded in extractingz the 2gent from cells of 3 killed
by heat, or sobjected to autolysis under conditions proven harmless to the
acent itself. This and leter findings sugrest thel the egent is 2 biological
product rather than an jntrecelluler component of Be

The most obvious interpretatiorns of the sgents ere:

N
1, as 2 "transfornming a~ent" similer to those of pneumococcl or FHemo—
g3

pkilus influenzae.

2, as 2 minute cell product, a "gamete®", or 2 forna similar to the I=-
forms reported by several other auticors (see 9).

The Tollowing results are especirlly tentative but incline to the latter
hypothesis. liicrosconic examinetion of active sediments shovs berely visible
granales end rods resembling ordinsry bacteria excert for their grea2tly
diminished size. Probebly more imortent, platings of anparently sterile
filtrates with verious kinds of cells, jncluding Escherichia ccli, heve re—
sulted in colonies with the same cultural carracteristics and mutant merkers
2s the originel B. This sugzests thet the scent consists of reduced cells

‘which zre a) "filtrablel b) ere more resisieni to zntisentic treatments,
and ¢) will remain dormant excent in %he vwresence of livirg bacteria., The
nossible implications of this tent:tive rcsult for brosd nroblems of enti~
sepsis end igterility¥ sre obvious. In zGaision, it shovld be tzlzen into

account in reviewing the mechenisms of grensformetions? rerorted for verious

boacteriz. Whether they have z uniaue sexurl or g:metic function is prble— -
metical. In vmreliminery experirents, unvever, the filtrates mey heve evoked
prototropis more resdily end from o vider range of mutant cultures than did

~intect cells of B
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Tais report covers the pericd frem A-ril 20, 1951 to Tebruary 1, 1952

A, Summary
rn Salmonella typhimurium, = new mechnnism of geretic excharge hes
teen discovered: transduction. lzny cultures engender a filtreble asgert

cul
(FA) charscterized ty its gereotic activity. FA transmits irndividual
charzcteristics to individual cells, :in centrast to the linkege compdlexes
1

excharzed in sexual recombinaticz, 4ll of the traits studied (nutritioreal
requirements; fermertations of sugaors; resistrnce to strentomycing ard
flagellsr serotype) were transducitle. Tor the most part, leborztory

rutetions of S. tyshimurium were siudied, In additiqn, the ratural
differerces of S. tyoai and S, 4 vrnimurium were exchanged resultirg, for
exomnle, in the serological Mhytrid! ¢f the antigenic formula: IX, XII,
i;=—, (somatic antigen of typri; flagella of tymhimuriur). Detziled
studies of the genetic and kineiic vroveriies of the TA have been initisted.
I+ mey be related to varticles a%out .1 micron in diameter visualized with
the electron microscope irn nartizlly purified active preparations.

v

Ir. Escherichia coli, the sexusl wrocess underlying genetic recomtination
has been studied for scme time. lfnny rnew interfertile strains have been
fecund, TFor the first time, evidence of smecific compatibility relation-~
ships, ie.e., of sexual or heterothallic differentiation, has been uncovered.

Direct eviderce of the srontereity of drug-resistance mutetion has
been secured by a rew method: replica plat
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B. Tull Statement of Progress
l. Genetics of Salmonella.

The last rerort presented first evidence for a process of genetic
exchange in Salmorella tynhimurium, This renort also gave a drief review
of previous wor!t " :;T to these studlies. At this time, it can be seen
that cericln oo e conclusions of the 1951 renort were incorrect, par-
ticularly those which attempted to rationalize geretic excharge in Salmonelia
in terms of M"reduced cells" or gametes. The mechanism of recombination in

Selmonella appears to be furdamertally different from the sexual processes

. ccli, To emphasize this distinction, the term "transduction! will

[o]
+y
ita

be amplied to the Salmorella systenm.

