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HROUGH the development of highly specialized selective techniques, it

- has recently become possible to do genetic experiments which may ulti-
mately permit a quantitative correlation between genetic material and chemical
structure. The rII mutants of bacteriophage T4 are especially well suited for
such studies, since there is a large number of genetically recombinable markers
which fall into two distinct functional genes on the linkage map of this organism
(Benzer 1955, 1957). If attempts to relate “genetic length” to “molecular
length” are to be successful, and if the markers are to be profitably employed
in radiological genetics studies (DoErMANN and Cuase 1958; Kriec 1957), it is
of utmost importance to establish unambiguously whether map linearity exists
even within the individual functional units.

During the course of crosses designed to test linear order within functional
units, an unexpected result was encountered. A high degree of negative inter-
ference, or a positive correlation of recombination events, was observed and was
found to increase as the map intervals under study were decreased. Similar ob-
servations have been reported among A+ mutants in phage (STREISINGER and
FrangLIN 1956) and adenine-requiring mutants in Aspergillus nidulans (Prit-
cHARD 1955). At the present time, the rII mutants of phage provide most favor-
able material for a systematic and thorough investigation of this phenomenon. It
is possible to decide conclusively that the aberrantly high coefficients of coinci-
dence obtained in these experiments are the result of multiple recombinations in
short segments of the genetic structure. They cannot be accounted for by the
hypothesis of gene conversion.

MATERIALS AND METHODS

Phage and bacterial strains: The Escherichia coli bacteriophage T4, specifically
the variety now called T4B (the strain used by Benzer 1955, 1957), was used
in all experiments reported in this paper. The authors are indebted to Dr. SEy-
moUR BEnzer for kindly supplying the wild type phage and the ten rII mutants
which were used in this study. The 7II mutants used are distributed over nearly

1 This investigation was supported by a research grant, C-2306, from the National Cancer
Institute of the National Institutes of Health, Public Health Service.

2 Part of the experiments reported in this paper were done in the summer laboratories of the
Long Island Biological Association, Cold Spring Harbor, Long Island, New York.
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the entire length of the two functionally distinguishable segments (cistrons, see
BeNzER 1957) of the rII region thus far identified. Except for two mutants, all
markers satisfy two technical criteria: (1) they have low transmission coeffi-
cients, and (2) they have finite reversion indices (BEnzer 1955) of less than
10-°. A reversion index of 10-%, or less, assures that the stock will not contribute
a background of r+ in the crosses, while a finite reversion rate eliminates from
use mutants which appear to be long “deletions” (Benzer 1955, 1957) and to
exhibit peculiar genetic properties (DoermaNN and Cuase 1958). The two
exceptions, r,,, and r, ., are “stable”: that is, reversions to r+ have not been
observed in samples of up to 10° particles, but according to Benzer (1957)
neither seems to show a mapping anomaly, and by cross-reactivation (CR) tests,
r14 18 indistinguishable from the other mutants used in this study (DoErMANN
and Cuase 1958).

The bacterial strains are all E. coli. Strains B and S/6 are those described by
DorrManN and HirL (1953). B was used as the host in all crosses, and S/6 as
the host in the preparation of phage stocks and for assay of the total yields from
crosses. Strain K12(Al), obtained from Dr. Davip R. Kriec, was used for the
selective assay of r+. Streptomycin resistant strains B/s, obtained from Dr. Dor-
oty Fraser, and K12(A) /s, obtained from Dr. S. E. Luria, were used in the
replica-plating technique (described below) to isolate double-rII phages.

Media: “Plain” broth was used as the medium for crosses and for the growth
of all bacterial cultures except S/6. It contains 8 gm Difco Nutrient Broth and
5 gm NaCl per liter demineralized water.

HersHEY’s nutrient broth was used for the growth of cultures of S/6 and for
the preparation of stocks. It contains, in addition to the ingredients in plain broth,
5 gm Bacto-peptone and 1 gm glucose per liter.

The bottom-layer agar for plates is composed of 12 gm Bacto-agar, 13 gm Bac-
to-tryptone, 8 gm NaCl, 2 gm sodium citrate dihydrate, and 1.3 gm glucose per
liter demineralized water. The top layer contains 6 gm Bacto-agar, 10 gm Bacto-
tryptone, 8 gm NaCl, 2 gm sodium citrate dihydrate, and 3 gm glucose per
liter. Freshly poured plates were not incubated before use but were left overnight
at room temperature, since it was found that the efficiency-of-plating (e.o.p.) of
rt on K12(al) is lower on dry plates,

Preparation of stocks: Phage stocks were prepared by essentially the same
procedure described by Doerman~ and Hirr (1953). All stocks were made
using S/6 as the host cell, because it was discovered, early in the course of the ex-
periments, that the use of stocks made on K12S [a host which is nonselective for
rt (BENzER 1955)] results in up to 80 percent loss of infected bacteria at multi-
plicities as low as four per bacterium, and up to 95 percent loss of infected cells
at multiplicities of 15, which is the average total multiplicity desired in crosses
to map markers. This phenomenon is not observed when S/6-grown phages are
used at comparable, and even higher multiplicities, many of which exceeded 15
per cell in these crosses. Stocks were made at 30°C (instead of 37°C), since
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growth at the lower temperature proved to result in both appreciably higher
titers of phage and lower reversion indices.

