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ABSTRACT OF PART ONE

Calculations are presented giving the distribution
of clone-sizes of mutants arising in an "equilibrium pool"
of vegetative phage. It is assumed that replication and
maturation are random-in-time processes. The‘equilibrium
pool model is an idealization of current notions about a
major portion of the phage life cycle., The calculations
are compatible with experimental measurements of the mutant
clone-size distribution. It is also shown that the model
can account for the observed variance in total burst size,

A generalized theory of the kinetics of genetic re-
combination in phage is presented. Essential assumptions
of the theory are that recombination occurs as a result
of discrete interactions or matings, and that the par-
ticles which participate in a mating are randomly chosen
from the entire population of the vegetative pool. No
restrictions are placed upon the number of particles
that participate in the mating or upon the mechanism by
Whiéh recombination occurs as a result of the mating.
Experimental observations leading to thé theory are
discussed as well as the prospects for experimental de-
terminations of the participation number ahd the mechanism

of recombination.



ABSTRACT OF PART TWO

Results are reported concerning the segregation
pattern of loosely linked outgide markers within a
selected class of particles which are recombinant for
closely linked internal markers: .

() The outside markers maintain qualitatively
normal linkage relations with the internal markers and
with each other., This is true whether one or two exchanges
are required to produce the selected recombinant class.

(b) The region of HNI extends into the intervals
adjacent to those in which the exchanges are selected but
does not extend into a non-adjacent interval,

(e) Multiple exchanges within the selected class
occur with 1little, if any, additional interference,.

(6) A significant fraction of the selected re-
combinant class is heterozygous for at least the adjacent
outside markers,.

In summary, aside from the "complications" of negative
interference and heterozygosis; the segregation pattern of
outside markers is "normal."

In view of current notions concerning the mechanism
of recombination in phage, the "complications" are to be
expected, while the "normal" result leads to a paradox.
According to observations of other workers, recombinants
for very closely linked markers arise as segregation prod-
ucts of phage heterozygotes, and furthermore, such hetero-
zygotes are recombinant for outside markers. On the other
hand, result (a)'above means that recombinants for closely
linked markers are not necessarily recombinant for outside
markers. Some possible resolutions of this paradox are
discussed.
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PART ONE:

SOME THEORETICAL PROBLEMS ARISING
THE GENETICS OF BACTERIOPHACE

T
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PART ONE

I. THE CIONE SIZE DISTRIBUTION OF MUTANTS ARTSING
FROM A STEADY-STATE POOL OF VEGETATIVE PHAGE,
1. Introduction.
In 1951, Iuria (1) studied the freguency distribution
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an idealized version of the growth habi

which the theoretical mutant distribution has been greatly

elaborated by many authors since the problem was introduced
by Iuria and Delbrlick in 1943 (2). (For later references

see (3).)

The currently accepted notion of phage growth differs
hY @ -
somewhat from the above (4). A mature phage is an inert par-

ticle, which, in particular, shows no measurable rate of

mutation or genetic recombination. After adsorption to a

sensitive host cell, the genetic determinants of the phage

with the ablility to replicate and undergo genetic recombina-
- N PR oy oy : ~ S o~ - - - - K
tion. vfTer some delay, the number of vegetative phages in-
creases a time. Then vegetative phage

he removed from the "pool’ and matured. Such

S

mature phage are inert, like Thelr parents, and do not par-
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phage pool. The rate of maturation halances the rate of

phage which 18 of constant size,



tial replication, but with markedly uneqgual
lines of desgcent. It might be intuitively
that formally this is not too different from the bacterial

scheme., Furthermore, the good agreement of the experimental

2

results with the very simple theory did not prompt the con-

gideration of more complicated alternatives, So the matter
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nitely confirmed the tentative conclusion of Stahl (5) that

istribution of rare phage recombinants in single cell

alate]
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tribution of mutants.

According to ideas current at that time, there was no reason

Jred

why rare recombinational events should give rise to a dif-
Terent clone sige distribution than rare mutational events.
Therefore, Stahl and Streisinger wondered whether their
results might not be what is to be expected from steady~-
state pool kinetics (which would, of course, then call for
a special explanation of Iuria's results). This was the

motivation for the present study. We have written the solu-
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tion for the case of a vegetative poo
constant size where maturation and multiplication are con-
current random-in-time processes. Levinthal (

sidered a similar case, He supposes, for convenlence,

) B IR . s BRI 4 . A 3 T I T e I I »
that the pool undergoes alternating doublings by multipli-
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ation and halvings by maturation. Our analysis is prob-
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ably more realistic (7), certainly more elegant, and, in
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any event, emphasizes the effect of unequal lineages To

the greatest rree possible.
2. Mathematical Ixposgition.
Tet us first describe the concepts introduced 1In the

preceding section in & somewhat more explici

I—D

fashion,.

or Oc,_f' tic

there are four distinguishable types of particles The
state of the syvstem as a whole is specifiied by the number

1

of particleg of each type. A vegetative par

given genotype may undergo three types of transitions--

replication,” "maturation,” and "mutation.” Replication

is a transition from one vegetaltive particle of

fal i

of the given genotype. Matura-
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genotype to Two particles
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state without change of genotype. Mutation is a Ttransi-

W vegetative, wild-type particles at time zero, what is The

probability, P (T), that there are exactly n mature, mutant

An explicit solution of this problem
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requireg further gpecifications conecerning the transition

t

propabilities.

4.

We postulate that replication and maturation are in-

-

dependent Poisson processes {(8) with identical rate con-

‘«_-/

lim pl(t L/ =k
t—3 O

ot

where k 1s a consgtant independent of the time of the last

3

replication, Since the parameter, k, is the same for

(&3]

-

maturation and replication, it is evident that the average
number of vegetative particles is a constant, N. Tor con-
venience, we will choose a time scale such that k=1,

Concerning the mutational transition, the only bio-~

logically interesting cases are those in which the prob-
ability is extremely small. Accordingly, we will restrict
o] elves to the limiting distributbtion. Specifically, we

assume that one and only one mutational transition occurs
in the time interval (0,T). Furthermore, since the average

number of vegetative particles is constant, it follows that

Let P_{x) = the probability that a mutant, vegetative
particle present at time zero will give rise to n mature

mutant particles at time x.
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g . {x} = the probability that a mutant, vegetative
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particle present at time zero will give rise to n vegeta-

&

tive mutant particles at time x,

First we consider a time interval (0,h) and assume,
for the moment, Tthat the mutation has occcurred at time
zero, Whnen h ls small, we need consider only the follow-

ing three cases: the mutant particle matures {(probability

Qq}; the mutant particle replicates once (probability qE};
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ther replica
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tes nor matures {(prob-

|-to

the mutant particle ne
ability a.). It follows from eguation 1 that the prob-
abilities for more complex events {involving more than one
) will be second order or higher in h and would
anish in The 1imit we will presently take, It also fol-
lows directly from equation 1 (and recalling the conven-
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tion that k=1) that the relevant probabil
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ability that given v vegetative mutant particles a

:

there will be n mature particles at time t+h. The condi-~

tional probabilities can be expressed in terms of the

time zero must have matured. Since mabture particles undergo
no transitions, there will be one and only one mature mutant
particle at any later time. Hence the coefficient o

will be zero in all Pﬁ{t+L) except Pil
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mitant vegetative particle
(h,t+h) {there can be no mature mutant particles present),
the conditional probability that n mature mutant particles

will be present at the end of this interval is by defini-

s - %
tion P_(%t).
7
(¢} Coefficient of g,{h). If there are two
o
mutant vegetative particles at the begimning of the int
val (h,t+h), then at the end of this time interval one
particle will have given rise to, for instance, 1 mature
mutant particles and The other will have given rise to J

mature mutant particles. The conditional probabnllity of

(£) P.{t). The conditional

this event is the product Py 4
- W

probability that there will be exactly n malture mutant

PR ) L

the interval {(h,t+h) is the sum

o
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In principle, the problem is now solved., The dif-
ferential equations 4 could be solved successively for
the Pﬁ‘s. The labor involved, however, leads us To seek
an easier method. Therelore, we define the generating
function of the P as
oo
{ T o) 2 . e e n =
Fis,t) = Py *+ Py& # Pos” 4 eee = P8 (5)
Ne=0
sguaring F and collecting the coefficients of each power of
s, we have That
[+ =]
- S, 7 e
o & % = o % i
F(s,t) = [P Ply+lP Pl s+[P P}ES e = rp P}psl (6)
n=
. . . n . . :
If we mulbiply the ntth eguation 4 by s and then sum over
all the equations we obtain
e o oo
fn ! R n o
Psg =35 -2 P g - Ppl g (7)
n n n
11=0 n=0 n=0
which ig equivalent to
¥ - I
F =g - 2F 4+ B° (8)
where
'ir_‘{“ig - j*‘(»)ﬁﬁxf
e
U
The solution of thig differential eguation with the Initial
condition that PO = 1 at t = 0 ig
1/2 1/2
i 1 d 1 \ 7, [ oy
Fe=1-(1-8) tanh(1 - 8) t (9)
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Thus FPar we have assumed that the mutational transi-

tion occurred at time t=0. To find the clone slze prcb-

abilities for the case that the probablility

34

f motation is

o)

uniformly distributed over the interval from t=0 to T=T,
we average over this time interval, giving equal weight
to all times. That is, the desired provabilities are

