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ABSTRACT

In unequal=input, three-factor phage crosses, the
kinetics of recombination should depend on the number
of vegetative phages participating in each mating.
Among a selected class of progeny recombinant for two
closely linked markers, a third, freely-segregating
marker will achieve genetic equilibrium immediately if
the mating group is very large but will show a drift
toward equilibrium if the mating group is small. Data
are presented for T4 crosses which are in good agree-
ment with the qualitative predictions for small group
(pairwise) mating.

Mating parsmeters have been measured which permit
calculation of the expected kinetics of recombination
for wvarious mating group sizes. The predictions are
caleulated using Steinberg and Stahl's theory of formal
phage genetics. The data do not conform precisely to
the theory, but it is argued that the disagreement can-
not alter the conclusion that the T4 mating group is
small,

The significance, or insignificance, of this find=
ing is discussed in the light of recent discoveries

concerning the geometry of recombination in T4,



-
X7
Ay /[/

o

he
s text
xt
@



I. INTRODUCTION

e Ihe Phage Cross.

The definition of "mating" in bacteriophages de=
rives from our concept 6f a8 phége cross (1). In a phage
cross, we add to a culture of bacteria large numbers
of two (or three) genetically dissimilar parental phage
particles. We add the parents in equal numbers in an
equal=-input crogs; in unequal numbers in an unegual-
input cross. A phage, upon colliding with a bacterium,
attaches to the bacterial surface and injects its genetic
material into the cell. The average number of phage
adsorbed per bacterium is the multiplicity of infection,
usually 5=10 of each parent in an equal=input cross.

Following infection there is a period, the eclipse
period, during which no infective phage can be found
in the host cell. We say that the phage are in the
vegetative state. The vegetative phage, after a short
delay, begin to increase in number at a constant rate.
This replication establishes a pool of vegetative phages
which can recombine genetically. When the pool contains

about 30 or 40 vegetative phages, maturation of the

vegetative phage into infective phage begins. The rate
of maturation balances that of replication so that a
vegetative pool of constant size is maintained. Phage

once matured can neither revert to the vegetative state
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nor participate in recombinational processes. We assume
that the phage matured at any moment represent a random
sample of the vegetative phage present at that moment.
The end of the latent period, which begins at the time
of infection, is marked by the lysis of the host cells
and the release of the mature phage. In T4, the burst
gize at the time of normal lysis is about 200-400 mature
phages per cell. ZPEremasture lysls exXperiments involve
artificial lysis of the cells before the end of the la-
tent period.

Among the mature phage which issue from cells mix=-
edly infected with two types of parental phages are in-
dividuals recombinant for the genetic markers of the
parents. The earliest mature phage formed contalns some
recombinant individuals. The frequency of recombinant
phages increases as the number of mature phages lncreas=-
es (2), This is called drift. In triparental crosses,
progeny phages carrying markers from all three parents
are found (3). Purthermore, in three-factor crosses
involving two parents, exchanges in the regions flanking
the central marker are positively correlated (4). This
correlation of recombinational events is called nega-
tive interference. Taken together, these facts about
phage crosses are sufficient to demonstrate that a phage
cross is not directly analogous to a cross in higher or-

ganisms; the facts are, however, easlly explalnable in
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terms of population genetics. We imagine that the vege=
tative phages constitute a well-mixed population in
which recombination occurs repeatedly in time and at
random with respect to partners. We consider that the
mature phage population in any premature lysate repre-
sents the sum of random samples of the vegetative pool
withdrawn continuously from the onset of maturation un-

til the time of lysise.

2. Mating.

We can now define"mating" in the sense in which
it is applied to phage crosses. By "mating" we shall
designate those interactions between phages which give
rise to recombinant progeny. Since mating between
phages occurs behind drawn curtains, a more precise
definition of the term requires a statement of what we
do not mean by matings

2. We do not mean that during a mating two
(or more) vegetative phages synapse either throughout
thelr entire length or at discrete points in their struce
ture., We do not specify the number of phages partici-
pating in = mating and specify the topography of the
interaction only to the extent that we require it to
produce a linear genetic map.

be We do not specify a mechanism of recom=-
bination. A gcopy=-choice mechanism of recombination,

in which recombination is a consequence of the synthesis
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of deoxyribonucleic acid (DNA), can involve either pairs
of vegetative phages (5) or large numbers of phages (1).
The model assumes that recombination occurs through
"switehing"” from one parental DNA template to another
during the synthesis of a progeny phage genome. A sec-
ond model, for which there is chemical evidence (6),
supposes that recombinatlon reflects breskage and reunion
of phage genomes. Visconti and Delbrfick (7) assumed

that mating occurred by reciprocal exchange of genetic
material between pairs of vegetative phages. The partial
replica hypothesis (8) assumes that vegetative phages
either replicate by producing fragmentary genomes or
break into autonomously replicating fragments and that
recombination involves a reassembly of complete phages
from fragments selected at random from the vegetative
pool. For such a mechanism of recombination, we expect
that all of the vegetative phages which have fragmented
will be able to participate in each mating (reassembly)

avent.

3. Measuring the Mating Group.

Two attempts to determine the number of phage par-
ticipating in a mating have been reported. Hsusmenn
and Bresch (9) studied the kinetics of recombination in
a triparental, three=factor cross in Ti. Hershey (1)
has studied recombination between ultraviolet (UV) in-

activated T2 and T4 phages.
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Hausmenn and Bresch performed a cross between three
parental phages of the types 111, 222, and 213, They
determined in premature lysates the relative frequen=-
cies of doubly recombinant phages of the types 121 and
123. If matings were pairwise, it would be expected
that in early lysates 121 progeny should occur in ex-
cess of 123 progeny since the former recombinant type
could arise in a single mating and the latter could
arise only through successive matings. TFor matings
involving large groups of phages, the frequencies of
the two recombinant types would be expected to be about
equal even in the earliest lysates. The results of
these experiments were consistent with small group mat-
ing (about three phages per mating), but technical dif-
ficulties rendered interpretation of the experiments
uncertain. The authors favored the intultive conclu-
sion that the small spparent size of the mating group
reflected topographic limitations on the avallabllity
of mating partners rather than an intrinsic property
of the mating process.

Hershey's experiments involve studying the genetics
of phages undergoing multiplicity reactivation (MR, the
appearance of vliable phage in cells infected with sever-
al UV=inactivated phages). Hershey assumes that a UV
damage to & phage is equivalent to a locallized lethal
mutation and that MR involves the elimination of these
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damages by normal recombination processes. He performs
a linked marker cross of the type 11 x 22 and shortly
after infection heavily irradiates the infected cells

s0 as to introduce at least one UV lesion between the
two marked locl of each vegetative phage. This intro-
duction of randomly placed lethal "mutations" into the
genetically marked region of the genome should unlink
the markers flanking the reglon in the sense that phage
progeny which have not experienced at least one exchange
between the flanking markers are inviable. As g limit-
ing case, we assume that single mating events are suf-
ficient to produce viable progeny. Then palirwise mat=-
ing should result in the appearance of about 25 percent
recombinant phages, because 11 x 11 and 22 x 22 matings
would produce viable progeny as often as 11 x 22 matings
but could not produce recombinants of the type 12.

