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In recent years recombination has boeen discovered in bactsrla
and viruses,

The two orgenisms in which recombination .as first demonstrated
were tiie colon baclllus and its virus T2, Both organisms are good
to work with becsuse they grow fast and they can be counted easily,
On the surfuce of an agur plute & single bacterium develops into
& colony. Colonles can be counted 1f they are not too crowded,

If colonies are too crowded they grow in a thin continuous film

on the surface of the egar. If a bacterial virus or bacteriophuge
18 present on this surface 1% will multlply by lysing the bucteria,
Bacterlophage, like plent and enlmul viruses, multiply only in
living cells. A colony of phage 18 called a pleque; it appears
like & small hole in the film of bacteria that covers the surface
of the agar,.

At flrst sight the life cycle of e buotoriophase particle
seens sluple, It zets adsorbed to a bacterium and alfter a
characteriastio period of time caulled the latent period, which 1s
21 minutes for 72, the bacterium bursts open releusing several
hundreds of particles identical to the one adsorbed at the
beginning. 7To the sclentist interested in the blological provlem
of self duplication, thils example looks very interesting. Where
do these psrticles come from? How are they forued? In order to
answer these questions we must see what 1s going on 1nside the
becterium durlng the latent period. It 1is very hard to belleve
that & method oun be developed to take & poep inslde the bacterium
without disturblng tue process of phage formution. OSuppose instead

we Lresk the bacterium belore the sponbénaous lysis. This might



show us somsthing of what 18 going on., Wlll phage be found? and -2=
in what amount? or will some precursor of the phage be set free? and
what will be the properties of this precursor or prophege? Will

1t bse revesled by some serologlicsl or bLlochemlocal technlgue?

In 1942 at Vanderbilt University, Dr, Doldbrick and Dr. Luria
starsed dolng experiments following this line ol thinking, The
d{rricult matter wes Lo break the bacterius without damaging the
phage or whatever was to be found inside, One agent was known
that could do the job: that agent wae the phage 1ltself, Supposeo &
beoterium is infected with two phsges T] and Tpe. T3 has a latent
period of 13*%, T5 of 2l's The Uwo phages will start to grow
together but after 13! the progeny of T; will break the bacterlum open.
#hat will happen to the progeny of Tp? Dslbrlick and Lurlia did this
experiment, and here atarts the serlea of unexpected results that
will lead to the discovery of recombinatlion, In the bacterla
infectod with 71 and T, nothing happened at 13 minutes; at 21!
the oells burst, but only T, was found in the lysed cullure. Ir
instead of a mixture of Ty and Ty only Tp had been used, the result
would have been the sawie, Ixplunatlion: T2 excludes T;. Doth
phages are adsorbed to the same bacterium but only one can grow,.

If instead of infecting simultaneously with T; and Tp we give an
advantage of L' to Ty, meny bacterla will yleld T3 but no Tp. The
bacterial culture &8 & whole may yleld both phages but each burst
coming from one bacterlum will conslst entirecly cither or ¥) or of

Tae This effect was culled mutual excluslon. At that time

Delbrick and Luria made anotier peculiar obaervation, If a bacterium
wag infected with meny phsge particles &1l of the same strain, insteed
of only one, the latent perlod und the yleld did not change, This
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looked as LI actuelly only one partlcle took part 1n the growth,
The principal of mutual oexcluslion could thus be extended to
purticles of the same strain, As soon as one partlicle starts
growing In a bacterium an unknown reactlon 13 aburied that results
in the exclusion of &ll otuer purticles even LI they are alroady
adsorbed, Quoting from Delbrlfiek: "The mutusl exclusion effoct

1s 80 novel that 1ts explanatlion culls for a bold hypothesis, We
assume that the firat virus which penctrates tho cell wall will meke
~ the cell wall Lmpermeablw %o other virus particles just as the
fertilization of an egg by one spermatozoon makes the 6gg membrane
impermeable to other spermatozon,”

In 194} Luria found the first mutstion In phage Toe Struin B
of the colon baciltlus, sensitive to To, can mutate to B/2, resistunt
to T,e But T, cen mutate to Tph, which lyses B/2. Therefore we
have two types of phage To and Toh, and two types of bacteria B and
3/2. Tph lyses both bacterial strains, T, only B and not 3/2,

How suppose we plate on B, T» cannot be dilstingulshed from Toh.