Double- and multiple-II strains were isolated by a replica-plating technique
especially developed for this purpose. The basic method, originally devised by
LeperBerc and LeperBErG (1952) for bacterial colonies, was modified for use
with phage plaques by Bavror, Hurst, ALLEN, and Bertant (1957). Further
modifications of the procedure have made it possible to distinguish T4 plaques
of different single- and multiple-rII composition in the progeny from crosses and
to isolate the double- and multiple-mutant genotypes. The discovery by BEnzer
(1955) that T4r+ can grow in K12() but that rII mutants cannot, and the
selective techniques developed by him, form the basis of the method. In crosses
between nonallelic 7IT’s the recombinant rr is phenotypically indistinguishable
from the two parents when the progeny of the cross are plated on B or S/6. The
new procedure involves replicating from B plates to K12 () plates, and is based
on the fact that two nonallelic 7II’s, when both infect the same bacterium, will,
under certain conditions, multiply and produce r+ recombinants. The r+ from
an infected cell of this type will multiply and produce a plaque on K12(A). On
the basis of this information, the following procedure was devised: A “parent”
plate is seeded with B and approximately thirty phages from a mixture (for
example, the progeny from a cross r, X r,, which contains r,, ry, r+, and r.r,).
This parent plate is incubated 18 to 24 hours at 37°C. For each parent plate to be
tested, two “replica” plates are prepared. To the top layers of both are added two
drops of a solution (5 mg/ml) of dihydrostreptomycin sulfate [to prevent
growth of B which will be transferred from the parent plate (Berrant 1951)]
and three drops of a one to 50 mixture of B/s and K12(A) /s. In addition, one of
the replica plates is seeded with 10® r, phages and the other with 10¢ r, phages.
All three plates are immediately refrigerated for about two hours (or more) to
harden the top layer and prevent peeling during the transfer process. After this
interval, a sterile silk velvet is stamped lightly onto the parent plate and trans-
ferred onto one replica plate. A second piece of velvet must be used to print onto
the second replica plate, in order to prevent transfer of the seeding phages from
one replica plate to the second. The replica plates are incubated overnight and
examined for spots. Phages from an r, plaque on the parent plate, when trans-
ferred to the r, replica plate, cannot form any r+ recombinants; but on the r,
plate they can, since they infect bacteria which are already infected with r,. A
large, clear spot will be formed on the r, plate, but not on the r, plate. In this
manner, all four genotypes, three of which are indistinguishable on the parent
plate, can be differentiated: the r+ spots on both replica plates; r, spots on the
r, plate only; r, spots on the r, plate only; and r.r, spots on neither replica
plate. In a quantitative test of the replica-plating method, with an artificial mix-
ture of the three phages, 7y, 7y, and 7,7, 835 plaques were tested by
replication. The results were in statistical agreement with the numbers expected.

To isolate the double-r, one finds on the parent plate a plaque which does not
spot on either replica plate. The phage from such a plaque is suspended in broth,
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replated, and then retested by replication. If it proves to be a correct identifica-
tion, a stock is made and is then further tested by backcross to each of the com-
ponent single r’s. The method permits the selection of double-rII's in a manner
which is practical, and thus makes it possible 10 obtain double mutants composed
of very closely linked markers.

Ezxperimental techniques: The procedure for genetic crosses has been somewhat
modified from the methods described by Doerman~ and Hirr (1953) and by
Hersuey and RotManN (1949) in order that it should conform as nearly as
possible to the methods used in the CR experiments with the same markers (Doer-
MANN and Crase 1958). Aerated overnight cultures of bacteria (B) are diluted
1 to 1000 into fresh broth and aerated 2 hours and 20 minutes at 30°C, then
concentrated by centrifugation to a final titer of 2 X 10® per ml, and put into the
adsorption tube, with aeration. KCN (IM/500 in the bacterial suspension) is add-
ed 2.5 minutes prior to infection of the cells with phage. An equal volume of the
approximate phage mixture containing 1.4 X 10° of each parent per m! (a multi-
plicity of 7 of each type) is added to the adsorption tube at time (1) = 0. Att=
3.5, an aliquot is taken for an assay of unadsorbed phage; and at t = 4, anti-T4
serum is added to neutralize the remaining unadsorbed virus. Addition of serum
to the adsorption tube, rather than dilution into a tube containing serum, makes
it possible to introduce another dilution step away from the serum, and thus to
assay the yield of r+ at a higher total-yield concentration than was possible by
the DoermManN and HiLn (1953) method. At t =9, the growth tube dilutions
are made and an aliquot plated for the count of infected bacteria. At t = 90 (after
complete lysis), the progeny are plated (at appropriate dilutions) for the total
yield on S/6 and for the r*+-recombinant yield on K12(aAl). It was learned during
the course of the experiments that the adsorption mixture (containing KCN and
antiphage serum) must be diluted to a concentration of 2 X 10~* or lower before
the end of the latent period. Postlysis platings from tubes which originally con-
tained higher concentrations of infected cells showed recombination values which
were twice those obtained by plating from greater dilutions. The interpretation of
this observation remains obscure.