Most, if not 211, strains of S. typhiﬁurium are lysogenic, carrying

one or more latent phages, actinz on other typhimurium or otker serctypes,
rder avpropriate conditions irnvelving either attack by a latent vhage
from another straixz, or the {rzther otscure) activation of its own latent
vroge, almost all strairns have Teen fourd to literage a filtrable agent
WTA" with remarkable genetic prorperties. Sterile, cell-free preparations
of FA cre cepadle of transferrirz individual traits from the donor strain
to other susceptible strains,

For the most part, we have relied upon nutritiorzl requirements (ottained
as ultraviolet~light induced mutarts, and isoleted with the help of the
rericillin method) as the genetic "morkers® for these experiments. Ve
hove also used fermentative differences (botk natural and mutetional),
resistance and susceptibility to strenmtomycin end thé natural seroiogical
differences between serotypes (S. tyrhi ard S. typhimurium). Since the
6

frequescy of transduction for a perticuler character is only about 10~

to 10"5 of the treated cells, solective media must be used to detect the
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cherges. TFor nutritional changes tris simnly irvolves pietings on
synthetic agar medium, Ferment-+ive or resistance transductions were
detected by platings on sugvr- or streptomycin-contaeining agar. Flagellor
antigenic changes were selected Ty Gerdtls technique {inoculation of
semisolid agar contal“érg specific er riiserur). For technical reasorns,

the genetic changes involvirg rasritionzl requiremerts have been empﬁasized
for quantitative studies. Sever:l 57 tne auxotrophic mutants are sufficiently
stable that smontaneous variaticrs coild not Dbe detected; for some, the
spontaneous reversiors did ccecur freguently enough o reguire corrections
for their rates. DPerhaps the most iznortant distinctive feature of trans—
duction [aside from the filtra®ilitr of the egent) Las to do with the un-
correlated behavior of different zariers. Ir. seversl different detzailed

exoeriments in wiich the FA-dencr g:< ered from the Fa-recipient strzin

in several respects (e.2., rutrizien: fermentation of xylose; fermentation

of galactose; resistance to St““T‘CHjCln), each of tine irndividual traits

was sutject to trensductiorn, e izdeperdently of 211 the others. Thet is,

eeZs, 211 of the streptomycin—resistan ~ansduced .cells remeined like the

t
ot

parernt cells in respect to fermernis ion azrd rutritior, and so on. This is
in merked contrast to the wrresiricied excaernge of several markers in

thie ron-filtrable Z. coli systez.. ‘fe have tnerefore defired "transduction
es a genetically urilateral ecxcrernge, in contrast Lo the union of

equivalernt elements in fert? lizztion, In the lest revort, we were uncertain

whether the Salmonella FA might rot corsist of somsz sort of "reduced cell®

or lWgametel, tut the trancfer of sirzle elements is ircorsistent with

such 2n interpretation. Ue were also cnncerred about the persisterce of
occasional,possibly dorment, cells of the donor strairn in the FA filtrates.

We have since found taet filir=tion tarsuzh UF sintered Fyrex discs con-~

sistently removes all contaminating cells without impairing trarsductive



-l -

activity. The grecter filtratility (throughk Mandler dlatomaceous earth
candles) of bacteria in FA premorations compered to ordinary cultures is
of questiorable relevence to the present prctlem, although it may .still

be significant in other conmectlons {cf. M-forms"). Most of the FA
preparations usedin our present worlr show o evidence of the persisterce
of the doror cells ir nny organized form, Sirnce individual traits only
are transferred, transduced times are usually readily distinguishable from

both ine doror and the recipiernt strain. Therefore, the sterility of the

(231
b=

prezarations (althouzn well verified) is rot critical for the valiidity

P

f their effects. Some thirty different markers, in severzl different

o
P

trains, have beern tested for their trrr.smissior by T4, and gave comparable
results in each case. There can be no doutt that the transductive system

arclies to most or all of the geretic material of Salmorella.

Reproducible, lirear assays for FA have teen develoned, based upon
the yield of prototrophs from suspersions of auxotrapaic cells plated with
the test samples on mirimal agar. This hes allowed studies of the siability
ard purification of Fi, and of Iis adsorption on %0 susceptitle cells,
Corcertrated preparations assayring close to 106 units/ml kave beern ottained
by frzctional centrifugetior ond wrecipitation with alcohol and ammonium
sulfate. Such preperations zre visibly opalesecent, ard show, under dark-
field and electror microscomy rumerous grenules unifornly arout .1 micron
in dismeter. The association of trensductive activity with these gronules
is orly a working hypothesis, tut the size estimate is consistent with that
secured by centrifugntion ard filtration experimer.ts with gradocol membrares.

