The study of inheritance in bacteria has, for the most part,
been confined to the investigation of mutational changes in the
course of clonal reproduction. VWith the exception of experiments on
pneumococcus type transformations there have been few studies on the
direct hereditary interaction of one bacterial type with another.

The conceptlion that bacteria have no sexusal mode of reproduction is
widely entertained. This paper will be devotzsd to the presentation

of evidence for the occurrence in a bacterium Escherichia coli, of a

process of gene recombination, from which the existence of a sexual
stage may be inferred.

The genic basis of microbial inheritance does not depend
on the demonstrability of a sexual phase in bacteria. However, mors
powerful genetic methods paralleling classical Mendelian analysils
wéuld be avallaole ir it were possible tu rollow the inheritance of
characters in the products of a sexual fusion. The few examples of
this approach thus far reported have provided no incontrovertible
evidence for sexual reproduction in bacteria.

The phenomenon of paragglutination in the colon-typhoid-
dysentery group might be regarded as an instance of bacterial
hybridization, and was so interpreted by Almquist (1924). As re-
pPorted by numerous authors, paragglutination refers to the develop-
ment of new types which react with antisera for each of two distinct
Sstrains, when these are grown together in mixed culture (Kuhn and
Ebeling 1916; Salus 1925; Wollman and %Wollman 1925). The significance
0f these observations has been attacked by several authors (Breinl
1921, Arkwright 1930, and Kauffmann 1941), chiefly on the grounds
that the paragglutination repressents a non-specific cross-reactivity
Characteristic of "rougher" phases ot these organisms. Hansen (1929)

failed to obtain paragglutination in her experiments. In the light



of moure detailed recent information on the antigenic structure of
this group, this problem certainly deserves a critical relnvestigation
Sherman and Wing (1937) have described experiments designed

to detect recombinations of fermentative characters in mixed cultures

of various E. coli and Aerobacter aerogenes strains. While new con=-
binations of biochemical charactsrs were found, similar <types wers
found to an equal extent in pure cultures, so that these authors could
not infer the occurrence of a sexual fusion. Their experiments are

of the greatest interest, however, since they represent the first
attempt to study this problem in bacteria by genetic methods using
clearcut characters., Gowen and Lincoln (1942) later performed

similar experiments with strains of Phytomonas stewartii using cul-~

tures differing in morphological and pigment characteristics., As in
Sherman and Wing's studies, these authors were unable to differentiate
the new types they found in their mixed cultures from types which arose
spontaneously in single cultures. For this reason a definite con-
clusion could not be drawn from their results.

A discussion of hereditary processes in bacteria must take
into account the extensive work on transformation of pneumococcal
types, first described by Griffith (1928), ana culminating in the
1solation of the transorming principle in chemically characterizabls
form by Avery, llacLeod and iMcCarty (1944). These studies have re-
vealed that under special experimental conditions, a product iso-
lated from a serologically specific, smooth, pneumococcus culture
Will convert cells of a non-specific rough culture to the smooth type
Characteristic of the source of the transforming principle, so far
48 1s known, such transformations can be performed in only one direc-
tion (rough to smooth) and anly under very special conditions.

Boivin (1947) has reported a similar transformation involving the

Somatic polysaccharide of a strain of E. coli, There have been



reported other instances of varying credibility (Kasarnowsky 1926;
Lommel 1926; Legroux and Genevray 1933; Probisher and Brown 1927;
Burnet 1925; Holtman 1939, Cantacuzéne and Bonciu 1926). These
studies have a direct bearing on recombination experiments, since
transformations of this sort might be responsible for the occurrence
in mixed cultures of some new types which are interpretable as re-
combination types. This will be discussed in more detail later.
Morphologically unusual forms o1 various bacteria have been
described by Mellon (1925) as zygospores, and been taken to 1mply
gexual 1usion. sSmith (1944) and Dienes and Smith (1944) have suggest

that the "Large Bodiss" observed in some Bacteroides cultures might

represent a sexual phase, and Dienes (1946) has made a similar inter-
pretation of Large Bodies in Proteus. Star-shaped aggregations of

Phytomonas tumefaciens have been studied by Stapp (1942), and more

recently by Braun and Elrod (1947) and provoked all of these authors
to the suggestion that the stars represented some sort of sexual
fusion. As Luria (1947) has pointed out, however, 'most of the older
material presented in support of the hypothesls of sexuality in
bacteria cannot be used as genetic evidence because of the lack of
information on the exchange or recombination of discrete hereditary
characters in the course of the supposed sexual fusion."