If we plate on 8/2, only Tpoh will give plaques, Now what will
happen 1f & bacterium of strain B i3 Infected with T2 and Tph? Will
‘only one type be found in the burst? This was a cerucial test for
the theory of mutual exclusion, Luria did some experiments by
infecting bacteris with & mixture of T2 and Tzoh, and the results

he got seemed to indicete that every burst ylelds either T2 or Toh.
In peint of fect Lurlats experiment was indecisive on'shis point,
for reasons we need not go into here,

In 1945 another mutant wes found by Dr, Hershey at Washington
University. This mutant was called r. It gave much luarger plagues

than the wild type r*. This mutant presented the mdvantage thet it
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could be resognized directly on the plate, Hershey was & little
skeptloal about ths yrinciplcﬁfogelf«lntarference, 80 he tried
mixed infection with the r* and r to analyze the burst of afngle
bacteria, In order to do this, he used a technlque whiéh had
elready been worked out by Delbrick, After infectlion, he plated
the infscted bacterls before the burats In thiz case ea:h plaque
on the plete originates fromuﬁhn phages coming from onc bactorium,
&8s the burst takes place In the ugur and remains, so to speak,
concentruted at one polnte If the principle of mutual exclusion
for particles of the same strain was correct, &ll tho plaquecs
should have been either r or r*. Herahey had no idea how mixed
plaques would loock: what he wes plaunning to do was to sample
some plaques at random and anelyze the population obtained from
euch plaque, 3But the answer came right away just by looking at the
first plate., The plagues wers neither of the r nor the r* type,
They were mottled, X end r* crowing together, glve, &s you can seo,
& type of plaque very different from either one. The result was
lmmediately confirmed by showing that the two types were actually
present in the same plague, At first Delbrlick was quite surprised
at thls result, muybe also a little annoyed, but as the lsad
looked promising he followed it, “utusl axclusion had been
demonstreted in & very cloar way for morphologically and seroe
logicelly unrelated struins at 11 and Ty But what would happen
1f similer strains were used, for instance To and T};s which have
many features in comuon? Uslbriick found that T, and T} could grow
together in the same bacterium,

In one experimsnt Delbriick used instead of T, & strain of Tor.
The original experiment of lershey with mixed infected bacteria
could be repeated, not using Tor and Rpr*, but by using Tor and Thr*.
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But at this stmge something quite umazing ocourred. The beactorie
infected with Tar and Ty r*, bosides ylelding both infecting
types, ylelded ulso two new types T|r and Tor*. liecombinatlon
in phage had been dlscoverede Not only could two different phages
grow in the same bscteriuwm, but they could also recom:bine soue
of their characters. At the C.S.H. Sympe Quant, 3lol. of 1G4
peloriick snnounced thls result, but the title of his paper was
"Tnduced Hutations in Bactorial Viruces," The following schoeme is
glven in this paper to ropresent the new phoenomenon.

T —— T,r (Under the influence of Tpr).
It 18 also & genersl princlple in blology that a fomale can
generate offapring with some new character under the good Influence
of the right male, A% the end of his puper Delbriick makes the
following statement: "porhaps one might disputc the propriety
of calling the obscrved changes Induced mutetlon. In some respects
they look wore lilke transfers or even exchanges of genetical
materlale,” At the seme symposiua, Hershey gave very convinocling
evidence for the Independont ococurrence of h and r mututions in

phage 7T The fleld was {inally open for genetic investigation,

2°
& two fuctor crosa, hr by h*rt, could be attempted, In e private
conversation Hersghey made the prediction that out of this cross he
would obtaln 26% of each of the four types {two perental und 2
recouwbinant), To whilch Celbrlck asked: Do you tihink that genes are
in solutlion?

nrggn reéplied flershey.