Tre preporations are not yet, in onr judsment, sufficiertly rure to warrant

Fi hrs proved to be resistant to seweral

<

direct chemical analysis.

enz:mes, ircluding trypsin and desoxyrivonuclease. The last point is tlhe

chief difference between the Salmorella traensduction and the ttransformirg?
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systems of the pneumococcus and Hemephilus, but may te a reflection of
greater structural orgarization,

The adsorptlve prcperties of ZA zre rclrted to the "XIIM somstic
antigen of the salmonellae of grours 2 2xd D. MNost of the serotypes
tested frem these groups adsorbed T4 withk kigr efficiercy; roush S,
typhimurium; or tacteria from other grcups lacking the XII antigen fail
to bind FA. Whether the adsorption of §. tyrhimuriun FA ©y other serotypes
is followed ty geretic transductior hrs teer tested only for S. tipki,
The differential traits most readily a eble were streptomycin resistance
(from = §° 8. typhirurium), fermertation of rkamnose ard of aravirose,
and tre serological differences. The resistance arnd fermerntative differ-
ences were individually transducibdle alcrg the same paitern as betweern
S. typhimuriun strains. Mornospecific anti~IX sera could rot ‘e otaired
in sufficiently high titer for selective experimernts involving the som-tic
antigzens (owing to the complexity of tre XIT arntirer commor to typhi arnd
typhimurium), .

The differences in the flogeller antigens offorded ar excellent
oprortunity to test the pessibility ti-t transduction would yield s§g~
rnificant, new, "hybrid" types. S. tyrhi is diagnosed as IX, XII; d:—.
S. typhimurium is IV, V, XII; i~1,2,3 . . . Barring the exceptional
occurrerce of artificial "ji" phases, S. tyrhi cells are irmobilized in
semisclid agar containi; d-artiserum. In 2tout half of a score of trials,
however, inoculza of S. typhi cells exnosed to S. typnimurium FA have
resulted in e motile (nor—d) phnse. Following jurification, these Lave
beer. proven to be 2 new "hybrid! serotyre: IX, NII; i-—--., (We are indetted
to Dr. P. R. Edwards of the P.ZI.S. Commurnicatle Disease Cernter for confiroirg
tiis diagnosis, and for providirg many experimental materials). Tuis type

has rot yet been ercourtered outside the laboratory. It is amply clear,
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however, that transduction may ﬁell se arn active mecharism for the continued
evolution of new Salmonella types by the recombination of existing anitiigens.

Quentitetive adsorption studiss nave teer. conducied only within S.
tyohimurium. Adsorptisn of FA occurs promptly: suspensiors of 109 cells/ml
hecome saturated witnirn fifteen minutes at 37° C. Te cofactors or pre—
trertmerts of the cells have teen Tourd recesscry for adserption (contra
certsin phages, or the preurococcus +rcrsforning principle). The efficiency

v tre saturatior of the susceptible

I

of transduction ampeers to te limite
cells. Tre experiments do rot permit us to evalucte hew rary perticles

are adsorbved per cell, It is roi necessary to ccrclude that ore adsorted

particle excludes arotrer, tut this is z mossitle explanation for the

sr=le—ress of tronsduced effects. The saturatiorn of cells expesed to

PReTEES

excess TA hos beer verified tr their refr-octeriress to irarsduction ty a

aaa
XCes8S v

secord FA preparation carmatrle of medinting addition:l effects. Tre

saturatior. level correspords to the ccnversion of atout ore per 500,C0C
cells witl: resmect to a sirgle trait. The prcportion of cells trensduced

for all other traits is certainly much higher, but np.offects cre dis-

cernitle unless the donor and reciriert cells zre di ffcrert. The mosy

consistent picture is that each Fi porticle is associcted with 2 single

geretic potentiality. If 2 cell adsorbs a perticle of a type relevarnt

to later experimental tests, it will rave a ceris ir (so for ur.de terrined)

cherce of being counted as a transduction. It is tempting to identify

the T4 particles as "neked geres", tut the fate of cemp orzble speculatiorns

or. filtrable viruses serves as a warning. In.any evert, the particles

~pear to be too large to correspond to individual genetic units: either

trey are more comrlex than our exgperizents have so for revealed, or the

perticles are vehicles for a much smaller active unive.