Phage assays were made by the usual agar-layer technique described by
Hersaey and Rorman (1949). Plating bacteria were always overnight, aerated
broth cultures grown at 30°C. Bacterial assays were made by spreading 0.05 ml
on the plate. All plates were incubated 18 to 24 hours at 37°C.

EXPERIMENTAL RESULTS

Calculation of the data: As discussed in detail by Doerman~ and Hivw (1953),
both the relative multiplicity of the two parents and the total multiplicity of
phages per bacterium may affect the estimate of the recombination value given
by a cross. Since the allele ratios in the yield are not easily measured, multiplic-
ities were determined from the total adsorbed phage distributed according to the
ratio of input titers. Experiments were rejected when the ratio of parental multi-
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plicities was less than 0.67, or when the average multiplicity of either parent was
less than three. Of the 275 individual experiments included in this study, 34 were
discarded because they did not meet these criteria. The experiments which will be
discussed are, therefore, all of the kind which give maximum and comparable
recombination values. The number of experiments per cross ranged from one to
22; all crosses, excepting those of the type r.rm X r. (fo be discussed below),
have been done at least twice with acceptable multiplicities.

The recombination value is determined by multiplying the titer of + by two
(assuming that the rr recombinant not scored is equally frequent), dividing the
product by the total-phage titer, and multiplying the frequency thus obtained
by 100. Concurrent with most of the experiments, a control of the e.o.p. of r+ on
K12(al) and rII on S/6 was done, using the count on B as a standard. The ratio of
the e.o.p. on K12(Al) to the e.o.p. on S/6 in 40 comparisons averaged 0.79, with
95 percent confidence limits of 0.74 and 0.84 based on the statistics of a normal
distribution. Thus, the determinations of r*, which are made from K12 (Al) plat-
ings, are, on the average, only 79 percent as efficient as the estimates of the total
phage populations, which are made from S/6 platings. All the data have been
corrected for this error by dividing r+ frequencies by 0.79.

In the analysis of results where multiple recombinations are involved, the
observed values (Q) are compared with calculated values (C). The latter are the
products of the individual recombination values. The calculation of O/C for each
type of cross is detailed with the appropriate tabulation of the data.

In crosses where very low frequencies of recombinants are expected (e.g.,
crosses requiring double or triple recombination events), it is necessary to be
certain that the observed r+ progeny are really the result of the type of exchange
under consideration and not the consequence of lower order recombination events.
The latter could arise from matings involving single-r contaminants in the rr
stocks, presumably due to reversion at one locus or the other. A maximum esti-
mate of the r+ frequency for each locus of the rr stock has been made. It is based
on the number of r+ recovered in the backcrosses of the stock. From the rt
frequency in the backcross yield is subtracted one half the reversion index of
the single-r parental stock (because the stock represents only one of the two
parents in the backcross). The remaining r+ are the most which could have
arisen from recombination between the backcross parent r and the concealed
single-r particles contributed by the presumptive rr stock. Dividing this value by
the frequency of r+ observed in the two-factor cross r X r gives a maximum esti-
mate of the frequency of phage with r+ at one locus.

For all crosses in which O/C is greater than one, the data have been analyzed
to determine the percent of the observed recombinants which could have arisen
from matings involving such single-r’s in the rr stocks. The calculation is done
independently for each r locus. The maximum frequency of recombinants which
could derive from this source is the sum of the frequencies calculated for each
locus. An approximation is made by multiplying the maximum estimate of the
frequency of r at a locus by the frequency of recombination which is obtained
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from the appropriate cross in which the locus under analysis is wild type. Correc-
tions for input multiplicity and mating kinetics (Visconti and DeLBriUck 1953)
roughly cancel one another. If used, they reduce slightly the upper limit of lower
order recombinants. Since the greatest correction indicated by these tests changes
the observed r+ frequency by only 2.0 percent, such correction of the data was
not made.