Large group interactions, on the other hand, would re-
sult in 50% recombination because all matings would in-
volve phage of both parental types. Hershey's observa-
tion is that under the specified conditions of MR, mark=
ers normelly giving only 5 percent recombination emerge
at genetic egquilibrium among the progeny. This result
suggests that mating occurs between large groups of
vegetative phages. The validity of this coneclusion,
however, depends upon the validity of the mechanism

postulated for MR.
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Qur attempt to measure the silze of the mating group
utilizes the following type of cross: Bacteria are in-
feeted with unequal numbers of parental phage of the
genotypes agbc and +++, The genes g and b are falirly
closely linked to each other; neither is linked Yo c.
We lyse the bacteria at various times during the latent
period and examine the mature phage present at each of
these times. We select from these progeny phage those
recombinant for g and b and score them for the allele
that they carry at g, Recombination between g and b
is used as a "label for identifying phage which have
mated, and thé freqﬁency within thls selected class of
the majority parent’s allele at ¢ is used as a measure
of the number of phage which participated in each mating.

If it were possible to examine vegetative phage
directly without waiting for maturation to begin, we
could make the following predictions: If mating were
pairwise, the earliest a-b recombinant phage to appear
should have an equal probability of carrying ¢ or # at
the unlinked third locus. As mating proceeds, the fre-
guency of the majority allele at the third locus should
approach its frequency in the gene pool; that is, its
input frequency. If, on the other hand, each mating
event involved an infinite number of phage (all of the
vegetative phage in the cell), we would expect the in-

dependently segregating marker at ¢ to appear at its
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input frequency among the earliest a=-b recombinants and
to remain at this equilibrium frequency independeﬂt of
subsequent mating. For mating groups of intermediate
sizes, we expect results which lie between these extremes.

Since maturation begins well after the onset of
mating, we cannot determine the number of phage par=-
ticipating in a mating by direct examination of the ear-
liest recombinant phage to appear. Since the maturation
process ils cumulative, we expect any drift toward genetic
equilibrium to be slower in the population of mature
phage which we examine than in the population of vege=
tative phage from which they originate. In order 1o make
guantitative predictions of the expected results of this
experiment as s function of hypothetical mating group
sizes, it is necessary to apply a theory of formal ge-
netics which takes into account these restrictions on
sampling imposed by normal phage development.

The qualitative aspects of the predictions still
hold. We expect the fraction of mature g-b recombinant
phage which carry the majority marker at g to rise with
time if the mating group is small and to remain constant
at the input fregquency of the majority marker if the
meting group is very large.

In the following sections of this thesls, we shall
present evidence that the mating group in T4 is small

and discuss the significance of these results.
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IT. MATERIALS AND METHODS

1. HMedia.

The liquid nutrient medium used in these experi-
ments was H=broth: Bacto Nutrient Broth, 8 g; Bacto
Peptone, 5 g; sodium chloride, 5 g; glucose, 1 g; dis-
tilled water 1 1. ZEach plate contained about 30 ml of
EHA-bottom layer: Bacto agar, 10 g; Bacto Tryptone,
13g; sodium chloride, 8 g; sodium citrate (dihydrate),
2 g; glucose, 1.3 g; distilled water, 1 1. For the
agar-layer plating technique (10) each plate was over=-
leyed with bacteria and phage contained in about 2 ml
of EHA-top layer: Bacto agar, 6.5 g; Bacto Tryptone,
13 g; sodium chloride, 8 g; sodium citrate (dihydrate),
2 g; glucose, 3 g; distilled water, 1 1. Dilutions
were made in T-broth: Bacto Tryptone, 10 g; sodium

chloride, 5 g; distilled water, 1 1.

2. Bacteris.

Strain B of Egecherichia coll was used as host for
all crosses. Strain 8/6 (11), a derivative of B, was
the standard non=selective indicator strain.

K/4 is the lambda-lysogenic strain K12s(Al)/4 (12),
and F is a hybrid between K12 and B produced by Fredericq
(13) and lysogenized with phage lambda by R. S. Edgar.
X/4 will support the growth of turbid "ghost" plaques

of wild type T4 and of clear plaques of extended host
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range (b) mutants of T4. Neither of the lysogenic strains
will support growth of rII mutants (14) of T4, but both
will support growth of ;;I* phage. A two to one mix-

ture of P and X/4 was used as a selective indicator for
distinguishing h from Qf phage among the gII% progeny

of the crosses. On the mixed indicator, h plagues are
clear and gf plaques turbid. On this mixture h and gf
grow wlth equal high efficliency.

CR63 (15) was used as a non-selective indicator
strain for amber (zm) mutants (16), which do not grow
on B or its derivatives. S/6 was used ag a selective
indicator for ggf’recombinants in the cross involving

am mutants.

5« Ehage.

These experiments were done with the wild type
strain T4D (11) and several mutant derivatives of that
strain.

T4D r61 and r73 are non-reverting rlII mutants de-
scribed by Edgar (12). The former is in the A cistron;
the latter is in the B cistron.

T4D h48 is a host range mutant described by Edgar

9

(12)e It was chosen from four of the Edgar h mutants
tested because it was the most stable to heat inactiva-
tion. Jinks (17) has found that all of the h mutants
in the "third linkage group” of T4, including h 48,

are heat labile and that in mixed infections of h and
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wild type & large fraction of the progeny phage are
stabllized to heat inactivation by phenotypic mixing
(18). The stable fraction of the progeny contains phage
of genotypes h and gf'in equal numbers in an equal-=ine-
put cross. In the unequal=-input crosses described in
this thesis, p48 was always introduced in the minority
parent in order to obtain lysates of the highest pos-
sible stability.

T4D 48 is an rI mutant described by Doermann and
Hill (11).

The amber mutants T4D am54 and amB85 were isolated
and mapped by Epstein et al. (16) in this laboratory.

4 linkage map of these mutants 1is presented in

Figure 1.

4, Preparation of Phage Stocks.
All phage stocks were grown by inoculating liquid

cultures of rapidly growing host bacterlis with clonal
populations of the appropriate phage. The phage in-
oculum is an agar plug containing a single, well=ligso-
lated plague removed from a plate with a sterile capil-
lary tube after the plate has incubated 4 hours at 30%¢.
The host suspension is prepared by diluting a saturated
H=broth culture of appropriate host bacteria 1:1000

into fresh H-=broth and aerating the culture at BOOC.

for 2% hours. The phage plague is then inoculated into
about 25 ml of this suspension.
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Aeration is continued for 4-8 hours after infection
until the culture appears clear and lysis is essentially
complete., Chloroform is added to open any unlysed cells,
and the culture is centrifuged in the cold (about 4000 x
g for 20 minutes) and filtered through s Mandler candle
to remove bacterial debris. CR63 is the host for plat-
ing and culturing am stocks; S/6 is the host for all

other stocks.