T

el
i
fi--
s
o,
bk
o
O
ot
P
},J
O

and the corresponding generating function 1s

3 1 o \ 1 ’ I \
G(s,T) = & Fls,t) dt = 1 - & 105ecosh§1w$} T (11)
O
since
0 =T 4T T 4 5 N (12
G =P, + Pos o+ ?Qs Foesc + P8 4 e {12

Eguation 11 i1s the generating function, in closed

form, for the desired probabilities T . Ve can recover a
- el
. = . - . . N
particular P_ by extracting the coefficient of & by the

usual procedure for a power series expansion. That 1s, we

evaluate the ntth derivative of G with respect to s at s=0

QJ

and divide by nt:

Thege derivatives, which are easily taken for small values

=
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that there are exactly B mature 1 rticles at time T7? That

O

is, we seek the distribution of mature particles
respect to genotype. We have already solved this problenm
for the special case of N=1. 1In this case R, (T)=P (%),

B ) B

with B=n, and the generating function, F, is given by

egquation 9. In the argument leading to equation 3, 1t was

shown that for the case N=2, R_ =[P ?}ﬁ; with P=n. It was
n y e - ] >
then shown that [P P;m is generated by the function, F .
t ig easy to generalize this result by inductio We
define the generabting function of the R, as
0

Trf s T i) ™ 92 PR

Hig,T) = ﬁo%—hlS b fo® o+ .
Then

to those used prev @Siyw For our purposes, however, 1T

e dig-

@]
iy
ot

to calculate the mean and variance

tribution. These moments can be calculated directly from

the generating function without explicit evaluation of the

!

by differentiat-

ing H with respect to & and evaluating the derivatives at
s=1, In particular we have the mean
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Evaluating the derivatives, we arrvive at the following
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o b . T e - . e s PR I ,
using eguation 23. Ve shall use the variance relaltion (egua-
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tion 24) in the discussion which follows.

(U]
o
5y
=
0
&
ot
<t
[
o
;
)
Nedd
.
da
[¢]
G
wn
e}
fw?o
@]
Yt

predicts that a certain proportion of all mu-

s o 2 o - £ P T | F o, B N - . 3 fa n - o UV S
tational events will fail to give rise to mature mutant

o~ -5 “ ¢ iy 1 s e b vy ES s g - Z ‘;:, oy Fo ]
particles. Such eventg are, of course, not experimentally
Inaerer syl ) ST o Iy

coservaoie. ACCOXALINELY,

must be renormalized by dividing by 1 - P for comparison

fomet
PaaS
o
O

o

Nt

-

(&)

—




- 1h -

3 L.

with experimental data. Conversely, tne experimental data

would need to be corrected if it were desired to calculate

cr

absolute mutation rabtes. In any event, the correction is

7

small {about 10% for T=2Tr)}. Koch and Hershey (10) report
that the pool size, N, is "about” 34 in broth media. Burst
sizes, B, are typically about 200 under similar conditions.
Neither of these parameters is known precisely and the
burst size, at least, varies considerably with different
bacterial strains and with different growth conditions.
We have assumed the reasonable and convenient value of T=2 T
for the ratio of burst size to pool sgize. In Table 1, we
give the values of ?ﬁ/{l - ?;} (for n=1 - 20) calculated
on the assumption that T=27T,

In Figure 1 we compare the calculations of Table 1
with the experimental data and theoretical curve of ITuria
(1), The agreement is quite reasonable, particularly when

-

lered that T was not used as

ja)}
)
H
W
0]
(@}
W
=
65}
@
o
D
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it is consi
to obtain a "best fit" but rather was chosen, if some-
what arbitrarily, on other grounds, I
that the calculated valueg fall below
clones, for we have neglected the contribution due to

&y e

mutations which occur during the eclipse period. This too

y

he calculated, but only at the expense of adding

iy

another parameter. Our main purpose is not o attempt to
it the experimental data precisely; it is rather To show

-

that the steady-state pool concept offers no difficulty
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in understanding the mutant frequency results.
In Figure 1 we also present the data of Stahl and
Streisinger giving the clone size distribution for recombin-

ants between closely linked markers. We wish to thank these

)

workers for their kind permission to use their unpublished
data., These data fall below the calculated distribution,
even when T ig assumed to be TT, which may be considered
to be a lower limit. There is now good evidence (11) that

the reason for the disagreement is that recombinant forma-
tion is not a simple instantaneous event. It seems likely

o3

that the formation of a recombinant for closely linked

markers involves first the formation of a non-recombinant
heterozygote, which is then followed by the formation of a
recombinant heterozygote, which in turn may segregate pure

recombinants after some delay. The net result is that pure
recombinants tend to be EmeeG late in the latent period,

o Y -

and accordingly have l1little ciaﬁce to multiply. The prob-

lem of the formation of recombinants among closely linked
markers will be considered in more detail in Part Two of
e

An o0ld and repeatedly confirmed observation is that

to many causes. For instance, under most conditions of

growth, the host bacterial cells are of widely varying

m
O

sizes. Perhaps, other propertie the cells vary

&
b



however,

similarly It should be pointed out that the
model for phage replication that we have used here leads
to a quite large variance in burst size, even il other

gsources of wvariability were absent. We are indebted to
Dr. R. H. Epstein for providing the raw data from his
"zero-dose" single burst experiment reported in (13).

In- the experiments of Epstein,

@

used which eliminate at least par
variability.

a

Y

et

we obbain valiue o

L.

bursts, 5

T

the variance, This

to mean of 19. From equation 24

speclal conditions

When these data sre corrected

were

rt of the usual cellular
for multiple
for the mean and a value
gives & ratio of variance
(and again assuming a

value for T=2qp), we calculate a ratio of about 21. Thus
we conclude that a steady-state model in which phage growth
and maturation are essentially random processes 1s suf-
ficient to account for the observed variance in burst size.



TARLE 1

£3

The distribution of clone sizes of mutants originating
in a steady-state pool of vegetative phage. The values for

-

s,T) (eq. 11,13). The values for n = 4 - 20 were

n =0 - 2 were calculated from the appropriate derivatives

caleulated from the series approximation (eq. 16). The
value for n = 3 was calculated by both methods; these calcu-
"

lated values differed by less than 0.1%. The parameter T
/ &

is assumed to be 277,

Clone size Freguency Clone size Frequency
n ?ﬁ/ (1 - ?b} n ?ﬁ/ (1 - ?L}
1 0.562 11 0.00847
2 0.140 12 0.00727
3 0.0702 ! 0.00630
i 0.0438 14 0.00549
5 0.0306 15 0.00482
6 0.0229 16 0.00425
7 0.0179 17 0.00376
8 0,014k 18 0.00334
9 0.0119 19 0.00298
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4.

gize distributions. The abscissa is the clone size, n;

)

the ordinate is the fregquency with which clones of size

St

1 or greater are found. Eoth scales are logarithmic.
Filled circles are the unpublished data of Stahl and
Streisinger (see text) on recombinants for very closely
linked markers. Open circles are the data of Iuria (1)
on spontaneous mutants. The broken line is the theoret-
f Twria. The fThree unbroken curves

ical distribution o

are calculated from the steady-state pool model presented

4]

here; each curve is labeled with the value of the parameter
T {(ratio of burst size to pool size) which was used for

caleulation,
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The THrorY oF ForMaL PragE GENETICS

Charley Steinberg and Frank Stahl®

Division of Biology, California Instituie of Technology, Pasadena, California

This appendix will consist of three sections. In
the first section, we shall look at the older, pair-
wise (Visconti-Delbriick) mating theory in a
somewhat new way, which deals directly with
probabilities without the intervention of recursion
formulae or differential equations. Because of this
we feel that the physical picture of phage recom-
bination is more clearly embodied in the formal-
ism, and that the theory is more easily generaliza-
ble. In the second section we present the formalism
for a new theory of recombination—group mating
theory—the idea for which was first brought to
our attention by Dr. A. D. Hershey. In the third
section we shall present a more general theory
which encompasses the first two as speeial cases.

Pair Maring Tasory

This theory was originally proposed hy Visconti
and Delbrick (1953). As we shall see, however,
their presentation wag ununecesgarily restrictive,
and the same formal theory can describe models
proposed by several other authors.

We picture a sequence of successive matings be-
tween pairs of hypothetical entities which we call
vegetative phage. But first, let uslook at a single
mating.

We suppose that each mating occeurs in a “black
box’’; 1.e., we do not try to draw a detailed picture
of the recombination mechanism within a single
mating. Tt is precisely here that we gain generality
since our results will be valid whatever the de-
tailed mechanism of the elementary recombina-
tion process may be.