Crosses: Since the experiments to be discussed are not easily visualized until
one is familiar with the genetic material involved, an artificial symbolism will be
employed. All crosses to be discussed involve rII markers, and five types of ex-
periments (diagrammed in Figure 1) have been done with various combinations
of single- and multiple-r parents. The r markers will be given the subscripts a,
b, c, d, etc., the alphabetical order indicating their order from left to right on the
map (Figure 2). When no symbol is given, the wild type allele (r+) is indicated.
Thus, a cross of the type ri s X rory, Where r,,, lies outside the interval
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Ficure 1.—Types of crosses between the rII mutants in T4B included in this study. Each
cross is represented by two horizontal lines which indicate the linkage structures of the two
parents. The solid circles indicate the positions of r mutants, and the dotted lines between the
linkage structures represent the recombination events which are required to produce the only
recognizable recombinant, namely wild type. The accompanying symbolism is used in the text.
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Ficure 2.—Map of the rII region of T4B. The average recombination values are shown
for all two-factor crosses which meet the selective criteria. The numbers in the left-hand column
represent the sums of the shortest map intervals and are to be compared with the corresponding
recombination values for more distant markers given below the map.
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Ties 1O Tyg0, Will be designated as ror, X 7,; or, another example, the crosses of
the type 7,447 X Fypelies, In which the left-to-right order is 7,4, 7ss0, Tar1s
7163, Will be designated by r.r. X ryrq. The wild type is the only phenotypically
distinguishable recombinant in the progeny. Thus, in this symbolism (Figure 1),
crosses of types 1 (ro X r,) and 2 (ram, X 1. or 7, X ry7.) require one recom-
bination event; crosses of types 3 (rur. X ry,) and 4 (ryrqa X ryre) require two
recombination events; and crosses of type 5 (rur. X ryrq) need three recombi-
nation events to yield the recognizable wild type. .

From the results of 110 two-factor (r, X r,) experiments, the map of the rII
region of T4B has been constructed (Figure 2). When the markers are arranged
in the order given, the various intervals are roughly additive. In 12 of the 31
comparisons, the value obtained by adding the component intervals is less than
that obtained from the cross between the two terminal markers for the overall
interval being considered; in 19 cases, it is greater. The 31 comparisons are not,
of course, independent of one another, and consequently additivity cannot be
evaluated precisely. It is also difficult to assess the error introduced into addi-
tivity considerations by nonrecombinant heterozygotes in intercistron crosses.
Phages of that type usually make a plaque on K12(A) which would be scored as
a recombinant (Epcar 1958a).

Three-factor crosses of both types were done originally to check the map order
obtained from the two-factor crosses, In these crosses, the phenomenon of high
negative interference was first noticed. The data from 52 three-factor experiments
of the type r.r. X r, (requiring a double recombination event to produce r+)
are presented in Table 1 and Figure 3a. The crosses are arranged according to the
recombination value for the markers r, and r.. The high order of negative inter-
ference (high O/C) apparent in these crosses indicates a positive correlation be-
tween recombinations in adjacent regions. The value of O/C is inversely related
to the map interval between the terminal markers r, and r.. It is fairly inde-
pendent of the length of that interval in the range from 2.7 to 7.0 units (0/C =
4.6 to 7.8 in 19 crosses). For intervals less than 2.7 (1.8 to 0.7 units), the factor
rises sharply (O/C = 14 to 31 in six crosses), showing that the phenomenon is
most pronounced over very short regions of the linkage structure.

The observation of high negative interference should be apparent also in three-
factor crosses of the type rory, X 7. (or ry X ryre). In rur, X r, crosses, wild type is
produced by a single recombination event between r, and r., and with no ac-
companying single or odd number of recombinations permitted in the region be-
tween r, and r,. The positive correlation between recombinations in adjacent
intervals, however, predicts that the observed frequency of wild type will be re-
duced from what is expected on the basis of the two-factor cross ry, X r.. In the
three-factor experiment, the recombination event between r, and r. will fre-
quently be accompanied by a second exchange between r, and ry,, and this will
convert the r* into an r. The data from 21 three-factor crosses of this type are
summarized in Table 2. They are arranged according to the recombination values
between r, and r,. All but one of the crosses show a smaller proportion of r+
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TABLE 1

Three-factor T4Brll crosses in which two recombination events are required
to produce a wild type recombinant

[ryre X 1]
Recombination Recombinants (percent)
values
for terminal Maximum

Cross markers Calculated (C)* Observed (0O) correctiont 0/C
YrasToar X T 7.0 0.025 0.18 0.000069 7.2
71457257 X Tas " 0.093 0.45 0.00010 4.8
Tl X T ” 0.082 0.43 0.00014 52
TrasTous X T ” 0.053 0.28 0.00010 5.3
7147 o7 X rm " 0.18 0.88 0.00030 4.9
71asTosn X Tay ” 0.091 053 0.00038 5.4
Ty X T ” 0.044 0.30 0.00038 6.9
Voorl 163 X T 6.4 0.015 0.070 0.000024 4.6
TyarTonn X 7. 6.3 0.060 0.31 0.00018 5.1
Fro o X Tt ” 0.052 0.34 0.00022 6.5
PesoTres X Tars 5.1 0.075 0.52 0.000027 6.9
TanoTr6s X T1ia ” 0.052 0.39 0.000020 75
73057 ss7 X 44 0.020 0.093 0.00017 4.6
ToosT 2 X Tan » 0.10 0.55 0.00084 53
ToosTasr X Tira ” 0.081 0.49 0.0015 6.0
TaosT 55y X ” 0.042 0.26 0.0018 6.3
Yanl11a X r271 3.9 0.049 0.39 0.000060 7.8
Ty res X T 35 0.031 0.23 0.000059 7.2
ooy X Tan 2.7 0.010 0.065 0.00021 6.5
T X T 1.8 0.0047 0.079 0.000042 17.
TrsTaon X Tont ” 0.0035 0.068 0.000028 20.
7res 221 X Tiar 1.4 0.0036 0.050 0.000023 14.
TraiTs08 X oo 1.2 0.0022 0.039 0.000050 17.
Ta21Ta30 X Ta0s 0.75 0.0012 0.020 0.000019 16.
TiesTrar X Tigs 0.71 0.00057 0.018 0.000025 31,