"I bet you a dollar,™ sald Delbriick.
Lt thls tlme Delbrilck moved from Vanderbilt Unlverslity to his

noew position at the CGalifornia Institute of Technology and for so:e
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time he dlssppeared from the story of recombination, ¥e let him go
%o Callfornia whero shortly afterwards he received a dollar for
his bet, Actually Hershey lozt his bet for some very special
reasons What he did was to plato the yiéld of his cross on B/2
vhere only the h could grow, In this way he wanted to sce Il

half of the h were r (parental type) and hulf r* (roconbinant
type)es What he found wes & large excess ol the purentul type but
this reault was not due $o lack of mixing, bdbut to & complex
phenomenon which he dlscovered and called later "phenotyple mising,"
iiad he done the experiment with the corrsot technique e would have
found &« retlo very close to tho predlcted 268, Together with one
dollar, he would heve gained the notion of genes in solution,

When we speak of orosses between phages two thlings should be
kept well in mind,

l.) Thé phage psrticles are haplold, or if they are diploid
they ars homogzygous., I make this statement for the sake of
simplicity beceuse Hershey has shown that 25 of the phuge particles
orizinating rom & oross are heterogygous for any character for which
the two purents are different, In an amnusl report to the Public
Health Servies in 1950 lershey wrote the following: "Experiments on
the mechanism of genetic recombination heve Leen tomporsrily
abandoned for lack of ldeas," In his 1§5) report, after guoting the
previous stutement, he wrotos "At present we go to tho opposite
extrene." This new hope was based on some very interesting fects
concerning the heteroaygotes. BDut these vory intercsting faots
remain up 50 now unexplained, &nd the new hope has sgeln fuded away,
Anyhow at the present moment we can ignore the heterovzygotes and

Just consider them some sabnormal form which appears in the progeny
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of crosses with & frequency of 2i. The renaining 935 of the
phage particles behave like haploids.

2¢) The other fuct we rust vear in mind 1s the following.,
We aro not dealing wlth orusses botween Lwo individual perticles, but
rather botwoen some p&rticias of one strein and some purticles of
another, ¥#hat we actuully do is to infect a bucterium with something
between 10 and 20 particles of which half will be of one type
&nd hall of the oLher one, Following random variations “rom the
11 1 retlo of adsorbed purtleles, we huve in the sopulation of
bacteriae many individusls whlch have cdsorbed an excess of elther
one or the other parent, These varlotions cen be calculeted,

A oross can be made between more thun\two parents, Suppose we
haeve taree phage strainz with the following markers Abc, adc, abC.
L7 we lnfect & bacterium with let us suy 5 purbticles of each Lype,
will the type A3C, whiech has ab leust one marker Irom each parcnt
appear In the progeny? <Thls type of cross cen be culled triparental,
Hdershey did this experiment and found in the vield recoumbinants of the

type A3C. his means one of two things:

1.) Eilther the new phuge 1s formed out of some kind of pool
of the parontal characters,

2e) VUr matinge are possible betwsen parents and recombinants,

ictually whet we are dolng is to choose between soue completely
new type of rocoxblnation, probanly connected wilth resroduction of the

phuge, snd the oclusssicel wechanlsm of recoablnutlion by msting

betweon pulrs, Soth hypoilieses proposed for the first tinme by
Herstioy may look quite appeallng Lo puople working in the flels of
phuage, But while the Cirss hypothesis ia st¢ill ruther vogue, the

second one has boen defined in a very elaborate ani complete way on
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the assumption that phage particles mate at random inside the
bacterlum and that before the burst severul rounds of amating heve
teken plece. The whole theory of nating between phaege particles
hug been recently developed by Delbrtick for two factor and three
factor, diparental and triperental crosses. The two parsmeters
which are kept conatunt are the number of rounds of mating taking
pleco inside one becterium, and the llnkage relstion between two
glven murkers., Whet can be changed are the relative rutios of
infecting particles per vacterium and the markers entcring into

the cross, The predictlions of the theory rit very well with the
experimentel results so far obiuined. This does not mean that
other thoories may not glve predictlions equally good, To oxplain the
lmplicatlons of tho muting theory lot us nake an anclogy. Suppose
we lhave two genetically different stralns of Drosopihilu of which

we put ten flles of each type (5 mules and 5 females) in a visal.