The phage which enter into a mating may differ
with respect to allelic state at one or more loci.
However, we shall make the conventional assump-
tion that the events which go on in the “box” be-
tween two phages are not influenced by the
markers. In particular we mean that it does make
gense to talk about recombination between loei,
even when the mating phages are isogenic. For
this reason, we forget the alleles for the moment,
and prior to the initiation of every mating act we
mark cach of the three loci (1, 2, and 3) of one
parent with red paint; we use yellow paint to
mark each of the three loci of the other parent.
N phages emerge from each mating; each of the
N phages has a mark either red or yellow at each
locus depending on whether the gene at that locus
was derived from the red or yellow parent respec-
tively.

2 Present address: Department of Zoology, University
of Missouri, Columbia, Missourt.

With three loci each of the N phages is identical
in color to one of the parents, or with some prob-
ability differs from one parent at only one locus,
i.e., looks as if it has been “color-converted” at
just one locus.

Locus 1 2 3 1 2 3
Parcnts R R R y Y Y
Types of phage £ R ? Y Y Y
which may Y R 7 R Y Y
emerge from a & Y R Yy R Y
mating. kR R Y Yy Y R

We gay that a phage emerging from a mating is
descended from the parent it more nearly resembles
with respeet to color. We are thus able for any
phage to trace back lu time along a non-branching
line of descent originated by a unique infecting
particle. We call this line of descent a linzage.

We now seek to write that probability that a
phage has a specified genotype in terms of the
color-conversion history of its lhincage. Tor any
phage pulled randomly from the population we
examine the color-conversion history of its lineage
and assign that phage to one of the cight cate-
gories tabulated below. Tor each category we in-
dicate whether a lineage in that category has had
no color-conversion at the locus by a “07, or
whether it has had one or more at that locus by a
“1” We denote the probability of a given cate-
gory by 7 with appropriate subseripts.

Color-conversion

Category at ]U:ui o Pr(i-]iﬂgiz?: of

- ; ; ategory
I 0 0 0 Pooo

1L 1 0 0 Pigo
ITI 0 i 0 Py
v 0 0 1 Pon

Vv 0 1 1 Pon

VI 1 0 1 P
VIIL 1 i 0 Pre

VIII 1 { 1 P

We let the frequencies at time zero of any given
genotype ijk be designated by a. . We designate
by by the frequency of the given genotype in the
population at some later time. If we wish to
specify the frequency of a partial genotype we
write a “dot” at those loeil whose allelotype is im-
material; e.q., ag. is the frequency at time zero
of phage with the specified alleles 7 and j at the
first two loci, but which are unspecified as to
allelotype at the third locus.



We now consider the contribution to by of each
rategory in the above table. This contribution will
be the product of the following probabilities:

(1) The probability that for each locus color-
converted one or more times in the lineage, the
last conversion was in a mating with a phage carry-
ing the specified allele at the converted locus. For
each locus, this probability is just the frequency
in the pool of the specified allele.

(2) The probability that the lincage was ini-
tianted by an input phage carrying the specified
alleles at each of the unconverted loei. Thig prob-
ability is just the frequency at time zero of the
appropriate phage.

(3) The product of these probabilities is then
weighted by the probability of the category.

Category Contribution to bz
1 @i 000
11 (l,j.-d._ﬂ-Pwo
11T (l-J'-CLg-A~I)010
1Y% (L‘-/;Cl,j»,u[)()mr
V a0 0 Lo
VI (I,[n(l/../‘-(L.j.})N)l
VII a0 a0
VIII Gt Pin

The desired probability b is the sum of these
eight terms. This is the most general expression
for a three locus problem. We have put no restric-
tion on the distribution of the number of matings
among lineages, or on the mechanism of recom-
bination (conversion, crossing over, copy choice
all with or without interference, positive or nega-
tive). We have put no restriction on the number
of alleles at cach locus.

We now specify the P’s in terms of the “mech-
anism of recombination,” the color-conversion
probabilities, and the number of matings per
lineage.

A fraction F of the N phages emerging {rom a
mating have a probability greater than zero of
being onc of the converted types. Various com-
binations of F and N correspond to hypothetical
mechanisms of recombination. For instance:

! Break-reunion Copy-choice

2make1 | 2make?2 2 make 3 2 make 4

Visconti and | Levinthal  Hershey, this

Reference

i
|
I
\ Levinthal
|

1953 Tetbrick 1933 1933 i Symposium
o 1
N | 1 2 3 4
F ‘ 1 1 ig 14

To each of the FN phage (which can be con-
vertant) emerging from & mating we assign a
probability that it has been converted in that
mating at a given locus.

Locus converted Probability

None Co
1 X C1
2 C
3 Cy

Tt follows from the definition of /' and the ¢,’s
that the average probability that a given phage
issuing from a mating has been converted at the
nth locus in that mating 18 Fe, .

We may now specify the P’s in terms of m
(matings per lineage), F, and the ¢,’s according to
the distribution of mafing acts among lineages.
For instance, for a Poisson distribution (random-
in-time mating; Visconti and Delbriick, 1953) we
have P values which are the products of zeroth

and 1 — zeroth terms of the Poisson expression;
e.q.,

Py = (1 — emre ) (1 — ¢mEer) gmEes

P001 = e—chl G-mpcz (1 — (?,,mF%)

ele.

Nole that F occurs only in the product mF, and that
therefore (for random-in-time mating) there is no
way of distinguishing (by three faclor crosses) be-
tween the possibilities of 2 make 2, 2 make 3, elc.
The above expressions for the P’s may be cor-
rected for spread in maturation according to equa-
tion 11 of Visconti and Delbriick (1953).

The ¢,’s may be specified in terms of recombina-
tion probabilities for a linear structure as follows:

C1 = pm(l - sz:s)
C2 = SpraPas

¢y = pu(l — Spr)
where ,
pr is the probability of recombination between
the loci 1 and 2
pas is the probability of recombination between
the loci 2 and 3
S i the coefficient of coincidence.
Grovr Maring THEORY
The kinetics for group mating can be written
similarly to that for pairwise matings. We picture
a group mating in the following way. A large
number of phages constituting a random sample
of the population enter each act. As before, we
color the three loci on each of the parents distine-
tively. N phages emerge from the act. Ifach of the
N phages has a color mark at each locus corre-
sponding to the color of the parent from which
the gene at that locus was derived.

Locus 123 123 123

Parents RER YYV GGG el

Types of phage R R R Y Y'Y GGG el
which may - R R - YY GG el
emerge from a - 2 - - Y - G elc.
group Iinterac- R R - YY - G a ele.

tion.



We say that a phage emerging from a group
mating is descended from the parent which it re-
sembles with respect to color at locus 2. A lincage
is a line of descent. Each group mating can have
four outcomes for a given lincage: (1) no conver-
sion in that act; (2) conversion at locus 1 only;
(3) conversion at loci 1 and 3; (4) conversion at
locus 3 only. We now seek to write the probability
that a phage has a specified genotype in terms of
the color-conversion history of its lineage.

For any phage pulled randomly from the popu-
lation, its lineage must correspond to one of the
elght categories tabulated below. For each cate-
gory we indicate whether a lineage in that cate-
gory has had no color conversions at the indi-
:ated locus (loci) by a “0”, or whether it has had
one or more at that locus (loei) by a “1”7. We de-
note the probability of a given category by P
with appropriate subseripts.

Conversion at

locus (loci) Probability

Category of category
1 only 1&3 3 only

1 0 0 0 Poao
11 1 0 0 P
IIT 0 1 0 Poio
I\’T 0 0 l Pom
vV 0 1 1 P
VI 1 0 1 Py
VII 1 1 0 110
VIIT 1 1 1 111

We now consider the contribution of each cate-
gory in the table to the desired frequency by .
For the general case, this contribution will be the
product of the following probabilities:

(1) The probability that for each locus color-
converted one or more times in the lineage, the
Iast conversion was a result of an interaction with
a phage carrying the specified allele at the con-
verted locus. For each locus, this probability is
just the frequency in the pool of the specified
allele.

(2) The probability that the lineage was ini-
tiated by an input phage carrying the specified
alleles at each of the unconverted loci (remember-
ing that locus 2 cannot convert, by definition of
descent).

(3) The product of these probabilities is then
weighted by the probability of the category.

Category Contribution to bz
I ar/,'jA-Poou
11 aq‘,..a.j/;P]OO
11T a[..a..;‘.q.lf-Pnlo
IV a../;,a]']'-[)u()l
V ai..(l‘.k(l.j.Pon
VI a;. .a..ka.,,-.Pml
XYII aj.Aa..A.a._7'41?11[)
VIII a[..ar../;a.j.l"m

The desired probability b;; is the sum of these
eight terms.

We now specify the P’s in terms of the “mech-
anism of recombination,” the color-conversion
probabilities, and the number of group matings
per lineage.