5 Cross Procedures.

For equal=input crosses, the procedure is essenti-
ally that of Chase and Doermann (19); for unequal=-input
crosses, the method is essentially that described by
Steinberg (20) for premature lysis experiments.

a. Equal=input crosses. Host cells in the
exponential growth phase are prepared by diluting a
saturated culture of B 1:1000 into H=broth and incubat-
ing 2% hours at 30°C. with aseration. The cells are cen=-
trifuged in the cold, resuspended in fresh chilled H-
broth, counted in a Petroff-Hausser counting chamber
under a phase contrast microscope, and adjusted to a
titer of 4 x 108, A few minutes before the addition of
phage, potassium cyanide is added to the bacteria to
give a concentration of 0.004 M. ZEqual volumes of phage
and bacteria are then mixed and agitated by gentle aera=-
tion at 3000. to promote adsorption., Each parental phage

is added at a2 multiplicity of about 7 phage per bacterium.
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After o 10 ninuts adeorption period, on sllguot in row
moved fyom the adsorption tube, trented vwith ohilopoforn

to kill ilunfected becterisz, ond plated to determine the

titer of unedsorbed phege. Immediotely after remgvel
of this sliquot, antiserun lg added 4o the adsoprplion
tube Yo lopetlivate the unadsorbed thage, whioh iz these
erperinents nenslly represent lese then one percent of
the phege inpat. Afder & & mi%gaa serun trestmont,

the zdsgrpbion tube ils 4ilutsd 16" efold into & growrth
tube of H«both provarmed to 0%, The growtih tube le
incubated et 30°C, with seretlion. An aliquot of the
pravth tube lo ploted 4o detormine the titer of infocted

ined fvom

aolls. IMultiplieclty of infectlieon is detemrn
shig titer of infected oolls and the titer of the ins
wat plege corrected for unodoorbed Phage.

Preceture lysls comples mey be eollected ot any
Hime during the latent peried by sheking slicuots of
vhe growth tube with chloyveform (21).

Ve In the unegual -

inpud erosses desorlibed in thls theslis, the multiplie
eity of the mpjoriiy parent g 10-20, snd that of the
minorlity parent is usually sbout 0.1, The low inpet

of the minority parent onsures thet essentislly none

pf the mixedly-infected becteris will recelve more then
one pinorlity soarent snd mindsizes the steticticsl cors

reetions of mltipilelity values rejuired Loy finlitse inmmt

b
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af parentel phage (22), On the other hend, the lov
inpet of the nminoxity perent yegulres alterations in
the standard oroees desovibed sabove in ovder Lo savisly
the reguirenents that cyenide be sulflclently dllute
in the growih tube $o pernmlt noymel phage developnment
{20} end thet infectsd cellis be sufficiently concans
trated to yield niatintlionlily useful semples of recome
binend progeny in ewrly lyoates.

Hogt baoteris and sdsorption tube sre prepavrsdi ap
deperibed above. Allquois of the adeorpblion tube are
ranoved after o ten ninute adsorption poriod for treabs
ment with chloroforn to deternine the titer of wnade
gorbed phage end with serum to deternine the titer of

tnfeeted cellis. Prog thoese tltrotions and the titrae

i

tiong of the parentsl thage, the multiplicitlies of ine
festion ayve deteruined.

fne ml of the edsorption $ube is diluted Inte 39
mil of lcee-cold Hebroth and centriiuged for ten minutesn
in he cold {sbout 4000 = g at 0«2%2,). The supernse
tant is deconted, and the 1ip and sides of the centzi-
fupe tube ore wiped 4ry with s sterile cothon swab,
The pellet ig resugpended in o soell velume of loewnold
Hehroth and dilunted into o 100enl prowth tube contalne
ing Hebroth preevarned to ﬁ@ﬁﬁa The grovih tubs isg

imenbated ot 3070, with sevation. LA ochlorefomm trented
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aliquot of the growth tube is plated for amunmeration
of unadeorbed vhaps. 4n sliguet ig plated directly
for titretion of todtal infesctive centers. The titer
of infected cells is determined from these aspays by
eabtrection. Under these condltlions, unedsorbed phepgs

may constitute 50 percent of the infewtive centers in

the growth tube. These unsdoorbed phage, in no way
affect date on selected recombinant phage in early lre
sates but render uncertelin the determinestions of tobtsl

phegs yield in these lyseten, The recovery of infocted

i&**{g\

aells efter centrifugstion ranped from 1020 nevoani.
Host of the logs proebably srises fron decentation of
cells s%ill in the supornstent oy washed froem the pele
let Guring decantation. Iut the poosibllity resainsg
that 2 signiflcent fraction of cells is killed by the
procedureo.

Lysie samples nre talken at various times by sdde
ing ehiloroforn to aligquots of the growth tube. Adsorps
tion of phage t9 beeterisl debris ig prevenbed by addle
sion to asch lysate of 1/10 its volume of o saturated

solution of smmoniun sulfate in distilled water (2%,

ng boacteris are prepaved by diluting a% rate

ralivres of indlestor stralns {00-f0ld inte fresh
Febroth and incubating with seretlion a ﬁﬁg* for 2%

hours, ot vhich time the cells are in late ezponentisl
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growth. The besteris are then centrifuged in the ecold
and resusponded in fresh broth %o give s 10=L01ld cone
pentration, The plating oultures renmeln usable for
seversl derye 1f stored in the refrigersior. Two %o
four drope of such & suspension are added o the Hilde
top layer befors plating. ALl plates are lmounbated
at 309, for 16«84 hours.

¥or selective scoring of pIl” recombinent progeny
e mizture of P and L/4 4e used, On this mixture, only
£11% phage will produce pleques, and clesr L plaques
can be distinguished from turbld L° plegues, Control

platings show thet b and b

plate on the mixed indleator
with eguel plating efficiencles of 0.75%1.0 ap couparsd
20 an /6 ptendsyd., The low titer of recombinent phoge

in unegual-input orosees requires that large numbers

of naventel phoge be plated on geleotive indicator plates.
sentrel platings of the cross alzture on the mized ine
dicatoy were nade $o determine the beckground of plagues
produced by recomblinent phege arising from mized lue
feotions of plating beoteric with parental particles.

"hig backpround 1 neglipzidle {(emaller than the celous
lated sampling error) al the highest concentrstions of
parents pleated frosm the lysstes. Dontrol pletings of
hage of the expsoted reconbinmnt tyves on o background

o £ 2 i 2 8 s A P 3 p P P o % e
nf the oroge mizture indicate that no confusion in the
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sooring of i end ¥ erises from comtemination of FII™
roconbinant plagues by the larpe excess of porental

hage in the baskheoround.
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@ eight uneguel-input orosses invelving

the 1linked pIl markers, p73 sand 261, end a freely segve-
gating werker, 48, are presented graphlcelly in Figure
2. In ecsch cross; hAD wap introfused ln the minority
narents In thyes eropses, the ninority parent ecarvied
r73s in the other five, the ninority parvent covried goi.

Motted ag s funotlon of time of lyels i the Lrection

;. m'%‘ 4
of pIl” recomblinant progeny vhleh ocarry the mejority

ther ig‘é at the third loouns. This fraction, in all

sxperinents, Tises as o funetlon of $ime of lysis. 7Th

had

dete are in quallbabive sgresuent with our prodictiong

foy the kimetloe of mmellegroup maltling.

In order %0 noke nunericel predietions of the ofe
feots of nabting group size on the kinetics of recombls

nuticn, we usge the theory of fommal phege genctlies pree-

gr I

semted by Steinberz and Stehl (24}, Their symbols will
ha used throughont. The model glving rise o the equas

tiong cpsumen a panniotlie populstion of gheges neting

?