* The calculated frequency, expressed in percent, is the product of the recobination values from the crosses r 2 X Ty
and r, X r,, assuming the coefficient of coincidence to be one.

1 The correctxon which represents the calculation of the maximum frequency of recombinants which may come from
7 contaminants in the r7 stock is done in the following manner: For locus 7, it is the product of the frequency of r,*
in the r r, stock times the frequency of recombinants in the cross 7y X 1. For the locus r, the corresponding calcula
tion is made. The maximum frequency of r+ from this source is the sum of the two calculated maximum frequencies
and is expressed in percent for direct comparison with the observed value.

than expected on the basis of the two-factor mapping experiments. There is some
indication that O/C is inversely related to the map value between r, and 7, but
this cannot be demonstrated statistically. The mean of O/C is 0.76 with a standard
deviation of 0.16. The standard error of the mean is 0.035, which shows that, with
99 percent confidence limits, the mean value falls significantly below one. There-
fore, these crosses, also, indicate a positive correlation between recombinations in
adjacent regions.

Four-factor crosses which require a double recombination event should also
produce an unexpectedly high yield of wild type. Furthermore, crosses of the type
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Ficure 3.—Relationship of high negative interference (0/C) to map distance. Data are plot-
ted from three- and four-factor crosses requiring double recombinations to yield wild type. The
circles represent values from intracistron crosses and the triangles from intercistron crosses.
The horizontal lines at 1.6 represent the factor expected from mating kinetics (STaHL personal
communication).

A. Data from Table 1.

B. Data from Table 3.

rara X ryre can, in principle, measure the length of the map interval over which
the correlation may be observed. It has been shown above that O/C increases as
the intervals studied are decreased. Extrapolation of that observation predicts
that O/C should decrease in the crosses r.rq X ryr. as the r, to r. interval be-
comes longer. Enlarging the r, to r. value separates more and more the two re-
.gions in which recombination must occur to produce a wild type particle, Data
from 48 four-factor experiments of this type are given in Table 3 and Figure 3b.
The crosses are arranged according to the recombination value from the cross
r, X r.. While the results here are not so clear-cut as in the three-factor experi-
ments, at least qualitative agreement with prediction is indicated. Theoretically,
a negative interference introduced by mating kinetics (Visconti and DELBRUCK
1953) would give O/C equal to 1.6 (STaHL personal communication). Figure 3b
indicates fair agreement with this expectation, except at shorter map intervals,
where the anticipated excess is observed. The data are obviously too variable for
an estimation of the length of the interval over which correlated recombination
events are observable.

It may be added here that, in locating a point on the abscissa in Figures 3a and
3b, an error may be introduced when the decisive interval includes the intercis-
tron region. Epcar (1958a) has shown that nonrecombinant heterozygotes have



342 M. CHASE AND A. H. DOERMANN

TABLE 2

T hree-factor T4BrlI crosses in which a single recombination event is required
to produce a wild type recombinant [r r, X r ]

Recombination Recombinants (percent)
values for
markers of

Cross rr parent Calculated (C)* Observed (0) 0/C
T a7"ag7 X Tygs 6.3 0.38 0.25 0.67
Ta00"163 X Taos 5.1 0.45 0.30 0.67
Ta20" 163 X Tagy ” 0.66 0.45 0.68
Ta05 287 X Tiar 44 1.1 0.79 0.70
7oooliqa XT 3.9 0.45 0.26 0.58
320" 114 205
Tara"16s X Taos 35 2.7 1.8 0.69
Ta717163 X T30 " 2.1 1.3 0.65
Ta117163 X Tagy ” 0.67 0.52 0.77
To0s 271 X Tagq 2.7 3.7 2.8 0.75
ToraT11a X Taps 2.3 2.7 2.4 0.88
Tar1"114 X Tagg " 2.1 1.9 0.90
Tor 114 X Tigs " 1.3 1.2 0.92
Tor1"114 X Togy ” 1.6 1.9 1.2
T300"271 X oo 2.1 0.46 0.34 0.75
Ta20 271 X Tagy ’ 0.73 0.59 0.80
T1457205 X T30 1.8 0.46 027 0.58
71457227 X Tigg 1.4 0.14 0.12 0.85
Tiar"a0r X Tyys 0.90 0.40 0.34 0.84
Tyat"2a7 X Taos " 0.25 0.20 0.78
2217820 X 145 0.75 1.4 0.59 0.44
Ty277205 X T30 0.26 0.47 0.41 0.88