This report is abstracted from a manuscript by ¥.T. Zinder ard J.

Ledérberg "Genetic Zxchange in Salmonellal already submitted for publication,.
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2, Mechanism of Develonmernt of Becterial Resistance to Antibiotics.

Desnite consideratle eviderce favoring the spontaneous mutation theory
of "drug" resistance of tacteria, tie question has continued to be mooted
whether an antibioctic misht nct aciuelly induce directed rmutations for
resisterce. So long as resiz:izn: zutants could rnot readily be isolatedb
excent by exposing bacteriz dirsctly to the selective agenrnts, only rather
indirect and abstruse (biomesric) evidence was available, and judging from
meny ‘nformal discussions, tiis nhzs not been entirely convincing to many |
bacteriologists. A recent aivarce in metaods--replica vlating and indirect
selection——has resolved trnis rretlem to some extent by meking possible the
isolatior of resistent mutaznts without direct exposure of the selected |
vacteria to the drug.

Replica~plating is a meizcl for Yconying" or "rrinting" the patter:n
of microbial growth from an initial agar plate to a series of other media.
A sheet of velveteen (previously sseam—sterilized) is fastered to a support
with circulzr cross—section slizntly smaller then a Petri plate. The
initial plate carrying the becterial growth (colonies or otherwise) is
pressed dowrn or tne velveteer, sransferring an imprint of each colonly
to the fabric. DPlates of verious agor media can then be pressed on the
same fabric, and sach of them will be imprirnted with a renlice of the
original growtk, Upwards of 2T colonies on a plate can be transferred
ir one operatior to a series of other plates with accurate registration of
their position. The appliceticns, for example, to the more efficient

detection of nutritional varisris, or determinetion of antibiotic spectra,

are nearly self-evident.

[@N

Tor the presert application, the iritial plate carries a uniform
film of growth from a lerge, spread inoculum, rather than single colonies.

If, for example, mutations of Z, ccli resistari to streptomycin have
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occurred ;ponfaneouély during growth on this plain medium, the resistant
cells should be distributed as families oT clones of varying size. Tais
prediction was readily verified, for renlicas to a gseries of streptomycin-
ager plates resulted in the develovment of resistant colonles at super—
irmmosable positions, corresponding to tne locations of the mutant clones
or. the initial plate. The'clonal occu-rerce of resistant cells is not
consistent with the idea thet resistance is directly irduced by the
streptomycin.

The experiment can be extendéd to give an even more rigorous con—
ciusions Tke jnitizl plate has not veen exvosed to streptomycin, but
the sites of many of the resistant clones have teen revealed oL the replica
plates. Inocula taken from the indiceted sites are cornsiderably enriched
in the proportion of mutant cells (from 100 vo 1060-fold). The enriched
inocula were replated at a higher dilution so thet a few resistant cells
were included. After growin én the second iritial rlate, replicas were
egain made on streptoqycin azer, and the resistent sites egain located.

Tne reneated enrickmert by 1G0-fold resulted after a few cycles in irocula
\
of waich a considerable fraction was resistant, so that pure resistant
cultures were isolated from single colornies. At IO poirt has the indirect
seleﬁtion 1ine been exposed to the streptomycin; the rerlicas alone were
so exposed, and these were used only to locote the mutent clores.
The pure resistant cultures were stable, resemtling ir. every respect

the mutants obtained by direct selection. The method was also applied

\
to phage—resistence in =Z. coli, and should be of general utility.

These data are embodied ir "Replic Plating ard Indirect Selection of
Bacterial Mutants', vy J. Lederbverg and E.ii. Lederberg, 1952, J. Bactes