&

ot randon with respect o pertney. Hatings are assuned

4o be rondomly {(Poiseon) dilelributed among phages.
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Yor o ovops of the type gbg ¥ siw, we devive Irom
the theory the following expression for bigssl, the
froouency in the vegebtative pool of the reconbinant

type gs after n rounde of mebin
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here:
¥ is the relative multiniiclity of abe.

¥ iz the relative multipliclty of St
{x o v i}

m is tha sveropge nunber of nobings per vhoge
lineage.

P io the fraction of phage emerping frowm B
mating vhich hove 2 finite probebllity
af belag reconblaant.

By ig the grobabilliy poer meting of an euxw
change in reglon geh only.

¢y Le the probabllity per mating of simule
btanooue peirvice exehongzes in recionp
gel and heg [le.es two-strend doubles),

Gy i the owobeblillity per nating of an oxe
change in reglon heg only.

¢, ie the probebilivy per sating of sismule
toaneous sxchanges in reglons gep and
be=g involving more than two parents {(l.e.
thresestrend doubles).

Yhere By L the probability of an szchange in Yo
glon gels P, im the probability of an exchenge in region

beg, sad & lg the coefficient of colneldasce:
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For mabinge in which exnctly U phege particlnote

enually:

@

=
£l
fk

varies from sers to (¥ « 13/4,
ve determine the total frequency of reconbinents
Tor mexkers p snd b by aldition of cquations 1 and 2

o 5, E
SRELO 40,90y )
EECAUR s {3}

ot
i
%

B

Tron the definition of the oa, 1% is poosrent thet:
¢

Yo can computs from the egpressiong derived sbove
hyrpobheticel predictions o the kinetics of reconblnge

3

Lon gmA%%@ pool of ?@ﬁﬁ% atilve phoge, Ye now consider

giﬁ %%ﬁ%é& %@ %ﬁ»@é %kw Sl when ﬁm@?@? & B&Oe
?ﬁg&%%ﬁ freoly from nmevhers g &éﬁ be lmuetlions T emd
2 then begome srmmetricael with respeet %o = mnd Ye
ie ip the oviterion used in these expevinents for
teating the non=Linkapge of 48 %o the il reglon.
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the effecte of moturetion on our predictions, Ye age
gume that maturatlion is o cumiletive rondom sempling
of the vepetotive phage pool, Thus, the mature vhage
mre heteropencous with regpect to maling experieance
both becouse mabting i rondon i tine and beoouse note
uration aperates over o long period of tinme. 70 curs
reot eguetions ¥, 2, and 3 for the spread in meltures
tion times, ve syversge the egquationsg over the yrange
B to S ﬁg ubere @my i the averasge number of matings
por lineage for the enrlliest malure particles formed
end n, for the lzeb mature particlies foxnmed before lye

giﬁ* In the following, my¥ and m,P ove designated ot

o _
”hﬁ @ﬁ%ﬁ%&ﬁ% ? &lfggw appears in %%% produet n¥

in these cquationg. I% iz therefors lupossible 0 nese

gure i and ¥ independently in two-or three-factor cropge

e coniforning 4o the model to which the equations sre

anvliesble. Por this reason, the product ¥ is treated

ag the tinesdependent varieble.
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and eouation 2o is gymnetriesl in » and y to fa, proe-
vided that one marker sogrogates freely from the other
two. If rounds of meting ere linesyly distributed,
the average matings per lineage # for the mature phage
semple is (my ¢ my)/2,

Por the ovose desoribed, the fraotlon of mature
phage recoubinent for markers g snd h which cerry the
najority merker at loocus g is the ratio of egquation
1o t0 38 1f #34 le the majority perent snd the ratlio

of 2o to 3o 1f ghbg is the majority perent,

&
in ealoulating hypotheticel curven fron these sguas
tions, we use values of % ond y in the range of those

nessared directly in the unequaleinput crosses. Ve
sasune that Po corregponds to the velue required for
nonelinkage for sny hypothetical ocend A . The justiw
fication for this ssmumption of nonslinkage ig tho abe
pence of a convinelng difference in the kinetlesn of
reconbination for oroesses reolprocal with respect to
she input sultiplicities of g6t and 73 (Plgure 2§ 4,
By Cle That is, %the dote are completent with the ape
gunpdion thot eguations s and 28 eve symetricel in
% and v

the wadues of Dys a'y, and n® ere opecified by the

gpplication of the theoyetionl m@ﬁ@i deseribed above



o deta fron tvo-fantor orosees. Fov o tye-factor oross
the frequency of reconbinstion for phage in the vegeige

tive pool ist

Bz 22yt - %m@gﬁ} (&3
and for mature phaged
~@'p = §
g ow 2ey{l - 8 & (5)
(m*em®)p
For cyosges in which the freguency of recomblnation is
very lew, eguatlon © ig appronlimetelys
oo R e
R = 2wy ufp { Be.)

In p twoelactor croas with fresly recomblining naxics
ers, we oan gpwnify the wvelue of p for any hypothetliesl
aabing group slze. Heasuring the recombination fre-
aueney apong the £irst sature phage to eppesr in sueh
o eross elininates the effects of spread In meturstion
times snd permits us to celeulate n' from equsition 4.

In en equel-lnpul ovoss of 26! mnd R4D, the frequency
of recombinadion at 22 minutes after infection (which
sorresponds in all of theme experinants to sbout 0.5

plogue-foring particles per cell) wan 0,355 ¢ 0,018,



The preduct of the lnput frequencies xy, corvected for

finite input, vwes 0.2%3. Trowm equadion 4, n' is 2.9

R

for polrvice mabting or 1.480/(H « 1) for MNewipe mabe

ing. This sptinste is hicher then Herehes
timate of 2.2, but Hershey points out thet his “une
Linked® nerkers are linked. 7The estimete does not dif-
fer gigﬁﬁfi@&m%ig from that of 2.55 besed on Doermenn's
T = BuhD evvss (2.

Por o orosg betweesn two closely linked merkers,
we axpect from equation Be that the reconbinetion free
gquency smong mature g@@a% will be linesy vwith reunds
of mating. The 4rift in resonbinadtion Irecuency exe
perinentally observed is linesy with time (25}, indie
poeting that n iz lincer with tine., The date from such

orossen peimlt ug to determine the ratle Ay

sime ae the vatio h,fﬁﬁg vhere B, is the recombinetion
frequency at %ime t and R, is %ﬁ@ reconbluation fre=
mency aneng the esriiest mature phoge to be forned.
The linked merkers (z81 and z73) used in the une
equal-input ezperiments were used also in orosses Lo
determine the tinme dependence of mF. Wild type recone
binsnts are socored selectively on the indicster strain
Fo 1% should be poted thet on the seleptive indlentor

both wild type recombinents and p/r’ recombinant
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&&%@f@ﬁyg@%@@% give vise to plaguas and are seored an