In the ausence of zygote-segregation methods, the only
techniques availavle for analysing the genetic structure of bacteria
have wveen mutation analyses. The bacteriological Ltiterature is full
of reports of bacterial variations, or so-called "dissociations"
referring to the development within previously pure clones of new
and distinctive types. While these are superficially very similar
to the mutations occurring in higher organisms, many bacteriologists
(e.g., Rahn, 1937) have rejected a mutational interpretation of

bacterial variation, chiefly on the grounds that the varlants are



-often capable of reverting to the original form. This objection is
without substance in view of the commonplace occurrence of reversion
both in Drosophila,(Timofeef-Ressovsky 1937 and Neurospora, (Ryan and
Lederberg 1946)

Another distinction that is deeply iuplanted in classical
pacteriology 1s that the germinal material of bacteria is thought to
be capable of direct adaptive modification in response to deleteri-
ous conditions, whereas this Lamarckistic viewpoiant has now been
virtually eradicated from the thinking of students of heredity in
higher furmse.

Proof that adaptive changes in opacterial populations are due
to pre-occurring spontaneous mutations and their suosequent selec-
tion by the delteterious environment has not readily been attained,
Luria and Delbruck (1943) have, however, studied the occurrence in
E. coll of phage-resistant variants of which are detected by the
application of a specific bacteriophage (Tl) to a sensitive popu-
lation. On the assumption that the reslstant variants develop in
response to the application of the phage, there should be no greater
variation in the number or resistant cells which can be elicited
by the phage in similar samples taken from a series of similar
cultures than there woula be in the case of similar samples taken
from the same culture. On the oivher hand, it was predicted that
there would be a wide variation in the numoer of mutants demonstrable
in a series oI separate ovut simlilar culctures it these mutants arise
spontanevusly previous tu the application of the phage, which acts
simply to demonstrate them. This increased variance arises from
the fact that the occurrence of a mutation early in the growth of
a culture will lead to the occurrence of a large clone ot mutant
descendants, whereas a mutation which fortuitously occurs later in

the growth sf the culture will have only a few mutant descendants.
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Although an exact mathematical solution o1 the problem has not

appeared, the variance found in Luria and Delbruck's experiments

was much larger than could be explalned on the dirsct adaptation
hypothesis, and was in good accord with the predictions of an approx-
imate mathematical theory which they developed.,

In a similar way, 1t has been shown that a number of "adaptive"
changes in bacteria are the result of spontaneous mutations ovccurring
previous to the application ur the agent used to select them. These
include, in adadition to mutation of E. coli to phage resistance as
already discussed, resistance to additional phages, (Demerec and

Fano, 194b), resistance of stapvhylococcus to penicitilin (Demersc,

1945) ana sulronamiaes (Oakberg and Luria, 1947), resistance to
radiation in E. coli (Witkin, 1947), and nutritional adaptations of

Clostridium septicum (Ryan, et al 19460) and of mutants of Ee. coli

(Ryan and Lederberg, unpublished.) Recently published examples of
presumably direct adaptive mutations either have not excluded entire-
ly the possibility or previous mutation and selsction, as in the
adaptation oL yeast to pantothenate synthesils, {Lindegren and Raut
1947) or have not full demonstrated the heritable character of the
moditication, as in the adaptation ot E._coli to resistance to 2-
chloro—p—aménubenzoic acid. (Stradgkov, 1247). One may conclude,
then, that as in the higher organisus, the germinal determinants
or bacteria are not in direct adaptive rapport with the environment.
Additional eviadence or the overall similarity of bacterial
genes tu thuse oi ovher organisms 1s contained in the experiments
on the induction or phage-resistance mutations by Demerec and
Latarjet (1940). They reported that x-rays induced mutations of
E: Eg}i to Tl-resistance, and that the mutatlons induced were

linearly proportional to thé X-ray dose. The linear type of response

furnishes strong support, on the pasis oi the "hit-theory” for the



occurrence o1 a single iocallized determinant in the cell whose in-
activation leads to the mutation.

Finally, by the use or X-rays, and other mutagens, Tatum
(1946) has ovotained nutritional mutants o1 E. coli which are in every

way anaiogous tu such mutants in wneurospora wnere their anaiysis oy

orthodox genetic methous has shown them to be effects on single genes.
Other investigators have produced similar mutations in E. coli
(Roepke, et al, 1944) and uuher vacteria (Burkholder and Giles, 1947;
Gray andTatum 1944). The mutants obtained by Tatum have subsequently
been utilized to demonstrate factor recombination, as will ve de-

scrived in this dissertation,



Materials and liethods

The strain selected for these experiments is Escherichis

coli, K-12. It was originaily isolated from human feces a number of
years ago, and has been carried on agar slants at Stanford University
since that time. It was used there as a typical E. coli for demon-
strations in student lavoraturies. It has pbeen sound to ferment
lactose, tu produce inacvle, and to be susceptivle to each of the E.
culi phages, Tl tu T7, collected by Demerec and Fano (1945). Since
it trerments sucrose very slowly, if at all, it would be classified

as Escherichia colil "cummune"”. It is moderately motile as deter-

mined by hanging-drop observatlons, and vy its siow movement through
seml-solid gelatine-agar.