*The calculated frequency, expressed in percent, is the recombination value obtained in the cross r, X 7, multiplied
by one minus the recombination value in the cross 7, X rp.

a high probability, on K12 (A), of making plaques, which would here be scored as
recombinants. The over-all effect is to exaggerate the length of the intercistron
region, especially where the adjacent markers involved are close together.

The final series of crosses to be considered is composed of four-factor crosses,
rare X ryrq, which require three recombination events to produce a wild-type
phage particle. Each of five such crosses has been made twice. The averaged data
are presented in Table 4. The O/C values found in such crosses are uniformly
greater than in comparable three-factor crosses. Further analysis of the data
(Table 5) shows that the positive correlation between two recombination events
may be extended to at least three. After correction for the negative interference
in two of the three regions concerned, any remaining correlation in recombination
events has been called ‘residual correlation.” These factors range from 2.9 to
14.6, well above the factor 2.1 which is presumably the maximum anticipated
from mating kinetics. (STAHL personal communication). Therefore, not only
double, but also higher-order exchanges occur over a small area of the linkage
structure in unexpectedly high frequency.
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DISCUSSION

Linearity and additivity at the level of the cistron: The experiments presented
in this paper were originally undertaken because of the importance of investi-
gating whether mutants in a given cistron can be arranged in a linear order. While
BenzeR’s (1955, 1957) experiments suggest that the rII mutants fall in linear
order on the linkage structure, his conclusions are based on the results of two-
factor experiments. In the present paper, also, it may be seen (Figure 2) that,
if the loci are arranged in the order shown, the values obtained from two-factor
crosses between adjacent markers, within a set of three, are generally smaller

TABLE 3

Four-factor T4Brll crosses in which two recombination events are required
to produce a wild type recombinant
rarg X ryr,]

Recombinants { percent)

Recombination

values for Maximum

Cross inside markers Calculated (G)*  Observed (0) correctiont 0/C
Tra57287 X To2: 163 6.4 0.0090 0.016 0.000071 1.8
T a7"asr X ToorT 163 ” 0.0058 0.0079 0.00014 1.4
TyasTas7 X T1a 163 5.9 0.0027 0.0062 0.000026 2.3
TyasTasr X T3a0T 163 5.1 0.0081 0.014 0.000063 1.7
LEPTLIPD S 7‘3.,01‘1‘33 ” 0.0073 0.013 0.00017 1.7
Fo0sl a5y X T 3,,0 LEPN ” 0.0031 0.0055 0.00011 1.8
a5 ag7 X Taoo 114 3.9 0.019 0.032 0.000074 1.7
7905 287 X T320 114 " 0.0073 0.013 0.00012 1.7
71457287 X Ta717163 3.5 0.031 0.051 0.00023 1.6
r:, 257 X TogiT1as ” 0.018 0.057 0.00063 31
T 457287 X TaosTary 2.7 0.069 0.086 0.00019 1.3
7'1457'987 X TyriTi1a 2.3 0.074 0.19 0.00030 2.5
To05"287 X Toz1T114 ” 0.043 0.18 0.00069 4.1
Taso 163 X Tor7 114 ” 0.028 0.12 0.000065 4.3
Ty 45057 X Tga0Tany 2.1 0.046 0.064 0.000099 1.4
T a5 osr X Tia7l 005 1.2 0.018 0.15 0.000068 8.4
r14 57287 X T1ar00r 0.90 0.028 0.12 0.000067 4.4
7457205 X T1477 297 ” 0.0010 0.017 0.000013 17.
7‘140r287 X 79977590 0.75 0.059 0.17 0.00011 2.9
Ty45T987 X Ta2:7005 320 ” 0.059 0.15 0.00013 2.6
7145 287 X Tao5T 350 0.47 0.079 0.18 0.00017 2.3
71457287 X Tooil 205 0.26 0.061 0.29 0.00017 4.7
T 477163 X T2277 205 ” 0.053 0.19 0.000055 3.7

* The calculated frequency, expressed as percent, is the product of the recombination frequencies from the crosses
7y X ry,and r, X ry multiplied by one minus the recombination frequency for T X T