A fraction F of the N phage emerging from a
group mating have a probability greater than
zero of being one of the converted types. We dis-
tinguish between “break-reunion” and ‘“‘copy-
choice” for which /' = 1 and F < 1, respectively.

To each of the FN phage (which can be con-
vertant) emerging from a group mating, we assign
a probability that it has been converted in the
mating at & given locus (loci).

Locus (loci) converted Probability
none Cy
1 G
1and 3 Co
3 C3

Specification of the P’s in terms of m, F, and
the ¢,’s, and the specification of the ¢,’s in terms
of a linear linkage structure are formally identical
to those of the pair mating theory. A consid-
eration of the applications of these expressions
to the case of freely recombining markers will
serve to illustrate the difference in the meaning
of the parameters in the two theories.

For both pair mating and group mating m, F,
and ¢, occur always as a produet. The disentangle-
ment of mF from ¢ is possible whenever a priors
knowledge about the ¢’s is available. If wo find
three loci which behave symmetrically with re-
spect to each other, we may presume that they
are freely recombining. For the pair mating case,
this implies that ¢ = ¢ = ¢ = ¢; = 4. For
group mating this implies ¢co = 1, all other ¢,’s =
ZeT0.

Note that ps and pes are defined differently for
pair mating and group mating. I'or pair mating,
p varies from 0 to 0.5; for group mating p ranges
from 0 to 1.

GRENERALIZED THEORY

Here we wish to write a more general theory
which includes pair and group mating theories as
special cases. We assume as before that a group
of vegetative phages participate in a mating, but
relax the requirements that all participate equally
and that the group must be large enough to in-
clude a statistically representative sample of the
entire population.

The presentation will be schematic, using the
concepts and notation of the preceding treatments.

Segregation Types

Example Definition I;Jrl(ﬂ?;'
RRE | all three markers from one parent | Feo
1 YRR | markers 2 & 3 from one parent, | Ie;
' marker 1 from another
2 RYR | markers 1 & 3 from one parent, | Fes
marker 2 from another
3 RRY | markers 1 & 2 from one parent, | Fes
marker 3 from another
4 YRB | each marker {from a different par- | Fey
ent ‘




Definition of Descent

If the offspring derived two or three markers
from one parent, it is descended from that parent;
if the three markers are all derived from different
parents, the offspring is descended from the parent
which donated the middle marker. (In the example
above, all are descended from the RRR parent.)

Classification of Lineages

We clagsify lineages according to whether there
are none or more than none segregations of each
of the types 1, 2, 3, and 4. There are thus 16
categories of lineages; the probability of each
ategory is denoted by P with 4 subscripts in a
manner analogous to our preceding treatments.

Example: P is the probability that a phage
particle has a lineage belonging to the category
characterized by one or more type 1 segregations,
no type 2 segregations, no type 3 segregations,
and one or more type 4 segregations.

The contribution of each category to the geno-
type frequency b, is the probability of the cate-
gory multiplied by the appropriate coefficient,
according to the table:

Segregations of type:

Category Cocfficient I;;()Paatlég;g . . 5 ; .
I it P yo00 0 0 0 0

1I el iy 1000 1 0 0 , 0
1II A5 llyk Pm(}o 0 1 O O
I\r Aoy )0010 0 0 1 O

Vv £ Pl)ll() 0 1 1 0

VI A Pioo 1 0 1 O
VII A Py 1 1 0 0
V1T A P 1 I 1 0
IX A Poon 0 0 0 1
X A 1001 1 0 0 1
XI A 0101 0O 1 0 1
XII Al ])()(m O 0 l 1
XIII A Poun 0 1 1 1
X1V A Proy 10 1 1
XV A Pyg 1 1 0 1
X\vI A 1)1111 1 1 1 1

Notes: 4 = a;.a.,.a.

“17” means one or more.

The specification of the P’s in terms of m, F,
and the ¢,’s are again analogous to those given in
the pairwise theory. Note however that the sum
of the contributions to b, from categories IX—
XVI is 4(1 — e ) and that the sum of the
contributions from categories T-XIII is simply
the solution for pairwise mating multiplied by
eAch4

The specification of the ¢’s depends upon the
model. For recombination between linear strue-
tures: )

pi(l — paS)
Cy = aplpzs
po(1 — puS)
¢y = BpipeS

and o + 8 = 1.

If exactly M phages participate equally in a
mating:

1 M =2
M =1 A

“ M1

For M = 2, ¢; = 0, and we have the pairwise
interaction model; for ¥ — «, ¢; — 0, and we
have the group interaction model.

We feel it preferable to leave a an arbitrary
parameter since it would be influenced by factors
which are impossible to estimate at this time,
e.g., a distribution in M, or an unequal participa-
tion of phages in a group mating perhaps due to
geometrical considerations.

We have seen that for freely recombining mark-
ers, p = Lg and p = 1 for pair and group mating
respectively. For the general case it is reasonable
that p for freely recombining markers should fall
between 14 and 1; in fact p = 1/(a 4 1) for such
markers,
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congldered. A particularly simple example would involve

a2

ft

amall fraction of infected bacteria which

W)

iberate large

" 3

bursts of recombinants. Thisg can be ruled out by the

results of single burst experiments. In fact, asg pre-
viously pointed out {(Part One, Chapter I) the surprising

L

here 1s that there are so Tew large bursts. In The
triparental crosseg cited above, recombinants are very rare

indeed; thus mere rarity itself is not a sufficient condi-

The gecond pogsibility may be entlitled The Hypothesis

of the Deus ex Machina. 1In this type of hypothesis, HNI is

assumed to be a more or less direct reflection of the mech-
anism of recombination among closely linked markers, but
this mechanisn bears 1ittle or no relation to the mechanism
of recombination among lcoosely linked markers. Chage and

z

Doermam (1) were able to rule out one model of this type,

NI S T ” ) L iy yrog 3§ . o 3 P N b o " e
which they termed "muton conversion ' : The wild-type

"allele" of a marker converts the mutant allele to the
wild-type state at a rate which 1s independent of the other
*
markers in the cross. Fasentially untested, however, is
the suggestion of Hershey (5) that exchanges are stimulated
by the markers Themselves: hence, an excess of multiple
%{!T" . G ot . T Tt o o D ey e
Thisg definition seems to be Tthe content of what is
usually termed 'reﬂe CQLVGT%EOJ " Some authors (U4), how-
ever, insis that the term is simply a name for ali of the

-
L <
abe rrant phenomena associated with intragenic recom
tion., Hence our preference for the newer term, mut
version.

O \.}
)
O Q
O
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(¢} Vhen two unlinked mar
which are heterozygous for one marke

heterozygous for the other.

kers are used

r are rarely (

{d) Wnhen two closely linked markers are used,
phage heterozygous for one are often heterozygous for the
other. The actual Irequency of double heterozygosgis varies
inversely with the distance between the markers and presum-
ably approaches 100% for exceedingly closely linked markers

{e) Wnen linked markers are involved, there are
always two predominant genotypes in a mottled plague In
plagues originating from double heterozygotes, the two
minority geno vpev are presumed To arlisge secondarily from
recombination during growth in the placgue. The structure
of the original heferozygote is thus inferred Ffrom the pre-
dominant genolypes in the plague.

(£) One of the predominant genobtypes in a mottle
plague is always parental; the other may or may not be re-
combinant.

These results are easily understood by assuming that
a phage heterczygote is heterozygous for a short segment of

the genome.

The relationghip between heterozyvgosis and reconmb
sion was demonstrated by Levinthal (9). Using phage T2
genetically marked with three linked factors, Levinthal
showed that phage heterozygous for the middle marker were
predominantly recomblnant in genotype for the two outside



§
=
L]
i

markers, That they are not all recombinant is easily

-

accounted for on the basis of multiple matings. This

finding resulted in the overl model Tor the phage hetero-
zygote shown in Figure 1. It is reasonable, of course, To

assume that overlaps occur whether or not appropriate
genetic markers are present To reveal them as heterozygotes.

£

Overlaps are recombinant for outside markers and, ipso

=

facto, form one mechanism ©
other mechanisms? Ievinthal calculated that the

o

of overlaps should be sufficient

ot

recombination among loosely linked markers. Hence, 1t can
be assumed that recombinabtion among loosely linked markers
occurs by means of the overlap mechanism, Similar conclu-

sions were reached by Trautner (10) on

ments with phage T1.

It should be emphasized that The overlap g a purely
formal conception. Of course, & heterozygous region must
be diploid in some sense, but it is entirely possible that

-

[SHNE:

é’"h

£ N s v K 2 3 . ) P N \ R
the entire genome iploid in the same sense. According

to this view, an overlap represents an overlap of

tion sources” and would not be physically distinguishable

unless 1t were heterozygous. The most 1

o,
=
Q
i
@
3
©
=
e
6]
her
Q
o
fomd

Following Levinthal (9), it hasg usually been assumed that

the diploidy of the phage genome refllects the duplex nature
of the DNA molecule, and that the heterozygote is struc-
g o O



turally a "heteroduplex.” It is equally possible, however,
that an overlap represents a structural singular . Doer-
mann and Poehner (11}} on the basis of recent experiments
assert that this latter view is correct and that the over-

lap represents an overlap of material Sﬁ”ﬂbth“e$¢ We wil

not pursue further This guestion.