' recombinant progeny (26), Thle 4is true alse of the
golactive nlatings of the wneguel input orogsss, Ine

pliclt in the sholse of this selsobive technlique is

the sasumpblion thet recombinsnt hetercovpotes ave in

gé ohage heterozvzoie 1s 2 glnzle phage particle
which gives vise %0 & geneticelly mixed progeny. The
gegrezeting navkers aye confined to a relatively short
"sverlian” reglon in which the phage appears 1o be hobe
grocyoous, on elther side of which 1t sppears 4o be homoe
zypous. Helterozygous phages sppearing among the progs
ey of o erose involving btwo clogely linked markers
are of twe types: noaspeconbinent heterosygotes {HRH)
sopresste principelly the penotynes of the tuo parents
‘ n the crossy; veconbinant heterveygotes (HH) sege
y one payental conotype and one reconbinent genow
In a croas of pGi x T3, WY conotitute o neg
Ligivle froction of the gelected class of yrogeny
conebitute about 10«20 pereent of the selected cless
(26, Tevinthal (&) and Bdgey (27) heve proposed thed
haterornyeoun vegetative phoazes ore intermedistes in
phaze recombinntion. According to Biger's model, merie
wro flenking the overlep region reconblne as o conges
gquence of heterozygete formatlion: mellters within the
averisnp reglon might undergo further recombluation when
the heterogygote seprogates upon repllcation. Tha iate
ter recoublinabtion step would be without genstic conpgee

L=

e
B

3

ke

[ 5
5 ek

o
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e

muenes in the segrecetion of HH, whioh have only one
] » L + 8 g 724% LT S . . :
narker in the overlsy region. Thus, a HH ig in egsence

£

8
two phages vhiloh 4iffer by only one marker. hether
suoeh e hebarozrgote will be poored ee wecombinant ox

5k
parental by o glven selective technioue depends, of

oourae, on the aariers and the selective Yechnlaue,
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faot squivealent to recomblnant phoagee It should also
be noted that pél end 77 are sufficlently far npard
%o glve zn erxror of sbout 10 pereent in sguation Se
Tor values of ©F on the order of § or 7. ¥e have ige
nored this deviastion from linearity slince 1t is within
the linite of the sxperlunentzl error.

Dete from tWo eYosscs, one equaleinput snd cne
unequal=input, are presented in Tabls 1 and plotied
in Plgure 3. To sinplify comparlison of the crosses,
the curves have been supsrisposed in the figure by plote
ting the B values for each cress a8 frectionsz of the
R value at 55 nminutes., Assuning, as we {414 sbove, that
the 27 minute sanple yepvesents the eariiest meture
phage to be fornmed, we determine velues of 8F/m' fron
the ourve in Pipure 3. Prom these determinstions and
from the velue of 1.448%7{1 - 1) for m%, we caloulsie
that nf inoresses with time at the rate of 0,1150/(¥ « 1)
p@? ninute for Hewise matling or 0.23 per ninute for
peirwise maling, 7The postelysis (60 siaute) valuse
af B give egtimstes of 2,67 m' and 2.33 n'® for the finsl
value of @F. fThese values lie between Hershey's (1)
estimete of 3 n' and an estimate of 2.0 n® bvesed on
Doermenn’s dete (2). Pinal lysis values of a" based
on our estimates of the finsl value of &F sre 6,5/ (4 = 1}

gnd 5.5 /{8 « 1) for Mewise mabting.



Pinelly, we muast gpecify the vslue of Py the 1inks
ppe poraseter in an p61 z 273 oroms. In niane crosses
of 61 by PT%, the reconbinedion frequencien, correttw
ad fop ﬁ%%ﬁ@@i end finite laput, were: 11.0, 8.9, 0.0,

JA I R
ey Ta'

# ?ti?g Ta %?@ 9 55 and ?%ig ?}@?3%&557;@ e shell
nme the sverepe, 0.6 mop unlis, a8 the dlglence between

the Two na

hore. Assuming that et the time of iysis

e eguele 2.5 n', (vhich ie the sversge of cur two dee

serninations of the finsl velue of AP), we Tind from

equation Se thet py le ebout 0.0125 MY = 1)

detyime motis

¢ models, the fyaction blgss)/vlgss) for
mature phoge zg o function of »* and tinme. For eaach
model, we have caleulabted theoretienl ourves for thres
veluss of §§§f§§§ where the bay signifies correction
or finite inpot. {(Prom euuations Yo ond 3o, we mee
1/ blges) the welativ

% in the exmvession for bipss

midtiplicities of the perents sppoesr only in the fracs
tion =y f&; slme plotbed nve the collected date from
Figure 8.
I% iz evident 5% & glanes that the date do not
conforn o our predicticns. The date 1le well below
gvan the pelrrise medlng curven caloulsted foy the rauge

of mal¥iniielitics used iv the emperimente. Turtheymore,
* See erratum, page 56,




the oboerved ourves nyppeay to rise somewbhal more gleope
1y then the theoretivel curves. To the sxtent that

the debte cen be sald to £1% any theoretical ourve, they
£1% the ourve caleulated for palrwise pating with
52/85 equal to 0,85, For most of the experiments,
this lmplles an eproyr of sbout o feetor ¢f 3 in the

meepurenent of the maltiplicity of the majerlity parent,

Before drevwing conolusiong fron
the fellurs of the dats te conform to our predictions,
e mugt resveluate ouy predietions. The ealeunlstions
gf the thesreticel ourves are bosed on experimental
moasurenends of three paraneters snd on oo osoumption
soncerning one of them, The equations cenplder twe
rontes of Zormation of recombluants in threeefactor
orosses: direct produetion of reooublinants in single
metings and essenbliyeline production of recoublinsnts
through muoceselve motings. Our operatlonasl definlie

tion of smelleground mating is thet with such mating

we econ distingulish between recombinents erising from

k4 e ) . "
these two routes, Among ¥ recombinante arlising from

gingle matings, the freguency of the freely segregaiting
¥ will be lower than 4% is in the gene pool becsuse

i%s fyrequency in the neting group is lower then 1is
frequaney in the gene pool. On the other hand, we

arnect gﬁ recombinonte vhich have hed two or smore nating
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Lences to caryy gf et souilibvelun fyvequenty. I

SEDET
in apslening values to the neting voraneters ve heave
ande any errors vhich underestinate the contribution
of the 4lvect route to the produetion of ' vregeny,
eur predicted kinetic enwves will approsch eguilibrlunm
too rapidly. ¥We ghall thevefore cuongider the eflsots
of sitering within ressonsble limits our estimates of
the values of the matine persumeters to szee vhether it
i poswible to reoonclile our observetions and our prée
diotiong. To eveld a cunbersome, i not an loposslble,
srposition ve ghell considey eswdh eptinete seperaitely.
If we undersatinnte Pye the probebility per nade
ing of sn exchenge between 61 and 273, we inoreese
the probebility of en p° recombinent heving mere then
gne mating ln it Lineage. The conteibution of such