Mutant strains of E. coli characterized by specific growth
factor requirements have been obtained after treatment with x-rays,
ultra-violet light and nitrogen-mustard. Such strains have been de-
scribed by Tatum (1945, 1946) and by Roepke (1944). A single nutri-
tional requirement is established at a single mutational step, and

on the vasis of studies on Neurospora 1s regarded as based on a

change in a single gene. By successive treatments, multiple mutant
strains wlth several genetically and biochemically independent nutri-
tional requirements have been produced., The strains used in these
experiments are descrived in Table 1., In general, the nutritional
Characteristics of a strain are ascertained by inoculating media
consisting of the basal medium plus various supplements; lack of
visible gruwth in the absence ot a given gruwtn factor and optimal
growth in its presence are the criteria fur the determination of
the nutritional requirements of a strain.

A mutant stmin can be signified by suffixing a "-" sign
to the initial of the substance in question; e., g. B-Pa-C- refers

to a strain which is deficient in the synthesis ot biotin,



phenylalanine end cystine. On the other hand particular emphasis

can be placed on the ability of a strain to synthesize a particular
%rowth factor by suffixing a "+". Thus B-Pa-C-T¢L+B1+ would refer

to a strain deficient in the three factors mentioned above, but capable
of growth in the absence of threonine, leucine, or of thiamin. The
representation ot a growth factor requirement by a minus sign is
justified by the a prioril consideration that a mutation establishing a
growth factor requirement generally represents the loss of a function,
and by the experimental finding of Beadle and Coonradt (1944) that wild

are dominant to mutant genes in Neurospora heterocaryons. Strains

which are "$" for all growth factors have been called prototrophs
(Ryan and Lederberg, 1946) since this is the nutritional condition
of the parental wild type E. coll stralin from which all the mutants
were ultimately derived,

Mutations for resistance to specific bacteriophages or
bacteriel viruses have proven to be exceedingly useful. They are
readily obtained as spontaneous mutants by plating a large number of
sensitive bacteria with the particular virus in question; only re-
gistant mutants escape lysls and may be recovered as "secondary"
colonies (Fig. 1). Resistant mutants are readily freed from residual
virus by serial single colony isolation. Resistance to a given
virus may be scored by streaking a looptul of bacteria on an ENB or

nutrient agar plate at right angles to a previous stresk of the

virus suspension (Fig. 1).

It has been found, however, that mutations for resistance
to a given virus are not entirely speciflc, but that resistant
mutants display "cross-resistance”, 1. e., are also resistant to
other viruses, Demerec and Fano 1945). For example, most Tl-
resistant types are alsc resistant to TS5 (For the nomenclature of

the bacterial viruses used In this 1nvestigation, and a detailed



account of the cross-resistance patterns of another strain of E. coli
B, see Demerec and Fano (1945). The cross-resistance patterns of
K-12 are sinilar to those of E. coli B with the exception that T1l-

| reslistant mutants which are sensitive to T5 are not tryptophaneless,
as have been reported by Anderson (1946) for the corresponding
mutants or E. colil B. In this paper, the designation V¥ will be
used for the more frequent Tl-resistant mutant, which is also re-
gsistant to U5,

The specificity of fermentation reactions of various
bacterial species is a clear indication that the ability to ferment
certain sugars has a distinct genetic basis. Because they would be
s0 easily scored on indicator media, mutants unable to ferment
various sugars have been looked for. Particular attention was paid
to the possibility of isolating "lactose-negative" or "Lac-" mutants,
because of the taxonomic significance which has been attached
to this character.

The detection of fermentation mutants is readily accomplished
by the use of indicator media. The medium "EliB-lactose" used in
routine bacteriological work was found to be highly useful. It con-
sists of the following: in G./1., Peptone (or "N-Z-Case") 10, Yeast
Extract 1, lactose 10, agar 15, Eosin Y 0.4, Methylene Blue 0,06,
sodium chloride 5, dipotassium phosphate 2, On this mediunm,
colonies of bacteria which can ferment lactose (or any other sugar
edded in its place) rapidly turn a deep purple color, while colonies
of non-fermenting organisms remain white or pink but may slowly turn
light blue.