Relationsghip of Heterozygosia and Recombination,

N.,
&
ou

To return now Tto The Hopeful Hypothegis, it is obvious

that an overlap repregsents an exchange which is distributed

over a Tinite region of the genome. Since the distance

%)

bhetween what we have termed very closely linked markers is
congiderably less than the overlap length, about 2% of the
particles in the vegetaltive pool will be heterozygotes of

the type which segregate principally the two parental geno-

should be appsrent that in order To have a sufficient ex-

planation for HNI, it is only necesgsary to postulate that

containing the progeny from a biparental cross involving
ey “roooeld e Ty Ty eI ITrire 58 2T H o oA e
two exceedingly closely linked markers. He demonstrates
that this lysate contains a small fraction of particles

which are not recombinants but which give rise to recombin-

v infecting a sensitive bacterial host. The



£

only type of particle in ¢
property is the NRH. An NRH would be expected to segregate

the two parental types which, in turn, would be expected

to produce rec Just as in a mixedly infected cel

. observation is a guantitative one. The prob-

S

The crucia
ability that an NEH will give rise to a recombinant is

considerably greater than The corresponding probability

for a mixedly infected cell, Thus 1

e

1 are parental in

will segregate recombinants. As Edger points out, however,

mixedly infecting a cell ig not guite comparable to in-

fecting it with an NRH. The question of topography again

arises (see Part One, Chapter II). The genomes of the

N

ecting a mixedly

imagine that the heterozygote segregates into the two
parental types which are also physically adjacent. One
can further imagine that this physical proximity will lead

to “imcesﬁumws matings" among the segregants, resulting in

an excess of recombinants being produced. If our objec

is to account for HNI, this guestion is not necesgarily

relevant. The NREH's which are formed during the course

of a mixed infection would also be expected to segregate
)

parental types which would be physically adjacent and

which would undergo incesgtuous matings. The only precaution
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) A Critical Test.

ey

The Bdgar scheme leads to an unusual pPred ldiction.

Consgider a biparental cross involving a group of very
closely linked markers and, in addition, outside markers
loosely linked on either side. Ve select a class of

ey

progeny from the cross which are recombinant for the

clogely linked merkers and ask: what is the genotypic

,
—

composition o
outglide markers? We reason ag follows. The selected

vy ANpe. 4 - 2 o s o o2 P i~ = e £ e o o g
ccombinants arise asg segregation products of heberozy-

gotes. Furthermore, heterozygotes are predominantly
recombinant for outside markers. Therefore, we would

nredict that the selected recombinants will be predomin-

e e T KPR S T ey et A eyl e JER S, F
ancvly re combinant for the outside markers s LITTESPeCcTivVEeE OL
TmMEeynr WISTITT o e T ey rw P ) TPy 3 ’gj sy ol R e N - I ]

DOW Mg ’lg~ eXenan e S are ¥ ‘;Q J Lred SO oS OCUCe The Jelecued

P P DR e Fe o TE - - 1 v sy Fn S 2 ¢ T 3
recombinant clasg, Iin the cross schenma cLCaLLly sBhnown in

i N Ll " PP T oL R ! A u £ e 1 3
Figure 3, three closely linked »IT markers (13 are flanked

by the markers A and B in coupling. According to the Edgar
scheme, 7' recombinants are formed from an intermediate NRH
'which is either A+ or +B in genotype. Secondary recombina-
tional events would produce AB and -++ as minority genotypes.
ranslated into the language of classical genetics, this
means’that triple exchanges would be more frequent than

double (or guadruple) exchanges~--a most unusual prediction
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titer stock on strain ¥, This revertant, designated rdlsut

gives r-type plagues on S/E, small plagues with sharp mar-
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(17) to be due to closely linked suppressor mutations: he

further showed that the suppressor was 1tself a standard

rIT mutant. Our isolate, rlisull, was backerossed to wild-
type TLD: v plagues were plcked and tested for ability to

s would not be expected to
grow on K. Out of 800 plagues btested, all grew on K.
%, the suppressor must be

[ P ey
this Jus-

within 0.4 map units of »41, TFor our purpose

r as if 1t were a single

R R S A2, "
gince 1T gives Tiny plagues

1T N ™ Ty e wen et T e D e« T T~
H-Broth: Bacto Nutrient Broth, ¢ gm.; Bacto Pep-

tone, 5 gm.; sodium chloride, 5 gm.: glucese, 1 gnm.:

D

nutrient medium in all experiments.

@

e e
1

“acto agar, 10 gm.; Bacto Tryp-

-

LTy A T en
A~DOTTOM Laver:

b

v

tone, 13 gm.: sodium chloride, 8 gm.; sodium ci

-

A.

ate

"3

~ n . CP -~y v e oy 5.8
2 gm.; glucose, 1.3 gm.; tap dis

a
2 -

water, 1£. Approximately Lo ml. per plate of EHA-bot~



EHA-top layer: Bacto agar, 6.5 gm.; Bacto Tryptone,

L S U S, !
{dihydrate;,

i
%

sodium citrate

0
®
=

13 gm.: sodium chloride,
2 gm.; glucose, 3 gm.; tap distilled water, 14, Approxi-
mately 2 ml. of EHA-top layer is used in the agar overlay

technigue {18) for plating.

(R e . AT TV R e . . o 5 =
scriflavine neutral, NF IX" (Nutritional Biochemicals

.  Preparation of Phage Stocks.

A11 phage stocks were clonally derived from single
plagues. Phage of the desired genotype are plated on 5/6,
and the plates are incubated at 30~ C. for four hours. A
plug of agar containing a single well isolated plaque 1s

removed with a capillary tube and transferred to about

25 ml. of a growing culture of bacteria in H-Broth. The

ture of 8/6 1:500 or 1:1000 into H-Broth and incubating

" . O . . . iy .
or 2 1/2 hours at 30 C. with aeration. After addition

D

4,000 x g for 20 min.), and then filtered through a

<
Mandler candle, Stocks prepared in this way are usuvally

o

ot
scani v

e indefinitely in the refrigerator They can be

fod

used for high multiplicities of infection (vusually up to

30 phage/cell) without lysis from without (19). They are



generally of sufficient genetic homogeneity for use in

rosses,
5. Plating Conditions.
Cultures of the indicator strains in the late exponen-~

growthn were U

ged for plating. A saturated

Two or three drops were used for plating.

" i . N B . "

S/6 plates were incubated at 307 C., and K plates at
O . Vo i - . _
377 C. for 18 to 24 hours. For routine assays, F plates

were incubated at 37° ¢. for 18-2L4 hours. When cross
progeny were plated for scoring of genotypes, another
regime was used in addition: incubation at 3
one hour followed by incubation at 25
At the lower temperabure, the ti plagues are much smaller
and more easily distinguishable; the preliminary incuba-

£3 L%
A

tion is necessary, however, to improve the efficiency of

e/

plating and uniformity of size. The distinguishability of

3—«

haracter 1s also better at the lower temperature,

e S

<
I\

at least in a ti background. Unfortunately, plag @

is not reproducible from day to day, and ti plagues were
often too small to permit scoring of the tu character as

well, particularly on acriflavine plates. Accordingly, both



incubation regimes were usually used. Appropriate control

mixtures were used to test the reliability of scoring each

lay. The efficliency of »

Ll

Lating of each genotype was also

the frequency of r in the progeny of a cross ig low, the
possibility exists that markers f{rom parental r phage are

"rescued” into 1 phage from accidental mixed infections
occurring on the plate, Hence, control platings in which
the parental mixture was also added were performed each
day. It was always possible to plate a sufficlently

small amount of the cross progeny for this sort of contam-

iy

&, Standard Cross Procedure.

Our procedure follows, in general, that of Chase
b 3

e,

and Doermann A gaturated culture of B bacteris ig

W/

"]

. o

113luted 1:1000 into H-Broth, incubated

e
"

3

/e hoursg at

~

G

307 -C., with aeration, centrifuged in the cold, and re-

suspended in a small volume of fresh Dbroth., The cells

*w

are counted in a Petrofrl-Hausser counting chamber under
the phase contrast microscope and diluted to a concentra-

bacteria/ml., A few minutes before

6 x 107 total phage/ml, )} and bacterial suspension are
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somewhat puzzling in view of the [inding of Benzer and

T ) ! A N -
Jacob (20 that five-~fold

ultraviolet 1light. One could speculate That maturation

is a particularly cyvanide-sensgitive process, but we have

.
<,
T

not pursued the matter further.