Bn @rror, bovever, Lo wery smell. & twoe-fold incresse

in Py lowers the caleunlstsd curves less than one pars

e hove essuned that Py corresponds to the velue
raguired for sonelinkage of 3 vo the zII reglion and
heve gupporbed the sssunption by pointing to the idens
tiral kinetics of recombinetion in unegualeinput crosges
rooliproosl with respect %o 6l and 273. By essuming
nen=linkoge, we hove specified o value of one for 5,

the laterfevence coefficient., 1% Ls poseible Yo gonerste
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ildentienl theoretloal curves for the klunetice of ravone

binetion in thase reeliproval crosges even 18 3 i linked
B0 the pIi replon, The nevegewry condition Lo thas
pepeign & value to S sueh that § is frecly segvegatling

in metings in which exmchanpes veoour in the region hew
twpen the gll narkers. Adthough thie hes the sffect

of inovessing for eny vedus of o the aunber of onces
mated g recoubinante veletive to the nunbor of moves
thenegneowaabed gf’ reconblnonds, 1% dose net ealier oux

predictions. We have soouned nonsilinkege of the pIl
&

utze

and B veplons in eotimeting m', which meavures the mate

Sl

ing exvevignoe of the eorliliest phoage metured. The inw
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regolting fron the asmumption ¢

yx

enge Ly

e

¥

sptween these reglong exontly beleneces the effeets of
the Linkose on the relatlve welghte of the direct and

pequeniisl routes of reconblinant production. Thus,

omr predictions boged on the aseunption of linkege of
the "unlinked” neyker nre identical %o those whieh we
have slready m&%%ﬁa
He have neosureld in twoesfeator ovosses of clogely
linked parkers $he verletion of HF with tine. An ervor
in this messurement will sxpend or centract the a”
seole whiech we heve superinpopsd on the abseliess in
Maure 4. Binees thig will not produce o vertical dige

plocanent in our theowebical curves but will change
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gnly their slopes, ve conclude thet our chief problenm
does not arise from ervors 1o this estimeds.

Finally, we sonsider the sutimste of u'. Sinee
the pool of vegetative pheage dzifte raplidly touwnpd
genetic aqullibriun duriag the fivet fev younds of nate
ing, we might expect thad smell srrores in the sptinote
of n' will produce &a&gﬁ ervors in our predictions of
the early lyspte resulte. Az o ninlmun sstinmate of
', we use Hewshey's velue of 2.8 and compute polrwise
mating curves corresponding Yo thoese showm in Pigure
4, Theme curven nrye plotted, slong with the dets from
the megnal fnput orosees, in Ploure 5, Ye observe
that these eurves show a vise more or less paralilel
o the dete but that the dets a%ill £3¢ best & palipe
wise ueting ourve for §§g%§§ equal to about C.85e0,90,
Within 95 pervcent cenfidence linite, our own estinete
of m' 1s 2.,3<n'<3.,7. Ve conelude therefore thai an
error in the estimetion of w' doee not wholly account
for the lack of £1% betwesne ouy observetions and our
nredictions.

B The pree

ceding disousslion indlcabes that the vertlical discres
nancles between our data and our theoretlicsl ouvvoes
pannot arise from errers in our messurenent of any of

the neting paraneters. Ye ore compelled therefors %o
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sremine the sssumptions on vwhich the theory ig based
for eprrors whleh might exnlaln the digeyepancles.
The nodel we have set up ineclundes the Tollewing

sagumptionsg

t} Adsorpbion iz 2 rendon process leade
ing %0 & Polason digtribution of asdsorbed phage smong
the heet bavterda.

2) ALl of the phage vhich adsorb o a
bacterium enter 1o vegetative pool,.

3) Heting le random with respect to

partn

;

4} Heting i rendon in time (Polsson
diotribvated among Phogesl.

5y The vegetetive posl Lo o penmictic
nopulation.

Yo shall oonsider first the goris of changes in
hese npoumpblions vhich are triviel in the sense that
thay bring the numerical predictlonpg inte agreenment
with the dats without affecting our gualitative conclye
slon thet the T4 meting group must be small,

Yo expect adoorpilon of phege to beclteris 0 be
nonrandon becsuse the population of hoet cells Lo heteroe
goneous with reepsct to size (28). ¥ithout sssuning
pome gpecific non=Polvoon distribution, wo comnoi apecus

iebe on the abaslnte effecte of nonrandon adooyption
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on the valune of F5°/5F, tut sueh e skewed sdsorption
diotritubtion is reguired to produce the ocbhagvved dow-
viation fron the predicted curves that we doubt that
nonrendon sdeorption can socount for mueh of the de=
viabion. Por exomple, if we sspume thaet s population
of beotoris sdsorbsen aversge of 20 vheges per cell
and thot all beoteris vileld equel nmumbers of progeny
pheges, $hen 20 peroent of the vells world have to ad=-
4 of the phege in order to lover §§§j§§

Prom 0,95 %0 0,85,

&,

porh 67 pero

inly 10«20 percmmt of the infested celle in the
megual-inpet orogees are recovered after centriiuga=
tiom, It Ls therefore possible thet nenvendom sdsorpe
tion end selective killing of cells whieh have adsorbed
lapge mumbers of phage conspire o reducs the value of
%%Q Y omong the suzvivors of centrifugation. Platings

of post-lysis progeny of uncentrifuged control cells

in every experiment yleld vesults which are identlical
within experimental error %o those for the latest lyels
samnles of the centrifuged celle. If selective killing
socourred during centrifugation, we would ezpect the
velues for the control sells $o be much highey then
thoae for the centrifuged celle. I¢ seoms therefove

S B

that sueh sslestive killing doos not occouy,
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If enly pert of the phage adsgorbed to & cell could
smter inte the vegetative pool of the cell, then our
measured multiplicities would be in excess of the notual
multiplicities of infection and our estimate of Xy“ﬁﬁv
would be corrvespondingly too highe Hdger end Steinberg
{26} have shown that at lesst 30 infecting phages cen
roeplicate with equal effliciency in B, and this rules
out the poseibllity of "linited pariicipetion”™ as en
grplanation of our resulits. 1, hovwever, we imagine
$hiet the vegetative pool of pheges ig conmparimentalized

such thet the progeny of any one Ilnfecting phage can
enter into penetlic interasctions with the progeny of
only & poyt of the other infecting phages, then the
measured relative multiplicitlier would not deseribe

the intracellulery metrimonlial opportunities from the
vhage's point of view. If the populstion within each
conpartaent were panmictic, the effect of szuch subdivie
glon of the vegetstive pool would be eguivalant 4o lae
erenslng the titer of the host bacteris in direct pro-
portion to the sveprsge nunber of subdivisions per booe
berium, Clearliy the experinents reported hers are sube
Ject to too many uncertaintles to constitute o eritical
teat of thig notion, UWithin the precislion of thase

experiments, we are Justifled in concluding thet the

e o
&
&
b
| il
[+
g
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saturate st /57 about equel %o 0,85
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for mltiplicities of the mejority parent on the order
of 15«25, Hore coenclupive support for the hypothesis
woull be the demonstration of & similar ssturstion of
revonblunation frecuencies in two-fnetor wieguel-inpud
vrosges of fresly sesrezating markers,

The asgumpblon that nating ig rendom in tine re=
quires that the durstion of v mating be short as coms
pared 1o the average time between matings and that ne
long rest period be reguired subsequent o mating, If

the time vequired for mating iz 1ot negligibly short,

3

a phoage, each tine 1% nated, would lose courting Hime
available to itz lesseneted fellows., The conseguences
v4 this would be & survius of phege which had moted
only onceg, & deflelt of phege which had nost wmeted at
all, end o lovering of cur theeretical curve. Visconti
end Deivrfiek {7) have showm, hovever, that the rate
of dlisevpesrance of the minority parent in an wnequale
input cross iz in peod sgreenent vith randonein-time
nebing,

hay of the sbove-nentioned alterations in our nmodsl
widil lowver the predicted curves without sltering our
auslitative sredicetion thet smellezroup mating will
rapult in a deift in tinme towerd genetic equilibrium,.
Ye now eonpider o nontrivial hypothesie releting to pane

mizis and mating rendom with resyect to poriner.
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Treutner (30} and Heuomenn and Sreseh (9] hove
mroposed, in erder o empleln mltinlicleyedependsud

Y orospen

yariations in reconbinstion frecgueanien

i?é}?