Por some unknowl reeson We cannot open the visl for s lon: period
of tlme, lev us asay 2 monthe, until the flles have used sll the
food praesent in the visl, Let ues suppose ulso that &b this moment
the vial bursts open and the progeny set fres can de finally
examined and clussified genutlcelly. Assuming random muting and
absence of selectlon we oun celculate the number of generutions

from the frequency of reconbination for unlinked characters, and
knowing the number of generatlons we can calculate the linkage
value per genersatlon for characters situated on the same ohromosome,
The phuge particles can be coupared to the flies, the bacterium

Yo the vial, und the latent periocd of 20 minutes to the hypothwetical
pericd ol two montis, As I sald before the caleulstlon of the

nusber of wabtings is based on the knowledge that sowe of the clisracters
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are unlinked, This fact had not been clearly demonstreted for

phazes Hershey had found three linkage groups each of which

showed L0 recombination with the other two, As higher values had
not boen obtalned, these groups were considered to be unlinked, This
meant in the terms of the mating theory that since the number of
matings was limited we never errived at the complete broakdown of

the parental cambinationa}i%Tb clarify this point Hershey and I
started last year to do some experiments which gave a clear
demonstration of the valldity of londel's laws for bacteriophage,
Segregation beltween unlinked markers shoulidl be 1 : 1 as a result of the
mating betwecn two different particles, Suppose we have the following
strains Abc and aBC, Let us choose among the progeny & clsss of
reconbinsants for A and 3, Tor instence AJde. KEvery phage particle AB
must have mated at least once with the opposite parent., What will
then be the ratio of Ctc in the class AB? The ratlo was found to

be l:l. This finding cen be considered proof of unlinked characters,
In order to obtain thia result the bacterlias must be infected with the
same number of particles for the two perental types. If this ratio

is unequal, the results are quite different, It was for the

purpose of analyszing these results that Delbriflck started his work on

the theory of successive nmatings,
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Mutations can be defined as heritable changes 1ln the actlon
of genes, What we observe are alterations of structure or -
funetlon in an aorgenism, We refer these chenges to genes when
mutation or recombinstion tests show that the change has
originated in a unitary structure, Ve can now say that some
characters in bacterial virusés depend on gene action, We have
seen 1h our brlef review how thls evidencs a5 been lmposed by
new facts successively disproving all previous hypotiieses,

Only ten years agd the expression "neked gene" waz used for
viruses, Now we can say that from the genetlical viewpoint T2
Is just ae complex as any obher organism. Moreover, all facts
known st present can be explained in the framework ol classical
genetics,

The discovery of resconbinetion In bacteria follows &
different pattern, Recombinatlion was not found, but wus looked
for, It is also hard to conceclve how it could have been found
without looking specifically for it. In 1945 Dr, Tatum at
Stanford Unlversity published a paper on induced mutetions in the
colon bacillus, The wild type of the colon bacillus can be grown
In a synthetlc medium contalning gluéoae and inorganlic salts,