] p

Che regidual cyanide effect, The adsorption

T
>

i

37

CLid (j

of H-RBroth prewarmed to 30~ €, This concentrated GT is

continuously aerated, and infected cells and unadsorbed

L 1 -

ed in the usual way, IT should be noted

U

phage are measul
that only about 1/3 of the infected cells are recovered,
Most of th
dilute suspension in

a1lso be noted that de
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another set of plates was not. On both sets of plates,

O b o b -, N
1 and tu characters

spection of plague morpholeogy. The freguencies of zeno-
- BN et ES L)

Types bearing the ac allele are thus determined directly,

while the frequency of genotypes bearing the ac’ allele

are determined by difference. As explained in Chapter II,
small efficiency of plating {(e.o.p.) corrections were
usually necessary. VWhen the selected r recombinants

are predominantly ac, small volumelric errors and errors

in the determination of e.,o.p. are ampli
traction of oﬁe large number from another, and a hig
order of accuracy is not to be expect Little diffi~

culty was experienced in scoring plague types on standard

vlates., On acriflavine plates, the scoring is somewhat

e e Tyt . P P ey ¢
cross #2 in which about 2,700 plagues were scored).

= 4 ~ ; For oy a2 oy - 3 P P I
dicator gtrain S5/0 on standard plaftes and on acriflavine

plates. The ratio of plagues on F to plagues on S/0 give

3 s f ..\»}'- Ty o o A F £ ., - oy N
the fraction of r» recombinants. The ti marker cannot be



tional information obtalned in the crosses involving
closely linked rIT markers is the Ifrequency of exchanges

in the ac-~tu interval for crosses in which the Tu marker

. One crogs involved only ingle riI marker:

4
)
93]

s 5 - 2

in . this case more information was obtained from the $/6

2. Crossges Involving Three Closely Linked rIT Markers.

We have performed four crosses, each involving three
closely linked rII markers arranged in such a fashion that
two exchanges are required to produce

the selected v re-

‘combinant type. - Each cross involves a different one of

mutant and wild~type
A

s

alleles at the ti and ac loci. The tu marker is included

in only two of the crosses. Genotyplc freguencies in the
progeny from each cross are given in Table 1. Inspection
of Table 1 reveals that cgualitatively normal linkage re-
lations are maintalined in all crosses., It will be noticed

that there is congideraple variation from crosg to Ccrogs

and that this variation is not random. The variability

and other quantitative considerations will be discussed

in later sections.

3. Crosses Involving Two Closely Linked rII Markers.
We have performed two crosses, each involving two

closely linked rIT markers (rl46 and rA8). In these



crosses, a single exchange is sufficient to produce the
'j'w 3 03 = o o

selected r recombinant type. The Tl and ac markers ar

included in both crosses:; the tu marker is included in

only one. Genotypic freguencies in the progeny

cross are given in Table 2. Inspection of Table Z reveals

that gualitatively normal linkage relations are again

maintained, Guantitabive considerations are deferred

L, A Cross Involving Only One »IT Marker.

We have performed one cross involving only one rIT

‘o

marker (rU6). This cross differs from the crosses pre-

H“j* congidered in that by plating on strain F, we

+ . + v
select the parental r allele, rather than an r recombin-

ant type. The results are given in Teble 3. It is ap-

ew of the genotypes can be determined in-

shall

T 5
ave

o
ot
0]

dependently by plating on strain 3/6, and
to refer to such results later. The freguencile
given in Table 3, however, are based solely upon the
platings on F: thus, the data of Table 3 are directly
comparable to thosge obtained Irom the selective crosses

m

and given in Tables 1 and 2.

™
o

t ue return to The

c

1ir rIT markers. In this section, we will ignore th

_..}
Q
e

o
:J

rosses Involving three clogely



tu marker and concern ourselves sgolely with the markers
adjacent to the r region. For each ol These crosses,

we calculate from the data in Table 1 the frequency of

xchanges in the ti-r interval (interval I), the r-ac

interval {(interval II), and the frequency of simultaneous
exchanges in I and II. These exchange frequencles are

given in Table 4. The average frequencies of exchange
are quite similar Tor the two intervals. As noted

e ey oy de E
lerable variation

H'
oY

@

previously, however, there is cons
Poamr ey e 2 s T +1 3 oy g faom Table 4 are
from crogs to cross. When the data from Table 4 are
rearranged as in Table 5, 1t is seen that a considerable

nart of the variation ig not random. Vhen an exchange in

%

(or ac) locus, the ap-

&)
¢]
o3
4
w
o
Cuin
hild
)
]
juun
paid
[
P
8y
e
-
G"’
o
ot
fod
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bt
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parent frequency of exchange is considerably smaller than
whern the exchange results in the recombinant being wild-
type. The effect is still more drastic when double ex-
changes are considered. The double recombinant may bear
0, 1, or 2 mutant alleles, and the apparent exchange fre-
guency decreases in the same order.

An asymmetry between mutant and wild-type alleles
ig shown by one of the crosses (cross #47) involving two
closely linked rII markers (Table 2), but not by the
other -cross. That is, one of these crosses is not only
inconsistent with the obsgervations made in the preceding

paragraph but also with the other cross of the same Type.
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gelined apove, ana 1T A8 reasonable to agsume Tthat hetero-

zypotes for eilther marker will be phenotypically wild-type.

Xt o - S T e e S 5 - -5 P + 3 = “1 P T g mrgein L

The recegsiveness of ti is readily explicable in terms of

selective forces which are operative during the course of
L 5y o Y + “ L, B i T 5 = 4 L3 E - 1
formation on strain F. It ig, in fact, such se-

to understand why ac, an allele for resistance, should be
recesgsive to gg%, an allele for sensitivity, but the effect
is quité real and reproducible (21).

In order to test the "heterozygote hypothesis,” as
well as for its intrinsic interest, let us attempt o

o
L

caleulate the fregquencies of the various classes of hetero-
zygotes which must be postulated in order to account for
our results. At either locus (ac or ti), a given particle
may be homozygous for allele 1 (see Table 1), homozygous
for allele 2, or heterozygous. Thus, there are three

-1

4 P <5 v et i o o 3o * o5 T
tates at each locus or nine classes in all. we snall

iy

e Sy 2 e g Ao JU S . 3 . 2. T . F
asgume sTrict symne 'i;fy_g WALCH Yeguces Thne numper o
e
A

ferent freguencies to be Tfound

of all classes must sum to unity, only five of the Ifreguen-

o sy 2 am A SR PR T 22 ~ - LRE S R ™ 4 ™ ey am
cles are independent. The five guantities, A, B, C, D, and
T R 7 ey e wq TRl ey de e T £ o Ry - -
B, in Table 5 ere thug sufficient to calculate the [reguen-
= £ “4 oy : L. 3 4 - £
ciesg of all nine classes, C, the freguency of

A 3 FPOI s oo, R PO . H ooy PR,
(ti1 ac), must be the frequency of the “pure,” non-hetero-

E—- N . iy 3 - S .
o BiX. oinece the Ifreguencies
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Doermann {11). From Doermann's dat we estimate that,
of particles heterozygous for one of the rlIl markers,
15-20% would also be heterozygous for one of the outside
markers. I we assume that the distribution of overlap

regions in our ¢

selected ' reco

ternatively, we
e
selected ¥ reco

heterozygotes wo

in the entire po

It is also
3 1 o 5 b
for the separate

calculat

tions ar
well as

) - - e "
ase is then at least 50% of the
mbinants are actually heterozygotes. AL
could assume that less than 50% of the

mbinants are heterozygo

uld then be longer, on the average, than

pulation.

pogsible to calculate genotypic Irequencl
"strands"” of the heterozygotes. Such

- nsnn, ha E PR - -, -y
normal linkage rela-
yopous clagses as

fregquencies

calculated for the heterozyvgous strands are somewhat
greater than for the non-heterozygous classes. In Chapter
IV, we shall seriously consider a hypothesis which in the
present context amounts to saying that the pure Types

hetaro

zygotes., The numerical calculations,
worth, do not contradict this hypothesi
heterozygosis is also evident in the




the Trecguency of exchange in interval I by plating on in-
iicator strain S$/6., On strain 5/6, selection against bthe
- - @ PR 7 -

t1 allele is not strong, and ti-heterozygotes {(usually)

to mottled plagues. The

this value is considerably smaller than the value of 0.0348
obtained by plating on F and ig guite close to the frequency

£ . P K] e doe oy T 3 P 3., ST T o | o " [ SN
of exchange in interval IIT determined by plating on F, 0.0250,

. Interference,

tion, we will congider several types of

interference relationsghips. Before proceeding further,

view of the conclusion th a significant fraction of the
r' recombinant progeny are heterozygous for the outside

ig open to guestion. We shall, wherever possible, use

o e o s N T8 gy o ~ FIN . i d e e oy Ao
average valueg to eliminate some of the biases due to

heterozyzotes. All of our data concern cross progeny
obtained by premature lysisg of the infected cells. With
our procedure, it ig impossible each day to lyse the cells

at exactly the same point in Tthe phage 1ife cyele, Thus
[ j <o (o

I

the data are non-homogeneousg to thig extent. Furthermore,

.!.,..v 2 . o

as noted previously, some of The procedures used in order



to obhtain frecguency data are not intrinsically very ac-

<t
O

curate.,  Therefore, we should not expect Tto be able

S,

make fine comparigons and should restrict ocurgelves

ot
O

rather gross effects.