In Press (March 1952).
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v Notenon physiological mecharism of streptomycir-resistance: Other
workers have reported (Smitn, Oginsiy, and Untreit, 1949, J. Bact. 585
761~-767) that mutants of E. coli selected for streptomycin resistance
show profound cherges in their cerctic metabolism, so that the resistant
forms are unable to be benefited ir itheir grovia by z2eration. It might
bé thought that this modification was a direct effect of exposure to
strepiomycin, similar to the acriflavire-induced ror—aerotic mutants of
yeast discussed by Tphrussi, rather than a consequernce of the resistance-
putation. Tais possibility would be of great geretic interest, and would
be accessible to study be means of irndirect selection. Ve soon found
hovever thet we could not reproduce tkhe published firdirngs: each of several

resistant selections in severcl sirains of B. coli was berefited by

S

seratior. to the same marked degree as 1iis sensitive parent. The same
held for strains provided ty the worlkers cited. We have since learned

that other investigators likewise failed Yo confirm tho reported findirgse.
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3. Gernetic Recombination in Zseherichia coli.
The methods, experimerts, 2rd reasoning thot have led to the concluslon
that a sexual phase operates ir Z. coli have been presented at length in
several publications (cited in »itliosranhy in support of Research Plan)

oo

as well as in previous progress reports, and will rot be repeated here,
This process is under intersive study from many aspects: two new

develepments are of sufficient maturity and gereral interest to be reccunted

in tiis report.

a., Strain crosses. A screenirg method previously developed has been
epvlied on a large scale in a sezrc: for =dditioral sexaully fertile
strains of Z. coli. The screening tect identifies only those cultures

cavabdle of crossing with the initiel ¥X-12 strain. Atout 35 interfertile

strains have teer isolated ir tesis of about 150C isolates from various
sources. lost of the fertile culiures were obteired from numarn feces,
urinre, or infected lesions, 2ltrouzh other sources were well represented,
Nevertheless, no obvious cultural charzcteristic serves to identify the

fertile cultures as distinct from the overall porulation. Most of them
L)

are fairly typical Z. coll with irdividual differerces in sugar reactions.
A wide range of colicin and phage responses, colonial merphology and
serological types is represented: the major somctic antigens are distinct
in most or 211 of the strains tested. A program on the imrunogenetics

of Z. coli has been initiated to determine the genetic complexity and

mode of hereditary transmission of the somrtic antigens. To date, it would

avpear that these antigens are inherited and recombinagle as unit fectors
in the same sense as other mutntive or natural differernces.
b. Geretic znd environmenial coantrol of fertility in 3. coli ¥K~12,
Until recently, no experimental modification of the frequency of recombiration

had teen discovered. All mutent derivatives of X-12 crossed amnong themselves
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withn about the same rate (equivalent to 1 recombinanrt per ca. 106 parentai'
cells inoculated ir the selective testv sy -stem), ard no experimental con—
ditions were lrown to modify this rate. In particuler, tkere has been
ro evidence of a zeting-type diffe-erntiatiorn: a search for this wasAa
srize otjective of the strain-crossing rrogrel. A "motation® F- (a8
cortrasted wiih the wild type T+) nas beern fournd with tkre following
defiritive properiyy itwo T strains will not cross with each other. ¥+
% T and ™ X F are fertile. 1:-eush quertitetive studies hove not yetb
nsen carried out, the latter crosses zoperr to te TOre fertile thar the
former, so thet an ircipient roating type differentinticr. is irdicated.
Certzin T+ stocks show tniz preference for T~ ard ircompetitility with T%
wertrers much more then cthers. Tae mest surprisirg develorment concerns
the irheritance of the Fr/F- chiracters. The progeny of all crosses of
<y T were unifermly ™, After ciher senetic tests 4iS0 ra%sed the
pessitility +pet the I+ charscter c-uld te directly trernsmitsad to F:
cells, the following tyre of exgperiment wos dones F+ Lac— s% cells were
jroculated into troth together with T Luc- g, After verying periods

\
of ircubatior, tke mixtures were streaed out orn EI oTr streptomrcir agar
to reisolate the Lac- g¥, presumat-.y F- cells. Upor retesting, however,
of F+ is extra—

sost of these colonies proved to te Fr. Tris tronsmission

ordirarily efficient. When 108 zl cells each of marked T+ and F- cells

were ircubated in broth for ore four, over 105 of the origirally ¥ cells

n=d become T+; over longer periods, alrost cll the F- tecome T+, Mo other

genetic changes were roted. The trznsmission did not occur in nor=

rutriert media, in the cold, nr via sterile—~filtrntes. Some preliminary

experizents have teern dore or tre possitility of transmission via cell-

free extricis. The T+ agent 1s rexdily Jistirguished from lysogenic

virus. This system is remarketle in providirg tre orly exanple of a



nor—sexual Mtrensduction" ir E. coli K-12, wiile the characteristic
iﬁvolved>is the ébility to undergo sexual recombiration.