In a population of these bacteria grown in complete medium, for
instence broth, some rare individuals may be found wiich need
speciflic additions in order to grow in synthetic medium. iany
of theae growth factors turn out to be single well defined
chemlcal substences such as amlnoacids or vitamins that the

bacterium can normally synthesize. These metabolic changes
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are heritable, Tatum found that the frequency of nutritionally
exacting cells was increased in populations that had been

exposed to X-rays, This suggeated that the changes in the

colon bacillus might be similar to mutations in higher organlams,
Moreover, a variant requlring one growth factor could vield

further variants with double requirements, suggesting the
independence of the several changes. This was the only kind of
evidence, which could be obtained at that time, pointing to

the mutatlonal nature of the changed requirement. It wes surely
&n important advance in bacterial geneties, but definitec proof

for the existence of genes in bacteria could only be given by

the recombinatlion test., The clussicel work of Beadle and Tatum

in the biochemical genetics of Neurospors had shown that altered
nutritional requirements in this organism resulted from mutaetions
of Mendellan genes, Already at that tliie Tatum's purpose of

going after nutritional variants In bacteria wes to test the
poesibility of recombinatlion., The strain of coll used by Tatum was
called K 12, It nad been chosen for sume previous biochemical work
&8 a good producer of indole, Miss Lsther Zimmer helped Dr, Tatum
to isolate from K 12 variants with double nutritional requirements,
As we will see later both ¥ 12 and Miss Zimmor becanme very important
in the life of a young medical student at Columbia University--

dr, Lederverg, In 1945-L6 Lederberg was working for hls thesis

on selection of prototroph reversions in Neurospora, Thie gave
him the ldea of applying the same test to bacteria. Suppose a

wild type prototroph strain mutates to A, requiring growth factor

A+ By a single step back mutation A~ can revert. to wild type.
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This second mutation osn be conveniently studied as the mutated
type 18 selected for by plating a certailn amount of A~ cells

on synthetic medium. Only the cells mutated to prototrophiam

will be able to groﬁ. Rare prototrophs can thus be easlly detected
in a bactsrlal population. But rere prototropha, other than by
mutation, could alsc arise by some other rare event as recombination,
provided recomoination occurred and the right mixture of bacterial
stralnas was used, Suppose we mix two strains of bacterla 2 B™

and A"3; three differcnt events can lead to the formation of a
prototroph: mﬁtation of the first straln to B, nmutation of the
second strain to A and recombination, The mutation rutes of the
two atreins can be measured by separate plating, Lederberg wrote
to Tatum about thie idea and when Tatum received this letter from a
student suggesting the sane 1dea he had in mind, he thought the
best thing to do was to invite this student to work with him on

the project. In March 1946 Lederberg went on a fellowship to Yale.
After three months, at the ,3,H,.8,, the seme one at which Delbruck
gave the firat evidence for recombination in phage; Tatum and
Lederberg delivered é paper with the title "Novel genotypes in
mixed cultures of Elochamical mutante of bacteria.® 3y using
wmultiple mutants, requiring at least two growth factors, proto=-
trophs due %o back mutation were prac£ically reduced to zero, while
when plating the mixture of the two parents In synthetic medium,
prototrophs were detected in a proportion of the order of 10'7.

But the definite proof for recombination was given later by
Lederberg in 1947, By using additlonal markers full evidence was
obtained that what segregates 1s the locus and not the character,
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The oclassical crosses with characters in coupling and repulsion
could be repeated with bacteris. Quoting from Lederbergs: "The
prototroph provides the putatively sexusl progeny which can be
surveyed for factor recombination. It must be emphasigzed that
the demonstration of recombinatlion does not rest directly upon
meére observation of prototrophs, but upon the occurrcnce of
series of new combinations of unsclected markers introduyced with
the nutritionally differentiated parents,”

The choioce of Kip was an extrsordinary lucky one, as very

few strains of the colon bacillus proved later to be sexual,.

After such a fortunate beginning Lederberg was compelled to
abandon medical school &nd to devote himself to the atudy of Kjpe
In dolng this he was helped by Miss Zimmer, who had been the first
to isolate the double mutants, and who becamne his wife and his
elosest collaborator,

The story of science 1s a story of men with aom& ideas about
natural phenomena. Two kinds of emotions are reserved to these
men: the surprise of finding something very different Irom what
they thought and the pleasure of confirming their‘own hypothesis,
We have seen how following these two different patterns the
gencral phenomenon of genoticsl recombination was diacovered in two

different classes of microorganisms: the viruses and the bacteria,