Hnt the vegetetive pool besonmer better smixed vz the
pumber of phupe in the poul inerensges. Thus, the firet
maturs phags e be foxumed uight appeer to ge from
peirvise metings net beceuse mating is peirvise, but
rather becauss the yeconblinant phope srose from o sube
pool congioting of ke progeny of only two infecbing

An wizing luproves with time, we expect & vise

tovard equilibrlian whieh followe o curve depsndent on
the nizing wodel. This curve could conferm falrly closge
iy %0 = palirwise patling ourve.

This sort of model lo probably not mpplicabls to

gtudles of the reconbination Rinetion of 74, Her

{1} points out that the cloge approsch to genetio
Libriuwn obeerved in crosses of {reely segregetling meyke
erg Loplies thet virtually perfect miring must be anhieved

gt some tine duving the latent paricd. Heger ond Fteline

{%1) have Jdone experiments %o determine thatb

wessured the {reguancy of phoge heteyosygoten in

mremnture lysis sopples snd found o £i4Ly pereent ine

é@

pe in thet freguengy betvesn the arpesrancs of one
phage per cell and ten phages per cell. 7Trom thet time
on, the frecuency respined congtont. fince phoze heterges

greobes are unwtebls products of polywlaee intersotions,
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Bdger and Btelinberg conclude that the atteinment of an
equilibrivn frequency must refleot the atiteloment of

o meximum degree of aixming, Hevshey argues thal that
depree corresponds %o pormizis,

In our ezperiments, as in Fdgar and Steinberg's,

e titer of 10 phage per cell lg veeohed bebtwesn 25 and
20 minutes sfbor infeotion., ¥e obaerve thet all of
the experimental ouyves condinue %0 rise after this
time and conclude thait such a rise mugt resuld fron
gmallegronp natl

Beoy and Stelnberg’s obpervations eatablish thot
mizing is as perfect as it will be by sbout 27 minutes
bt leave open estinmates of the desgree of nizing before
that time, It is evident fron Plgure 4 thet meany of
our esrperinental pelints representing lysates collected
batween 23 and 2% minutes sppeay to be disproportionates
ly lovw, Incomplete mizing before 20 minutes conld age
count Loy this observation,

We heve tested sn alternsitive explenstion of the
lownesg of these early points. Hershey and Chase (32,
in twoefagbor T2 cyosses, found that of the twe percent
of the progeny heterosygous for one marker six percent
are hotevosypons for o second, independentlye-segrsgeting
marker. If phege selected for heoving experiencsd recent

zenetle interactions in one reglon have an increased
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probebility of beling hetevrozygous for o secand reglon,
1% seomed reasonnble to suppose thet esrly recombinant
progeny in prevoture lysic oxperimenits might show ine
creased heterogygosity for replons independent of the
oropeover reglon,. In these experinents, b is slwvays
in the ninorlity peyvent. Bianeve o heterosypote for i
and h* will yield phage capable of lysing K/4, 1% would
probebly be soored as an b nlague on mized indloator,
& glonificent nusber of such heterosygotes anmong early
z* vecombinsnts would cmuse on apperent surplus of I 4
roaconbinents in esyly lyesntes.

2o tent this notion, an equal-inpt cross of
et by g5 wan porformed. Lysates vwere collected
a8t various tinss, end g@f roetoubinent progeny were
scored on the selechtive indliestor /6. The frequency
of 48 heteromypotes smong these recombinent progeny
was nenpured ln sech lysate., The results of this eze

C3

perinent are ghovn in Zable 2. The counts, although

gmall, indlcate that there ig no significent excess

of heterowmygotes in eayly lysaten, We conclude that

the low values measured for earyly lysates in the wnecusle

input orosses do nodt srise from an exoeesn of b helers-
zvpoben. 1% ig therefore possible that poor nixing

pocounts Loy these low veluss.
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I¥e. DISCUSEIOHE

¥e have presented datszs which indicate that recone
binant progeny vhages from T4 orosses do not devrive
freely pepregsting asrkere et rzndom from 2ll the phages
in the vegetatiive pool, but tend to cavyry nnrkers doe
rived fron only two vegeltative phoges. HMatling, in the
gense in which we have defined Llt, ig palrvise.

This obgervetion indicstes that recombinstion in

phage ig not directly anelogous $o reconbination between

P

he chromosomes of higher organisme. In polypleld cells,
muldivelent zynapsls of chromomomes is obseyrved st malw
neis. Pridses and Anderson {33%) observed in triploid

lo thet all three X chrowmosones could particis=

Pt

nate

n the production of one recombinent chromosone.
if vegetatlve vhages boheved like chromogomes and an
infectsd booterinn were pnslogous to & highly polypleid

cell, we would expect o myneptic petiern which would

B

end %o large gyroup mating. Our experiments do not
fuifill $his esxpectation.

Hor is the obeervatlion of palrwise nating consliee
tent with the notion that recombination in phage le
madiated by a large pool of fregments or partiasl replis
cas wnleh are yeassembled at randoen Inte complebte gene
omess Lxtemglve fregnentetion of vegelotive pheges

would necessarily lead to larse group mating,
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The oboervetion of palirvise mating in phoge lne
piiles that recombinstion events are subject to resirice
tiong which ave not inherent propertlies elther of copye
choles or breskege~reunion models of recomblnation,

For a conre-cholce model, palrwise synapsis would pro-

vide the necessaery restrietisn. Yo nan 1inmit a break

2

age=prounion nodsel o 2 peirvise mellog syratew in three
e Umting iz synsptlc snd lnvolves slther
the reciprocel sxchenpge of genetle meterlial O egoperas
tive conetruction of one pgenome which contelineg overlens
and geveral fraguente whlch are {lsearded.
2y Vegetotive genoues nover bvrsak inte more
thean two Iregments. Thus, esch smellng (reasseubly)

2 T T 3 y i o Bste 05 5, P
can lovelve ot sont o phagoet.

re

Te Vegelntive genones bresk into mors then

but the fragoent pocl ls 80 spell that

e lng fraguente of more than v gengmes.

The £iret of these uodels i entlirely consistent
with our ehgervellones., It lg digtinguishablie fyonm palle-
wige copyecholoe resomblnetion only by chemiesl studies.

X

The gecond modsl i not socepdteble 1f the genous

iz linear. 1% reguives thet doubly recombinant phage

srise through suscsssive gyeles of frsgmentatlon and

reancenbly . The volaoidence coefficient ln & three
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faotor vross ig 2ero. The model 1z lncomsistent with
the observation of negative loterference in phage orossw
on becsuse 1% vequires thet exchenpges be completely
independent events, Purtherumors, instend of prediede
ing identieel kinetices for reciprocal orosses in the
mwequaleinpnt expesrinments we hove desoribed, this model
predicts that the frection zletted in Plgure 4 will
rige towerd equilibyium 17 two exchanges are required
%o produce the g%%f reconbinant end fall towerd equilibe
rivm 1 only one exchange ls roguired.