Lac-mutations have been recovered in two instances. Among
15,000 colonies ot strain Y-10 (T-L-B}-) obtained by spreading a
culture previocusly treated with ultraviolet light, on ElMB-lactose

88ar, a single pink colony was noted. It proved to be the same,
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nutritionally, as Y-10 and was therefore regarded as a Lac-rmtant and
not a contaminant, this stock is labelled Y53, Among 30,000 colonies
of ¥-40 (B-11-V;T) a single Lac- was recovered following treatment with
nitrogen-mustard (Tatum, 1946) and was designated as Y-37. Tests show-
ing that these independent mutations are probably allelic will be de-
seribed in a later section (see Table 4g). Strains ¥-53 and Y-87 differ
in the rate at which the Lac-character reverts to the Lac+ condition,
but vwhether this is due to different allelic states or to differences
at other locil, cannot be definitely asserted.

Prelimary attempts to obtain maltose, mannitol, and
galactose-negative mutants were not successful, presumably because the
populations tested were too small., A glycerol-negative strain has
been obtained, but the wild type ferments this polyalcohol so poorly
to begin with that accurate scoring is difficult; studies in this
character have, therefore, not been pursued.

It is particularly fortunate that resistance-tests can be
conducted on EIB agar, since this allows the characterization of a
strain with respect to virus-resistance and to lactose-fermentation
with a single streaking (see Fig. 1).

FHorphological variation has occasionally been noted
(exceedingly rough or very mucoid colonial form) but is relatively
unsuitable for genetic work because the presumably random choice of
prototroph recombinants may be influenced.

In additon to the ENB agar already described, a number
of other natural or "complete" media have been used. The Difco product
"Penassay Broth" has been used most extensively, and is satisfactory
for the preparation of inocula, except that it rmust be supplemented
with cystine for the growth of cystineless organisms, such as strain
Y-24, Uther satisfactory media include a broth consisting of:

beptone 5, glucose 5, yeast extract 3, g./1, as well as Difco Nutrient



Broth, and diverse concoctions containing reptone or casein hydreZ—--

sates and meat or yeast extract.

(92}

The synthetic or minimal medium contairs, in g./1.,: VH,22

(g1

FH0z 1, NagS04 2, KoHpo, 3, fHpP04 1, glucose 5, asparagine 1.2,
MgS0q O.1, trace elements (Beadle and Tatum 1945) and CaCds a tra::,

To avoid flocculation when used with agar, the glucose an’ zzar
in solution should be autoclaved separately, and mizxed with the c--zv
components just before using. Unwashed agar (Difco) is sufficien-i-
free of the growth factors under consideration to be satisfactory Zor

many experiments; the use of washed agar, however, 1s recormended ~-p

the cleanest results,

The detection of recombinants is based uron the inabilit
bilochemical mutant bacteria to rroliferate in the absence of the'-
specific growth substances. Flating in mininal agar, therefore, z:
the effect of a sieve for rrototroph cells. To insure against conTimi-
nation with prototrophs derived by reverse rutation which has beer
noticed at certain loci, it has been desirable to use rmmultiple bic-
chemical mutants as the parﬂental stocks in recombination studies,
Coincidental reversion at two or more loci is the theoretically i--
brobable, and experimentally undemonstrable (see below)., For exarils,
Plating either B—M4T+L+Bl+ Oor B#iitT-~L+B: -~ separately into nominal £:3r
did not lead to the appearance of prototrophs, BHItT4L4By%. ‘Yhen,
however, a mixture of these cell types was so "sieved", one prototrizh

was found for ca. each 107 cells inoculated. These have been assyu—=:

to an{&se from the recombination of "4+" aglleles to form the protoi-:in,
In early experiments, the two rmultiple mitants were inocuiz-:2

together into o complete medium and allowed to £rov in mixed cultu-

before plating Into minimal agar. This method 1s not entirely sat::-

)

actory because it allows possible selective differentials to alter

4

e relative frequencies of different recomination classes. A mocdiiizg

o



was
procedureAdeveloped, which will now be described in detail,
The rutant stocks are maintained on "complete" agar slants,

transferred at intervals of 6-8 weeks., They are in noculated serarately
into test-tubes containing about 10 ml. of liguid conmplete medivum and
jncubated overnicht at 30° 0. with gentle shaking. The following morning,
en additional 10 ml. of the same medium is added to each culture, and
the tubes are incubated in the same manner for an additional 3-5 hours,
Tese cultures contain from 1-4 x 109 cells ver ml, They are then
washed in the following manner: the cotton plugs arc rerlaced with
sterile corlks which rave been kept in 95% alcohol and the alcohol