- The F+ factor is éf wide occcurrence in E. coli, 2s tested by its
transmission to P~ testers. Abcut holl of the irtcrfertile strains
carry such ar agent, and, in a2 1imited rauper of tests, a few non-fertile
isolateé also shoy jt. The ron-T+ tut irterfertile strains form a'neW_
categery, since some of them were shown to cross witk P~ K~12 although
reither varernt seemingly carried the standard P+,

It has also teen found thzt sone ' cultures respernd to aeration to
simulcte the F- behavior. Tnis == Mprhenocopy" is reversible, disanpearing
wher the cells zre recultured withsut aerzticr. vnether this and other
differerces of various I+ stociks are due to differer.ces in the ¥+ agernt
itself is urnder investigatiox.

Ir =2ddition to these stuiies, work has contirued or the nuclear
cytology of kaploid end dirloid E. coli; on formal ard physiolegical
geretics, especially of the 1oci controllirg lactose~fermentation; ard on
the effects of rodiaticns or the geretic behavior Jf E. coli. The present
state cf these problems is suckh that 2 formzl statemernt of progress would
rot te very mearirngful. Scre details zre included, however, in a swmnary
aralysis of th:is laborztory's werk: "Recombiration aralysis of bacterial
neredity", Lederberg, J., Lederﬁcrg, =,, %Zirder, ¥.D., ard Lively, TeRey
1951, Cold Sprirng Hartor Symposia Quont. 3icl., Vol. 16, in press (80

maruscript pages) of which reprints will te forwarded as soon &S they are

available,
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C. ©Significant Accomplishments to Date.
The most sigrificant accomplisiment of this research progranm is to

ley the grourdwork for the geretic study of bacteria bty recombiration

techrniques. This has led to the Ciscovery in Escrerichia coli of a re-

comtiration mechanism thet is ulmost certainly based on a sexual process,
& mecharnism previously excluded from bacterial biology. The lerger part
of our work sirnce has concerred the detzils of this gexual process, its

naztural distribution, and its applicetion to the geretic investigation of

drug resistance, enzyme formation ard artigens. It has been verified

[/}

tiat resistance to strepicmycin is a result of gere mutation. Thi
muﬁation resembles geretic variations in higher forms in severzl detailed
respects: it occurs sportaneously; it can te localized on a "crromosome!
bty means of linkage tests; it ehnvs simnle dcmirarnce relaticnshins in
aeterozygous diploid cells (sensitivity is domirarnt to resistance),

Investigations or'Neurospora Lave led other investigators to the

)

cenclusiorn thet gene-enzyme relaetionsiips are simple and direct. We have
frurd nc support for this conclusior. in studies or bacterial lactase, This-
erzyme is sutject to control by ary of o lerge number of different genes,
SOmé of which also affect other enzymes, Studies on mutants have contributed
to the elucidation of "direct" fermentative rathways of disaccherides
(e.g., the amylomeltase of B. coli). 1In the course of these studies;
varinus methods applicable to biockemical and genetic studies have been
developed, e.g.: determination of lactose by a chromogenic substrate
o-nitrophenyl—B—E—galactoside; the penicillin method for the selective
isolatiorn of biochemical mutarts; reclica-nlating method for large scale
characterization of cultu-es.

Similar studies on =2 secord group of orgorisms, Salmonella typhimurium,

have led to a very different result. Recombinction occurs, but not as a



-1ty -
result of a sexuwel process. Instezd, sirdividual geretic factors are
singly transduced from one cell to znotner. This process has been ex-—
perimentelly verified to produce evc utlorary novelties, for example, =
avserological "kybrid# of S. t;ori zzd S. typhimurium,

These.studies are not at a level wrere concrete accomnlishments in
the form of a new vaccine or artitistic can be cited. They are concerned
with the ﬁnderstanding of the bdiclciy ¢ microorgarisms, the details of
waich are necessary to long-range devcelcrment of teckrological, medical,
or evideniologzical control,

The following publicatiorns have rreserted the rain accomplishments;
in most cases the titles are selfi-explzrnatory.