The third nodel diffors fyrom the ILirst only in

that 1% lacks the requirenent for synepsis. It assunes

that the kinetlion of frognentation and respsembly sre
50 balonced that the pool can never contaln frogmente
of more than two genomes ot one tilme. To avold the
objectlions we heve just ralsed to the mecond nmodel,
we muet asoume that Iregmentation of & genome arises
from slomltencous rendon bresks at twe or more places
in the genome., ¥YWe thus gelin negatlive interference ot

the ezxpease of socepiing an unpealatable sesunption.

% i dliTicult B0 lmagine s mechanion for preducing
simultanesus random breake in o genone.

Before the recemt digeovery that the T4 linksge
nap nay be oiveunlay (34}, we would have concluded thai

our results strongly favored e synaptie poiring model
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ol roconbinetion.

anens ney poseliblilities L7 4t

s

giroulerity of the vhage genone,

o frogment a olrele,

4 elyeulor linkege nap, hovever,
refleots o structural
Two breckps are reguired

Thug, o ecuxchanges will be ine

volved in the resesenbly of o circle from the fragmonts

af two olreles.

renove our objections to the socond

Stenl (35) pointe out thet this might

model deseribed

above becmuse 16 builde negetive interferense into the

fropuentation nodel.

The reaunirement for tvwo brooks

per fragmentetlion esteblishes a structursl bagls for

corvelntod roombinstion evoente,

%

& oyelic Ireenentabtionsran

wn&' .w

wile palzvlice np

mnd resspend
minge genomes nevey bwoke into more

saoie of this

sl

the aasunption, he
ping ¥
mesgured in tvo-lfnctor 74
additive zenetic nap,
results with s mapplng fun

> zyneptic civevler mating.

gynaptic and agynaptic polirvize setin

&

Lents.

o
5
2
<
o
»
&
2
@

e

nroperty of the T

S

He obtaineg esgentic

otion dexived on the

2d thet peirvisoness

rogombination nochenion,

Gtehl propoges that
geaably process would sisulate
ting LT the waten of frogmentetion

iy wore go belanced that the vegetetive

$han tvoe frocmentn.

-

hag derived a pane

&

unetion which redusse the reconbinetion freguencies

crogpes to & satisfactorily

iy identliecal

apEunDe

This might mean thot

indiebine
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hovever, thet the deternineticon of this mating parae
metor restriets very 1ittle the sorts of models vhioh
might desoribe the vecombinstion mechanism in phages
Heseloon and Veigle {(6) have presonted evidense that

the lenbia genome ig linesy. If studies like thowne
deperibed here showed that meting wae polirvvise in lanbde
as well se in T4, we wizht rule ocut Jtehl’s model for
agyasptic mating. A% present, vwe cen conelude only

that the 1dentiflicstion of the source of galyrwise mate

ing in T4 will require further study.



TABLE 3

Results of souale gnd unsgusleinput orosses of
61 = 75 to determine the time dependence of n". For
the soualeinput eross, the input maliiplicitlies were
16 prd 12.0,  Por the unequalelnput oross, they wers
2:.% end 28,6, The frosuency of g% Lo salounlated as

the number of wiacues on P 4lvided by the number on /6,

. ‘ +
Pregunency ¢

b2 iy o g‘w"? . o . "
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o &
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A e o
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53 2.0 8.09 x 107 57
, o -
4o P 1.0 = 10 25
S
a5 s 71 % 107 145
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5% P 1.2 % 107° 175
g

- . 8T e 80
T Haia ™ 150 = 10



The froquency of g48 heterozygotes emong gn Tew
conblnent progeny in presabture lysates frow an eguale

input eross of poSpt8 x gpbS. Omly olearly uottled

plagues are scored o heleronysoton,
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Frouae 1§

Linkage nap of the zerkers usod in the experiments
degoribed ivn the tert. The map is depived fronm deate
pogsented in this thesis snd Ifren deta of Doermenn and

H1AL {11} and Epeteln gi gle (10).
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Tha remlits of the slght weguel-input orosses
totuisted bdelew. The sbsolses g the tine after the

initliation of grovwih at vhich vrematurs lysates

23

were

aulleatad, The oadisnte ip the fyanitlon of $he noe

. § ) . %
Jerity reconbinent %,f omeng the total 3 reaonblnent
wpoganys She arrovs indicoted eround ssch polint core

rogpond b the stondard deviation of the determinestion.
end ¢ gaeh reyresent date Tyon o poaly of asrosse

in which the same preperation of host cells wasg useds

oF
L

b w4 s L o EE &
Syme Majority lnorlily -

ol  Perent  Porent ¥ £ TS tocovery
| bl §7 261048 7.2 Galh +53 9
O 61 pIHiB 254 0,078 .96
a i 283040 10,0 .08 <38 14
O 6 eIl e 1348 OB 52 18
4 ) 6iph8 22,06 Bett 10
V ;;f*i:@ ? e‘é:}‘a@ .11 a‘.ﬁ"ﬁé L
& =0 z61phd 16,3 G2 93 ok,
A ¥ E61pAS 2546 263 05 21

of the %&;a@i 7 parents

; %* Tho mg?ﬁ%“ paronts

volne of % ﬁf&g correoted for £inite lnput

(eay, sthore ¥ Le % e ralatlive nuldliplicity of the
nejority pavent and x is the relative o algingﬁ%*w
of the ninorlsy %&?@ﬁ% {equations 1o ond Joj.

The wevpoveyry of infected cells aftor centx zfag ihlon o
remove oyanide o indicated 1n the lned column.




FIGURE 2
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PIGURE 3

The pecenbination date from Teble 1 are plotied
for comparison. The abscisgs is tine of lysisy the
ordinete is the yecopbinstion frequensy in sseh lysate
grpressed ag o frection of the recombination {requency

at BS nimaten.
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Flote of the eslonlsted wnlues of the frection

% . 4 " . " o - 4 %

ef the majorlty recombinent gﬁ@, smong the Sotal 2
L

reconbinent pregeny {eoustlon lofetustios 3a) in preoe

monture lysotes Loy polrwise and Se-wlpe mebing nodels,

83
ot
ot
ko
&

polid suwrves ave values caleunlated for palrvise
metings the dashed curves for d=wipe mating. Prom top
o botton, the ocupves reprssent predicticoe for unegus
inout erosses in which %ﬁ“ TT Am 0,05, 0.90, and 0.0%5.

The neting parsmeters used in the caloulstion ave do-

Fipure 2 gre yveplodted for

gonparioon vith the predictions,
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The eurves, Lrow top %o bothon, ere pairvise natw
ing prefictlons fov §§gf§? paual o 0,95, 0.%0, mnd
0465 and m' egual %o %.2. This valus of m' is Hershey's
{133 %the othery mating persueters ave calounlsted from
this velue of n' and She dobte nresented in the text.

The Gate frem Ploure 2 are alse plotied.
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Erratum:For §§2/§§ read xy?/i?. This error in notation

has been made throughout the text.