flered o7f just before using. The cultures are then centrifuged at ca,
2500 r.r.m. for 20 minutes, which suffices to paclz the cells in the
tottom of the test tubes. The surernatant medium is carefully roured
off, end the tube is rinsed with ca. 10 nl, sterile distilled water, care
teing taken not to disturt the pellet. The cells are then resusrended
in an additional 15-20 ml, sterile water, end recentrifuged. Tre super-
natant wash water is decanted and replaced with an equal volume of fresh
sterile water, in which the cells are suspended. In the meesntine,
minimal agar plates are prevared. A bottom layer cf ca. 15 ml; minimal
agar is poured into each Petri plate and allowed to solidify. Cell-
susrensions of different mutemt stocks are mixed at this time and
measured quantities (usually ca. 108 - 109 cells) are pipetted onto

the agar surface. At this time alsc, cne may add such growth factoer
supplements as are desired to permit the growth of recombination tyres
other than prototrorhs. The cell suspensions are then mixed intec a
layer of ca 10 ml. moMen minimal agar (at c&.4E-800 C,) which is

Loured onto the plate;. After the agar has hardened, the plates are
lncubated at 30° O, for a period of 48 hours., At this tinme recombi-
nant prototropn colonies will be found distributed throughout the

Flate, many of them at or near the surface and accessible to picking

(]



for further characterizetion.
Tre urocedure may be varied in seversl ways. It iIs imrortaent,

since cultures

v.J
-

powever, that the inoculum consist of "youns" c

of 24 rours or older have given quite inconsistent results., It is possi.
1

ple to store the inoculum in distilled water for at least twenty-Tfour
nours without esrpreclaktly affecting the yield, vhich suggests that the
ing to the recombirnation process occurs in
the melten or in the solidified agar. This occurrence must, however,

take place within a few hours, since thre recombirant prototrophs are

ar

e
=

not erprecisbly slower to arrear than wild tyre cells in a sim

pl

te

m

)

physiclogical state which are streaked on the surface of th

Presumably therefore one could Increase the yield of prototrephs by
making conditions more faworable for the free contact of the cells
as by vacking them together in a centrifuge tube in mirimal licguid

ug
medium. However, the complication of proliferation of prototrophs

H

already formed would interfere with the interpretaticn of such an ex-
periment. l.any rhysiological factors may interfere with the recombina-
tion vrocess, and, for example, the yield may be reduced markedly by
inoculating too heavily, or by omitting an under-layer of agar into
which, presumably, deleterious metabolic products may diffuse. Instead

t

P

3 possibhle to strealk the

[d

of mixing the cells in semisolid agar,
mixture on the surface of slightly dried minimal agar plates. Under
these conditions, hrowever, the prototroph colonies are likely to be
more heavily contaminated with the residual rarental mutant types.
Por most purposes, rowever, this conta ation may be ignored,
&5 will be shown in a later section. Trototroph colonies are, then
fished and strealked directly on EZIB plates, or otherwise tested, to
Classify them with resrect to other factors that i way be segregating.

Experimental Hesults. - Spontaneous mutations of bacteria in rure

culture were studied as a preliminary to the investigation of recombi-



ation. The overall frequency of vandon bicchemical mutations in
ntreated cultures is less than 0.1 (Tatum 1¢46) althouch samrles

totalling not more than 5,000 cells have been studied so thait the pre-

cision of this measurerment 1s doubtful. In view of the low rate and
they may be regarded as a negligible factor in this study.

The stontaneous reversion of biochemical rutants to prototroris
is under continuing study (Ryan and Lederberg) and will be rerorted
on more fully elsewhere. It has teen found that many biochemical
rutants of E. coli, E-12, will revert at a low rate, prototropnhs being
found in the prbportion of 10-7 in 24-hour cultures of sincle mutants.
reversions of different factors are, so far as hhas been yvet ascertalred,
entirely inderendent; as predicted from the low rate of reversion
of the individual factors, in ca. 10"10 cells examined no Iinstance was
found where reversion had occurred at toth loci of a double mutant. BSucl
a coincicdence would have led to the appearance of a prototroprh in a
culture inoculated with a double mutent such as T-L-. On the basis of
these considerations, only double and triple mutents have heen used in
the study of reccmbination.

The freguency of spontaneous mutations to virus resistance
has the same low order of magnitude a2s nutritional reversion (Luris
and Delbruck, 1943). utations from resistance (Vlr) to susceptibility
(V1%) nave not been described, owing to the lack of efficient

technigues for the detection of such reversicns.