First, let us congider interference in the production

of ' recombinants, without reference To the outside
markers, In Table &, we give the frequency of r recombin-
ants in each of our crosses. The data in Table 8 allow

ug to estimate the freguency of double exchanges and tThe

frequency of exchanges in one of the two intervals, No

Fal £

comparable data are avalleble for the other interval,

oy A S

Since the freguencies of recombination are essentially
the same in the two intervals at the time of normal lysis

2

(see Figure L), it is reasonable to assume that they are

. iTadn S Mok oo e NP,
calculate in Table &8 that the Irequency of double ex-
changes exceeds random expectation by a factor of slightly

2] P

over 50, T 5 factor is about 3 to 4 times the interfer-

ence index obtained by Chase and Doerman: (1) for mariers

at comparable distances. The discrepancy 1s, of course,
explicable in terms of different lysis times in Tthe two

o TAe e R ~ - - s 5 PPN R .
cases. It is, in fact, generally true that the inter-
ference index decreases with increasing time of Iysis (3).

1 £

truetive to loock at the absolute

}w_{
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s
[
il
@
o 3 )
-7
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ot
3
[
=
O
X,_ 3
A
[
ke
s
[ex

values rather than the inter

nterval, Tthere 1s a probability of about

e

oo in one
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o
*
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in the o
nce in the
can

he looked at

ther interval,

intervals

in

two ways., First, we can compare the frequency of exchange
in interval I (or II) among the selected r recombinant
class with the corresponding freguency of exchange among

es ohserved in

,-
el

The compari

recombinants.

interlference due to selecti

&

three

wiTh

Cross th gelection

Vi

for

d that

¢

averaged

An examinat Table @ reve

of exchange T 8

or

. £

greater among the recombinant class than

tire proge On the other hand, there is
a3 Fional interferen s Py Aevith ~r ¥y or
additional interference Tor double exchange
-+ o e B

' recombinant class.

frequencies

of

among The

ions are shown 1
nn.the crosses in
gether with data
:ental allele for
rs are symme-
idual freqguen-

at the freguency
is over 8-fold
among the en-
esgentially no

s within the



Thus far we have neglected the tu marker., We will
refer to the ac-tu terval as interval III. The fre-

T and IT) may be determined over the entire progeny by
piating on &‘6 on acrifiavine plates and scoring the tu

and in the entire population; all crosses inveolving the

tu marker are included in this table. We first note that

for the cross in which the selected r class 1s not neces-
sarily recombinant (cross #50), the two methods of deter-

Nl

mination agree quite well. If we consider the average of

e

the other crosses {(in which the selected z% progeny are
recombinants), the two determlinations are not only similar
to each other, but to the former determinations ag well.
That ig, there is no interference. This is a rather sur-
prising and intriguing result. As discussed in Part One
of thig Thesis, it has invarilably been true that when any
recombinant class is selected, the frequency of any othe

°

recombinant class 18 greater than for the population ag a

whole. This was explained in terms of heterogeneity in
"mating experience.” In view of this, our finding that

here ig no interference, 1f true, would really mean
3 o

Taken at face value, there would appear to be & dif-
ference between the results when one exchange aﬁd when two
exchanges are gelected. VWhether this is significant or

a4

not cannot bhe sai



that there is positive interference in a single "mating.
We will not present further interference calculations in
detail. In the cross in which the selected r type is not
necessarily recombinant, the expected negative inter
ence for exchanges in interval IIT is demonstrable when

considering any recombinant class. In the selective cros
there is a comparable degree of negative interference for
exchanges in interval III among particles recombinant in

the adjacent interval II. Among particles recombinant in

interval I, there is, if anything, positive interflerence.

PR

The significance of thesge findings 1s by no means clear,



V. DISCUSSION
The new experimental results reported here concern
the segregation pattern of loosely linked outside markers
a selected class of particles which are recombinant
for closely linked internal markers. We can summarize our
observations as follows:
(a) The outside markers maintain qualitatively

£

normal Ilinkage relabtions with the internal markers and

g;a
&
<
Y

each other, This is true whether one or two exchanges are
required to produce the selected recombinant class.
(b) The region of HNI extends into the intervals

adjacent to those in which the exchanges are selected but

occur with 1ittle, i1f any, additional interference., Tha
ig, given the frequencies of exchanges for the separate in-

tervals within the selected class, the freguency of multiple

exchanges ig essentially equal to the random expectation.

D

(a) A significant fraction of the selected re-

.

he adjacent

44

b

combinant class is heterozygous for at least
outside markers. The evidence upon which this conclusion
t and is, to thisg extent, weaker than
the preceding observations.

The fact that, aside from the complications of nega-
tive interference and heterozygosis, the segregation pat-

3 s

tern of outside markers is normal would, of itselfl, requilre
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1ittle comment. In view of the previously discussed

(Chapter I) current notions concerning €

We are now faced with three apparently well founded asser-

(a) According to Edgar (12), recombinants for

very closely linked markers arise as segregation products

of heterozygotes--elither directly or as a result of inces-
tuous matings among the primary segregation products of

heterozygotes.

AY

(v) According to Levinthal (9) and to Trautner
(10), heterozygotes are recombinant for outside markers.
(¢) According to our observations, recombinants

for closely linked markers are not necessarily recombinant
for outside markers.

We do not think that all of these assertions can be
strictly correct.

We do not pretend to be able to resolve the paradox
at the present time. We can only examine it a little
more closely and speculate about the directlon from which
an eventual resolution might come, It is possible, of
course, that the paradox is the result of an error of

fact, ‘but we consider this to be unlikely. If there is

no error of fact, there must be an error of interpretation.
b £



i
~3
t

T

M™Mret of all, it should be noted that we have tacitly
assumed that there is only one type of heterozygote. Next,
we congider the assgertions individually In reality, the
three paradoxical assertions are not highly derivative,
They follow very closely from experimental observations,

and were we not faced with an apparent paradox, we would

ot
it

be tempted to refer to them as "facts" rather than as

assertiong.” The factual basis Tor Edgar's assertion 1is
that an NRH, upon singly infecting a host cell, segregates
recombinants with a frequency great enough to account for

the production of recombinants for closely linked markers

in a mixedly infected cell. It is assumed that an NRH

mental observations, but in fact they involve a similar

L

Trautner assertion is that the progeny of

heterozyvgotes
(in mottled plaques) are predominantly recombinant for
18 assumed that the heterozygous
particles {which give rise to mottled plagues) are them-

selves recombinant. A similar caveat is applicable to

our own assertion., We do not directly examine recombin-

ants for closely linked markers; we examine the progeny
of such recombinants at some remove, These would seem to

he the important assumpbions. There may be others.



If any of the

asbove mentioned

it would be easy

76 -

do

two types of heterozygotes,

resoive

assumptions were not

N

the paradox.

for instance,

one type

and Fdgar Tthe other type, and there ig no paradox. If an
NRH which arises during the course of a mixed infection be-
haves somewhat differently from a singly infecting NEH,
there are several posgsibllities. One of the more likely

oneg involves the previous

of topography and incestuous matings. VWe might imagine
that an NRH which arosge during the course of a mixed in-
fection produces recombinants as a result of an incestuous
mating with one {(or both) of the parental types which gave
rise to the NRH. This could not happen, of course, with

ting NRH.

however, ©

in reasoning that a heterogygote is rec

-

gide markers because

e
the pri

Y YT
nary

<3 1 o = ’ £ e 9 e
side markers. what 1s 1T

- at “ PR ey g e oy 7 L
argue that 1t is parental in

one or both

- ey 3
8 genotype?

ted out th
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e now note
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that 1t 1s not even necegsary TO aggume tnatv Tthe major

portion of the genome 1g homozygous, g
rather farfetched analogy. The cilliate, Paramecium
aurelia, is diploid. A regular feature of the 1ife cycle
of thig organism is a type of internal mating known as
autogamy (23). The first step in autogamy is meiocsis.
There are two nuclei which give rise to elight melotic

products; seven of these degenerate. The surviving
meiotic product undergoes a mitotic division, and this is
followed by a fusion of the two daughter nuclei. The net
result is the production of a completely homozygous di-
ploid individual. Now if, for some reason‘or other, it
were impossible to observe the immediate exconjugants
from & mating, and genetic studies had to be performed

by studying only large clones arising from individual

-

N

a was

exconjugants, it would be concluded that P. aurel

-

a haploid organism! The moral of this story should be ob-

vious, We might postulate that phage T4 is a dipleid

faghion that all of it uhoheqy usually bear the s

allele at any given genetic site. Over a short region
of the genome, both alleleg may appear in the progeny,
thus to recognize that the progenitor wasg
heterozygous, In thisg light, our that a signifi-~

P N FOR . R ey Ty s A ey
cant fracti of the selected recombinants are heterozygous
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{ O

outside markers assumes

patible with the diploid postulate
Doermann and Boehner (11). They h
oresent in mottled plagues ariging
zygous for several falirly closely
find that, in a given plaque, the
allele in the plague is different

a new

importance. Com-

ig a recent result of
ave analysed the phage

from particles hetero-
linked markers. They

£

freguency of

Fe 2P

for different markers.