7 The correction which represents the calculation of the maximum frequency of recombinants which may come from r
contaminants in the rr stocks is done in the following manner: For the locus r., 1t is the product of the maximum
estimate of the frequency of r,* in the r,rq stock times 0.76 of the frequency obtalned from the cross r, X ry. (0.76
is the mean O/C obtained from crosses of the type ryr, X rq.) For the locus ry, a corresponding calculatlon is made.
For the locus r, it is the product of the maximum estimate of the frequency of ry* in the ryr, stock times the recombina-
tion frequency from the cross r a’a X 7. For the locus r_, a corresponding calculation is made. The maximum frequency
of r+ from this source is, therefore, the sum of the four upper limits which have been calculated, and is expressed in
percent for direct comparison with the observed value.
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TABLE 4

Four-factor T4BrlI crosses in which three recombination events are réquired
to produce a wild type recombinant
[rarc Xr b7 d]

Recombinants (percent)

Recombination
value for Maximum
Cross inside markers Calculated (C)* Observed (0) correctiont 0/C
FasoTrrs X TariT1es 2.3 0.00066 0.020 0.000061 31.
74205 X Tran asn 1.2 0.00021 0.010 0.000071 50.
P radTamn X T1arTs0s 0.90 0.0000098 0.0019 0.000020 198,
FisTaor X TrarT asn ” 0.00024 0.011 0.00011 46.
Frei 205 X Taor 163 0.26 0.00013 0.0071 0.000026 53.

* The calculated frequency, expressed in percent, is the product of the recombination frequencies from the crosses
Ty X Ty 1y X 1, and ro X rq, assuming the coefficient of coincidence to be one.

+ The correction which represents the calculation of the maximum frequency of recombinants which may come from r
contaminants in the rr stocks is done in the following manner: For the locus r,, it is the product of the maximum
estimate of the frequency of r,* in the r r, stock times the recombination frequency in the cross ryry X r,. For the
locus 74, a corresponding calculation is made. For the locus ry, it is the product of the maximum estimate of the fre-
quency of ry* in the ryry stock times 0.76 of the recombination frequency from the cross r, X ry (0.76 is the mean O/C
obtained from crosses of the type r,r, X rq). For the locus r,, a parallel calculation is made. The maximum frequency
of r+ from this source is, therefore, the sum of these four upper limits, and is expressed in percent for direct comparison
with the observed value.

than those obtained from crosses between nonadjacent markers. A stronger ar-
gument than this, however, comes from the results of three-factor crosses (Tables
1 and 2), which are the conventional genetic test for linearity. The order of the
loci as shown in Figure 2 gives the most reasonable coefficients of coincidence
(0/C) for all the three-factor tests done, even those in which the three markers
are very close together. Linear order in the cistron is, therefore, firmly estab-
lished.

It seems worthwhile to discuss here the calculations made by Benzer (1957)
in his attempt to correlate quantitatively the number of genetic map units with
the number of nucleotide pairs in the DNA molecule. His experiments indicated
that map intervals, as measured by two-factor crosses, are not additive; that is,
when he summed the shortest individual map distances between rII markers, he
obtained a value which was several fold greater than the value obtained from
crosses between terminal markers of the rII region. To correct for such discrep-
ancies, he multiplied the total map length by four. The data in Figure 2 indicate
that BENzer’s factor is far too high.

One reason for apparent lack of additivity, which applies to either set of data,
is that intercistronic crosses give recombination values [if measured by plating
on K12(A)] which are higher than the actual length of the map interval (Epcar
1958a). If one examines the data (Figure 2) from intercistronic crosses only, it
is seen that, in 15 out of 17 cases, the sum of the individual intervals is higher
than the value obtained from the cross between the terminal markers of the region
being considered. If, however, one considers only intracistronic crosses, the re-
verse is true. In 10 out of 14 possible comparisons, the sum of the individual in-



HIGH NEGATIVE INTERFERENCE 345

tervals is lower than the observed value from the cross of terminal markers. These
results seem to bear out the predictions from Epcar’s data. Correction for the
effect of the intercistron region would, therefore, improve additivity.

An additional reason which may account for the extreme deviation from addi-
tivity in BENZER’s experiments is based on a technical difference in methods used.
BeENzER uses parental stocks which are prepared with K12S as the host cell. As
mentioned above, the present authors find that this procedure can result in 80
percent loss of infected bacteria in crosses with a total multiplicity as low as four.
BeNzER uses an average total multiplicity of six in his mapping experiments. If
he loses any infected cells, he probably selectively loses those with higher multi-
plicities. The actual multiplicities in his experiments may then be much lower
than three of each parent, and this could well result in recombination values
widely deviant from the true values, producing an unusually high variance in