Prototroph Recombination Types: Since coincidental spontarneous reversio

at two or more loci does not occur at & sufficlently high rate to be
detected, the presence of prototrophs in mized cultures of rultiple

rutants is evidence for gene recombination. Each mutant 1s capable
of gynthesizing 8ll the growth factors for which it is not deficient;

therefore, different mutants should have "+" alleles for 211 but the
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two or three mutant genes that characterize each strain. The segre-
gation of prototrophic alleles of every gene into one cell would
result in a prototrophic cell. It would develop into a visible
colony on minimal medium while other mutant cells would be unable
to proliferate due to the absence in minimal medium of thelr nutri-
tionai requirements, |

When washed samples of mixed cultures of B-M-P+T+and B+M4P-T-
were plated into minimal medium, about 100 colonies developed for each
billion (199) cells inoculsted., No colonies appeared after innoculation
of samples from the individual double mutants. One interpretation of
the occurrence of prototrophs, designated as B+M¢P+T+, 1s that the Pé
and T+ genes of B-li-P+T+ and the B+ and li+ genes of B+M¢éP-T- have
segregated into the same cell. This 1s a recombination hypothesis;
alternatives will be discussed in the next sectlon.

The possibility must be consicered that the prototrophs do
not consist of some sort of asscciation of the unaltered mutants.

In a classical illustration oif nutritional symbiosis, since designated
as syntrophism (Lederberg 1946), Valentine and Rivers (1927) showed

that Hemophilus canis and H, parainfluenzae, which require X and V

factor respectively, would grow in mixed culture in media lacking
these substances. They concluded that these growth factors,
synthesized by the individual bacteria, were exchanged via the medium.
While there i1s no good reason to doubt this conclusion, these authors
did not, in fact, conclusively demonstrate that this was the mechanism
of the interaction. It is possible that cells were present in theilr
mixed cultures which, as a result of gene recombination, required
neither of the two factors. The situation is obscurea by the use
by these authors of serial transfers of large numbers of bacteria.
Syntrophism has been shown to occur with E. coll mutants

(Lederberg 19468) (Lampen et al, 1947). It is not likely, however,
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%h t it plays a significant role in the appearance of prototrophic
%blonies. Wiashed cells inoculated into minimal medium do not show

b

Qyntrophlqm urtil small quantites of theilr recuired growth factors

Lo

:"

are added. In minimal agar plates heavily inoculated with a washed

T ‘u{

?ixed culture a uniform turbidity does appear which is ascribable to

%llimlted exchange of factors and subseguent syntrophic growth.
Evidence of several sorts has teen obtalned for the homogenecit]
nd uniquenesé or prototrophs lsolated from mixed cultures. lost
E?ignificant they are quite stable and attemps to detect the original
‘”utants in recombination prototroph cultures by an gfficient selective
”'chnique (Lederberg and Tatum 1946a, 0,) have been unsuccessful,

fﬁé;sive doses of ultra-violet light, killing all ovut 107° of the cells

the culture, were no more successful in bresking up the supposed

%;ssociabions. In addition, prototropns obtained from B—M—P+T+V1r and
fM+P—T—V1 were studied. DBoth susceptible and resistant cultures
fore obtained. Although one of the parental strains is resistant,

che susceptible cultures were uniformly lysed upon application of the

_»pplication of the virus, which would be expected, in an association
;}}ntbe original mutants, to lyse the susceptible B+Mff-T—VlS cells

ﬁ leave only B-l-P+1+V T,

A nicotinicless mutant has been obtalned by ultra-vioclet
Tradiation of a prototroph derived from P-T- and B-li-. ‘The pro-
,PtPOph in which this mutation occurred coulcd have been neither a
éterocaryon nor an association of diverse types, since in either
’8se the absence of nict genes in the mutant would récuire the
mﬁltaneous mutation of more than one representative of these gene.
I§ coincidence is hiphly improbaovle. The microscopic examinaticn

A

' 8eeded agar sunvnsrted the conclusicn that the cells of straln
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K-12 are well dispersed, so that most of the colonles that appear
would be derived from single cells when only a few hundred cells are
inoculsted per plate, as was cdone subsequent to the initial isclation
of prototrophs. 8ingle cell isotations from a "recomvination proto-
troph" strain have been mace by Dr. k. Zelle or the National *nstitute
of Health; all of the single-cell cultures tested were of the same
nutritional and virus-resistance type as the culture from which they
were isolated. Iinally, the diversity of recombination types de-
scribed below is incompatible with the vhypothesis that they result
from a siwmple combination of cells,cy

!
Transformation,prelinminary expts: The evidence just presented points

to the conclusion that the prototrophs are a new type of cell, which
did not arise by spontaneous changes in a single double-mutant strain.
Gene recombination, which was postulated above, is however, not the
only interpretation for the origin of these new types which would fit
the evidence that has been presented. By analogy with the systems
which have been described in pnreumococci (Avery et al, 1944) and other
strains of E. colil (Boivin 1947) one might postulate that genotypically
distinct cells interact not through cell fusion, but through the
release of "transforming substances" diffusing through the medium.
Such transforming substances would have the property of inducing or
directing mutational changes 1in the cell receiving them so as to

lead to what appear to be recombination types.