In particular, a given allele may be presgent in very low
frequency. This suggests that the original particle was
also heterozygous for other markers which, however, did
not appear at all in the progeny. We should note that
Doermann and Boehner interprel thelr results in quite a
different fashion (see Chapter I). In any event, it is

likely that a

studies on heterozygotes.

resolution of our pa

11 e

radox wi
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erence in the Production of r Recombinants

o
S

Y

LA
e

Frequency
qeiec ted in Cross of Random Interflerence
) no. exchanges expectation index
7 1.98x107°
5
ho 1.84x107°
average 1.91x10 5
Assumed to be equal
to interval rib-rlid
{ P Y
(8ee text)
vil
32 2.15%10
23 1.87x10 :
i
i f
1o 1.85x10
L‘ o5 -t r\'“'}"z‘
L2 1.93x10 ‘ ~
- 3 65x107° 53, 4
average 1,95x10 3. 05x 1 53.4

In each cross, the frequency of exchang is
twice the observed freguency of r+ Tecom snnaﬁts
i into account the reciprocal

e or@er to take
ﬁ@ class,

¥

®
[
o
=
&
jole
5
o

The random expectation for the frequency of
Co“%$@ e&cwwnges is the product of the exchange
freguencies in the sgingle intervals,

The interference index is the ratio of The ob-~
served frequency of double exchanges to the
Tanc

e
10N,

[4H



e

@]

¥
Y p e e S £ ™ 3, g T 4 Sy 1 -1 3T
Negative Por Exchanges in Intervals I and I

-
FoN
RO LZ’E;L\Q;G
i-c =

clasg is

Parental Doubly Tnterlerence
allele recombinant index
(a) {1 } {T Y
7 A 2.}
Fa 1 [ S -y
Single interval . ~ o
7T om TTY 0.0303 0,262 8.6
\._L oY Lo
Roth intervals A AnaL P
{T and TT} \JcObJ\J G, 0o
e [ %15 L5 SRR S .

T ey 1y Ty
nanaconm P

0.0 C YO0
(N@,\egta 4 on U gbOO')Q C¢uu__,

D

ITnterference 0 "6
index, I, o7

a
L

Ve

(1) "Random expectation" for each column is &
T the freguency for € o
ingle interval.

] -

(2) Interference index, I, it
observed freguency of exct
tervals to tﬁe correspondi
tion.

———

(]
—t
!.m_
]
[
0]
=3
o
D
H
(D
o}
@]
®
s
o
0]
b2
s
e e
)
=3
>
Dot
‘(.Ja
O

O w
ot b
o
o
s
-
ot
@}

I TR o 2. . £ e g . P <

(L) Data in column (a) are based on Table 7.
T f Ea - Ty - o A 5 P T :
Data in column (b) are based on Table 4.
Average values are used in both cases,.



sl
(o

w0
©
o
sa w . &) ) O =t
- | Cy oD e8] O <O
b= el O O (@] (@] O 0
Tl [ ®© ® . « - )
O (& o O O W
e Kt Kol
Gy o | e o3 n
O P Bt o]
- £ 4
m ?\zu Q.v n nd
— SR O
. O oo
43} -3 (O
> oo 0w o o}
) O o |2 W Ly O
© & 0 £ Gy o
40 it (2 T B < o]
- IO QT £
] [WAR e oW 1]
[ NS T = o 0] Lo @ > e
o | I o B 6.6 o ! \
S O o O O @ o
(@) Gy (SIS » - » B o R 4
i I O O O O O O QT @
W = o el i
o & o ! o e
o0 - o W CE @
2 ) 8 w0 T3
i T, o 0}
= 0] SV b
] e @ [2)
fo (R D
L] 43 w
& g 2]
ﬁm,L ) se s &
feal 4o oy e U0
[0} T W 9] O
o8] G ) BO) [T
G O 42 0 e 1 o
[t} O W Qd QJ i 0] O @ @« -
R © OO g 2] & &)
9] Ol O O o P =
P Z 0K L A @
€4 0w oy W Q
Loe O S
Gt B o B
O
D] ey et
&0 P! Qd
a e p—— S
0 m " )
ur e © il
O Ow oJ o [~ s (] =
& nm DTS =5 LN )



10,

11.

- 89 -
REFERENCES

Chase, M., and A. H. Doermann, 1958. High negative
interference over short segments of the genetic
structure of bacteriophage T4. Genetics, Eﬁ; 332-353.

Edgar, R. 8., and C. M. Steinberg, 1958, On the origin
of high negative interference over short segments of
the genetic structure of bacteriophage T4. Virology,
6: 115-128.

Steinberg, C. M., and R. S. Edgar. Unpublished ob-
servations.

St. Lawrence, P., and D. M. Bonner, 1957. Gene con-
version and problems of allelism. The Chemical Bagis
of Heredity, W. D. McElroy and B, Glass, eds., pp. 114-
122, The Johns Hopking Press, Baltimore.

Hershey, A. D., 1958. The production of recombinants
in phage crosses. Cold Spring Harbor Symposia on
Quantiative Biology, XXIITI: 19-46,

De Serres, F. J., 1958, Recombination and interfer-
ence in the ad-3 region of Neurospora crassa. Cold
SpringgHarvor Symposia on Quantitative Biology, XXIIIL:
111-118.

Freese, E,, 1957. The correlation effect for a histi-
dine locus of Neurospora crassa. Genetics, 42: 671-684,

Hershey, A, D., and M, Chase, 1951. Genetic recombina-
tion and heterozygosis in bacteriophage. Cold Spring
Harbor Symposia on Quantitative Biology, XVI: 471-L79,

Levinthal, C., 1954, Recombination in phage T2: its
relationship to heterozygosis and growth. Genetics,
39: 169-184,

Trautner, T. A,, 1958, Untersuchungen am Heterozygoten
des Phagen Tl. Z. Vererbungslehre 89: 264-271,

Doermann, A, H,, and L. Boehner, 1961. An experimental
analysis of bacteriophage heterozygotes. (Unpublished
manuscript. )

Edgar, R. S., 1961. High negative interference and
heterozygosis: a study of the mechanism of recombina-
tion in bacteriophage T4. Virology, 13: 1-12,



- 90 -

13. Benzer, S., 1955, Fine structure of a genetic region
in bacteriophage. Proc. Natl, Acad. Sci. U.,S., ﬁl:

334-35k,

14, Doermann, A. H., and M. Hill, 1953. Genetic structure
of bacteriophage T4 as described by recombination
studies of factors influencing plaque morphology.
Genetics, 38: 79-90.

15, Wollman, E.IL., 10953, Sur le determlnlsme genetique
de la lysogenie. Ann. inst. Pasteur, 84: 281-2093,

16. Fredericq, P., 1956, Recherches sur le transfert
genethue des proprletes 1ysogenes par crolsement des
gsouches Esgcherichia coli K.12 et B, C. R. Soc. Biol.,
150: 2035-2039.

17. Feynman, R. P., 1960. Personal communication.

18. Adams, M, H., 1959. DBacteriophages, pp. 450-451.
Interscience, New York,

19. Delobrlck, M,, 1940. The growth of bacterzophage and
lysis of the host, J. Gen. Physiol., 23: 643-660,

20. Benger, S. and F, Jacob, 1953, Etude du developpement
o bacterjophape au mayen d'irradiations par la Iumidre
ultra-violette. Ann. inst. Pasteur, 84: 186-205.

21. Edgar, R. S., and R. H. Epstein, 1961. The inactivation
by ultraviolet light of an acriflavine sensitive gene
function in phage TUD. (Unpublished manuscript.)

22, Edgar, R. S., 1958. Phenotypic properties of heterozy-
gotes in bacteriophage T4, Genetics, 43: 235-248.

23, Beale, G, H., 1954, The genetics of Paramecium aurelia.
Cambridge University Press.




FIGURES

FIGURE 1. The Levinthal (9) model for heterozygosis and

recombination for distant markers (after Edgar (12)).

FIGURE 2. Edgar's (12) generalized scheme for the produc-

tion of recombinants for distant (Route I), inter-
mediate (Route IIg and close (Route III) markers
(after Edgar (12)).

FIGURE 3. A cross involving three closely linked »rII

markers and the two loosely linked outside markers.
The segregation patterns for the outside markers
predicted by the rules of classical genetics and by
the Edgar scheme are shown.

FIGURE 4, Map showing approximate linkage relationships

of the markers used in the crosses described in the
text. Map distances not in parentheses are frequencies
of recombination in two-~factor crosses at normal lysis.
Map distances in parentheses are similar measures but
are based upon crosses to adjacent markers.
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