Lederverg, J. 1947 Gere recsziirztion arnd lirked segregations in

. coli. Genetics 32: 503-525.

————

oo}

1947 The rutrition of Salmornella. Arch. Biochen,

13: 287-290.

1949 Abverrant heterozygotes in Zscherichiza coli.
\

Proc. N2t. Acad. Sci. U.S., 35: 178-184.

1950 Isolatiorn arnd characterization of biochemical
mutents of bacteria. Metacds in ledical Research 3: 5-22,

1950 The beta-I-galactosidase of Z. coli strain Z-12.

1950 The selecticrn of genetic recombinations with
bacterial growth inhiditors. J. Zact. 59: 211-215.
1951 Single cell isolations of diploid heterozygous

E. coli. J. Bact. €l: 351-355. (with M.R. Zelle).

1951 Frevalence of Z. coli strains ekhibiting geretic

o

recombination. Science 1l&: 65-69.

! 1951 Streptomycirn resistance: a gcneﬁically recessive

1 S4G.

mutetion,
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1951 Genetic Studies with Bacteria. pp. 263-289
ir Geretics in the 20th Century, edited by L.C. Dunn.
Macl{illan, N.Y.
1951 Recorbination analysis of tacterial heredity,.
Cold Spr. Harbd. Symp., 16: In Press. (with E, Lederberg,
Y. Zirder, E.R., Lively).
1952 Zeplica plating arnd irdirect selectiorn of bacterial
mutants. J. Bact.: In Fress (ilarck 1952) (with E.¥. Lederberg)
195- Geretic exchange in Szlmorella., KS ready for
submission (with I.D. Zirder, pre 37).
D. Plans for Wext Year
The gereral outline of the next yeart!s work is already inherent in
the current experiments surmmerized ir Part 3, Ir the Salmonella transuc—
tion system, the following aspects should be given srnecial emphasis:
1) The purification of the trarsducing agent, following procedures worked
out in preliminary fashion (esvecially differential certrifugetion);
2) morphological and chemical characterization ol tXe purified material;
3) further exploretion of the cornditions of formatior of T4, end its
relationship to phage; 4) the distribution of FA-vreduction and response
in Salmonella; 5) exploration of serological "hybrids" of other Salmonella
tipes, and the pathogenic proverties of such hybtrids in experimental
animals, N

In Escherichia coli, the rrogrem of immunogenetic study is merked for

special emphasis, Antiseral reagents are teirg prepared against inter-
fertile strains; Some of them heve beer fractionated by reciprocal ab-
sorption., The segregetion of ontigeric differerces ir strain crosses;
the examination of recombinants for non—parentel.antigens; and the

antigenic behavior of diploid hybrids ere the meir features. TIn addition

mutetion. J, Bact.: 61: ELQ+
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to somatic agglutfnogaae, flzgeller antizens ard extractalle rrecipiting—
gens are to‘be'studied, the letter including the énzyme lactase, Vhen

the groundwork has been laid, it is hoped to lock for matations affecting
antigenic specifiéity. Selective retiods should be feasible: immobilizatiop‘hy
Serum-agar for flagellar char~es, eng btacteriolysis with comnlement for

somatic antigen mutations.

e
The heredisy control of fertility by the ™+ systen 1s also of present

interest. The mode of transmission of the M ogernt, its separation from
the doror cells ana the physiologiczl tesis of the F~ modification by
aeration are under present investizatisn, Ue are also studying the
distribution of the T+ 2geLt amorg bacteria, and will looir further irto
its correlation with the potentizlity of senetic recomdiration, 1In strain
¥-12, there is already evidenqc (tze greater Tertility of B+ x ™ ag
compared to F* X F*+ and the sterile ™ X ™) that the T-system leads to

an incipient heterothallisam as is choracteristic of marny fungi. The

F+ agents from various sources will bte commered to detgrmine whether par-
ticularly cempatible combinations can te found that will lead to a sim-
plification of the study of recombinztinr by geretic metncds. If the fre~
quency of recombination can be upgrzded, ord there is row the first

evidence of rational control, it may be rossible to arproach tie problem

of bacterial sexuality by more direct crtological study,

mitetion., J. Bac