Since the conditions of the recombination experiments require
that any transforming substance De present in the medium, an attempt
was made to modify a nutritional mutant with a culture filtrate from
another mutant. B+M*P-T—Vls was grown in ¥YB broth, and samples of 12-
and 36- hour cultures were freed of cells by centrifugation and
filtration through an ultra-fine sintered glass filter., The

filtrate was diluted with an equal volume of ¥YB and inocculated with



B-M-P+T#V;. As a control, 8-M-pP+T+V;" cells were inoculated with
B+M+P-T-Vls into filtrate broth. After the cultures were incubated
for 48 hours, they were analyzed for prototrophs by the methods de-
geribed avove. None were found in the b-H—P+T+VlS cultures grown in
the presence of B4M+P-T-Vlr filtrate, indicating the absence of

an active transforming principle in the mediuvm under these conditlons,
On the other hand, the growth in mixed culture of B-M-P4T+V;® and
B*MiP-T-Vl’ cells resulted in the appearance of numercus prototrophs.

'Additional attempts were made to determine whether "trans-
forming activity" could be separated from the living cell. This is
tantamount to replacing one of the parental cell tyres in a recombina-
tion experiment with an extract prepared from it, or with comparable
materials. Conditions comparable to the plating described on p.ld
were used, as ﬁell as cell extracts prepared by Boivin's method.
(Roivin, 1947).

No activity was found in supernatants oi suspensions of Y40
or Y53, together or separately, as tested by plating the supernatants
With Y40 or with Y53, into minimal medium and looking for prototrophs.
The only manipulation involved here consists o1 the removal of most
of the bacteria from suspension in miniral liquid medium, in which
they had been allowed to remain for varying perlods up to six hours,
"Activity" remained in association with the cells, as tested by
platiﬁg them with the alternate type. Equally negative results
characterized attempts to reveal transforming activity in culture
filtrates and cell autolysates prepared, as mentioned, according to
Boivin (1547).

Finally,the addition of desoxyribonuclease, (kindly provided
by Dr. M. McCarty) in a final concentration of .05 mg./ml. to the
mixing and plating medium had no ef'fect on the numver of prststrophs

which appeared on "crossing” Y40 snd Y53,
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Additional experiments ana considerations or a purely
genetic character will be described below; at this point in the
experiments, the interpretation of prototrophs as recombination types
resulting from a sexual process was adopted as a working hypothesis,

and further experiments were designed to elucidate it In detsil,

Qther recombination types.

If prototrophs arise from the segregation into the same cell
of ¢+ alleles from its sexual parents, there might, (in a haploigd
system such as E. colli might well be thought a priori, to represent,)
be found in the same mixed cultures other combinations involving -
as well as + alleles. 4in the first attempts to detect addition segre-
gation types the cultures Y24, B-Pa—C—T*LrBl+VlS and Y 46, B¢PatCeT-L-
Bl-Vlr were used. There were, thus, availaole 7 markers some of which
might be expected to segregate from the others, and give rise to a
variety of recombination types.

Unfortunately, it would not be possible to detect all of the
27 or 128 possible recombination types. YUnly those types could be
detected which would grow in a medium in which both of the parents
would be suppressed. That is, either biotin, phenylalanine or cystine
would have to be omitted to keep Y24 from predominating in the plates,
and either threonine, leucine or thiamin to suppress ¥46. 1In fact,
it would be preferable to omit at least two factors required by each
parent in order that "contamination” by back-mutants at a single
locus be eliwinated., While this restricts the number of recombination
classes that could be isolated, it still leaves a great many. Iour
markers (two or the - alleles or each parent) would be used up in
oréer to detect the "prototroph" recombinations, but the other three
would be free to segregate in such combinations as the genetic
system determines.

since theVy loeus has not been used for detecting



recambinants, there are a total or nine nutritional double-requirement
types - B-T-; B-L-; B-Bj-; Pa-T-; Pa-L; Pa-By-; C-1=; G-L-; C-Bj- which
could be detected, as well as six single-~requitement types and proto-
trophs. Such types would be found by plating mixtures of Y24 and Y46
into minimal agar containing two supplements such as biotin ang
threonine., On this medium, both parents would be suppressed, but the
recombinant (ex hypothesi) types : B-1=; B-; T-; and prototrophs
should be able to grow. Colonies isolated from such a plate would
possibly be any of these four classes, and must be classified more
fuliy.This was acoomplished by fishing them into small tubes of
sterile water, and taking small inocula into a series of tubes of
minimal medium supplemented with threonine, with biotin, with neither
and with poth. “The inability ot a culture to gruw in the abssnce of
a growth tactor indicates the - allele, while the tube containing both
biotin and threonine serves as a control. Frototrophs, of course,
will grow on each of these four media; B- only on the media containing
plotin, T- similarly, and B-T- only in the doubt?y supplemented tube,
The result of such an experiment is summarized in Table 2.
In order to determine the proportions of the various types, the numbe:
of prototrophs was used as a standard. The total number of prototrophs
obtained from those plates which had supplements allowing the develop-
ment of a given type was compared with the total number of that type
isolated. The relLative frequency ot prototrophs and By~-, for example,
was found using plates supplemented with thiamin, with thiamin and
biotin, thiamin and phenylalanine, and thiamin and cystine. The growth
requirements of the more interesting "double-requirement™ segregants
were checked several tiiies using 10 ml. voiumes of medium ; and
isolates purified by serial single colony isolation. VvV, was, of

course, also segregating, but was scored only for some of the

thisminless and prototroph isolatss.



As Indicated by the table (Tavle £) several different: re-
combination types were found. Ior example, consldsering the factors
B ana Bj only, it will be recailed that the parental arrangements
are B-Bj%* and Bebj~- in Y24 énd Y46 respectively. In addition to the
parental arrangements in such recombinants as B;- (B+) and B- (87+),
the non-parental combinations are found in such typeé as prototrophs
.(B+Blfw..) and B-By-. However, since these can only be detected in the
uniform recombination class Fa4C+T4L+ the four types mentioned are not
strictly complementary to each other, aﬁd comparison of the frequency is
not particularly meaningful, as 1t would be if the cross were simply
of the form ix x XY, where xY and Xy should be equally frequent

Beyond the mere existence or many of these types, it will be
noted that there are considerable differsnces in their relative fre-
quencies, However, too much weight cannot be placed on these dis-
crepanciss since, in this experiment, the two parental types are grown
together in mixed culture in "complete" medium for 48 hours before being
washed and plated. Different recombination types formed during growth
in liquid might be subject to selectlve growth differentials which would
alter their relative frequencles. It was to counter this objection
that the modified procedurec described on p.'d was developed.,

Although nutritional requlrements are not objectionable as
markers, and are indispensable for the detection of recombinants, it
was considered that such markers as virus reslstance and sugar fermen-
fatlons might be more readily manipulated and scored in large numbers.
For further study of segregations, therefore, the behavior of the
factors Lac and V1 have been especially scrutinized. '

'he character V1Y has been particularly useful because a

selective procedure exists by means of which it can be introduced



o,

mutationally into any desired gene combination. The application of
a "cros§"heterozygous at this locus to the demonstration that proto-
trophs are not simply cell-asscociations has already been mentioned.
In the course of those tests, 10 prototrophs each wers isolated from
the crosses B-li-P+T+V T x B+l+T-P-V,3, and B-M-P+T+V, % x B+M4P-T-V{T
respectively. In the first cass, 8 were V1T while 2 werse Vls. In the
second, "reversed" cross, 5 were V1T while 7 were Vls. The apparent
reversal of ratios in reversed crosses, in this small sample, suggested
a technique by which>the basis of the non-random distribution of re-
combination classes might be examined. The observations were extended,
therefore, to collect more data for this cross and to study other com-
binations as well.

_ The segregation of Vl alleles into prototrophs resulting
from three different sets of mutant cohbinations in which the parents
were heterozygous for this locus is shown in table 5. It will be noted
immediately that there is = large discrepancy between the frequency
with which prototrophs are ViT op V1% as a result of the "reversal of
the parents in which these alleles are introduced. This discrepancy
amounts to a X2 = 199 (for three degrees of freedom) when the values
are cumulated. On the other hand comparisons made between the results
of "reversed"crosses, the ratios being similarly reversed, show a

2 _

fairly good fit, a cuhulative X° = g.g (for three degrees of freedom)

pP= ,02) being\obtained. These tests illustrate the combinatorial orp
Mendelian character of inheritance whereby"gametic frequencies are
Invariant in respect of any gene substitution applied Systematically
to the genic content of an organism and of the gametes it produces.
(Fisher, 1947) A value of p=.02 fop goodness of fit under the
hypothesis of Mendelian behavior is not as reaésuring as one would

like, but may perhaps be ascribed to errors in scoring V, rather

than to a real deviation from the theory. Thers can, at any rate,