TABLE 5

Residual correlation inrx, X ryr, crosses

Residual
Recombination frequencies correlation¥
(percent)
Region Corresponding
Cross J* Kt ) s concerned J/KL 0/C§
. s 0.020 0.39 1.35 re—q 3.8 7.2
3207114 271163 0.020 0.23 2.13 r,—Ty 4.4 7.8
o s © 0.010 0.079 444 ro—rq 2.9 6.5
1457205 2 Taaal 2 0.010 0.34 0.41 Ty 7.2 17.
r o Xrr 0.0019 0.050 0.26 r.—Try 14.6 17.
145 227 147 205 0.0019 0.039 0.41 r.—7, 119 14.
0.011 0.050 6.83 r—rg 32 5.1
T145" 221 X P14 28 0.011 0.31 0.41 r—Ty 8.7 14,
oy 0.0071 0.039 5.97 r—rq 3.0 4.6
T1a1"205 7 Tazi 168 0.0071 0.070 0.90 r—ry 11.3 17.
* J—=Observed value (®) from table 4.
+ K=0hserved value (O) from table 1.
+ L=0bserved value (O) from figure 2.
¢ Residual correlation for each cross is:
for region 7, — ry: -
1003 O (rr, X ryrg) X 100
KL O(rmrc X ry) x o(rc X rg
for region r, — r,:
1005 O (rir, X ryry) X 100

KL 0(rbrd X re) x O(ra X ry)

§ Corresponding O/C for region r, — ry is O/C for cross ryry Xr,, and for region r, — r is O/C for cross r,r X,
(Table 1).
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BENZER’s estimate of the map intervals. A greater deviation from additivity may,
of course, be found in studies with many markers which are much closer to-
gether than those used for the data presented here. The authors of this paper
believe, however, that the correction factor cannot be as high as a factor of four,
and is probably less than 1.5.

The concept of switch areas: In addition to the demonstration of linearity and
additivity, the experiments permit analysis of high negative interference. Multi-
ple recombination events over short regions of genetic structure have been pre-
viously described in phage (StreEisiNGeEr and FrankriN 1956; Epcar 1956,
1958b), in Aspergillus nidulans (Prrrcmarp 1955), in Neurospora crassa
(DE Serres 1956), and in Drosophila melanogaster (SturTEvaNT 1951). An
idea which has proved useful in thinking about negative interference in phage
is one similar to the model proposed by Prrrcuarp (1955). His “effective pair-
ing segments” would be directly comparable to the “switch areas” which, in the
present model, are assumed to include all recombination events. The switch areas
occur randomly throughout the genome, and, since they are short, represent
only a fractional part of the genome. Recombination must, then, have a much
higher probability of occurring in a given physical or genetic length of switch
area than in an equivalent length of average genome. When markers are, on the
one hand, far apart, the chance of multiple recombination being observed depends
largely on the probability that switch areas will occur in the appropriate inter-
vals. In this circumstance, any interference would be a function of the effect of
one switch area on another. On the other hand, the chance of multiple recombi-
nation between markers which are sufficiently close together to be encompassed
in a single switch area depends both on the probability of the intervening region
being included in a switch area and on the probability of recombination per unit
length of switch area. High negative interference will, consequently, become
more pronounced as the markers under study are located closer and closer to-
gether, since their chance of inclusion in a single switch area will thereby be
increased.

The mechanism proposed has, then, two main parameters: (1) the average
length of switch areas; and (2) the probability of a recombination event per unit
switch area. A mathematical formulation of the switch theory is being con-
structed by BarricerLrr (personal communication) and will be presented in a
separate paper. The data from all types of crosses reported in this paper are
qualitatively accounted for by such a model. On the hypothesis of switch areas,
crosses of the type r,r, X r. are expected to yield fewer recombinants than would
be predicted from the two-factor mapping experiments alone. This expectation
is borne out by the data in Table 2. The other three types of multifactor crosses
should yield O/C values much greater than unity. Again the expectation is borne
out (Tables 1, 3, and 4). Finally, it is expected that the deviation of O/C from
unity will become more pronounced as the map intervals under consideration
become shorter, since the chance is thereby increased that the entire interval
under consideratiori will be included in a single switch area. It has already been
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seen that the three-factor crosses of the type r.r. X r, (Figure 3a) agree with
prediction, and the four-factor crosses of the type r.rq X ryr. (Figure 3b) appear
to show a similar trend.

If the hypothesis that all recombination events take place in switch areas is
tentatively accepted, consideration of the two types of four-factor crosses per-
mits an estimate of the frequency of recombination events per unit length of
switch area. The frequency of wild type phage from the cross ryr. X r,rqs may
be represented by x and the frequency from the cross r.ry X ryr. by y. Further,
the plausible assumption can be made that the wild type recombinants are pro-
duced from a single switch area which overlaps the crucial interval, rather than
from two adjacent switch areas. Under these conditions, wild type phage is, in
both types of cross, produced from switch areas which cover the central interval
(from r, to r.) completely. Then 2x represents the fraction of cases in which
a recombination did occur in the central interval in addition to one in each of
the neighboring intervals, and 2y the fraction in which a recombination did not
occur. Continuing, 2x/(2x X 2y) is the frequency of recombination events in a
switch area of the length measured by the map interval r, to r.. If the resulting
number is divided by the number of map units in the central interval, the fre-
quency of recombination events per map-unit length of switch area is found.
Calculations of this type are given in Table 6 for five comparisons in which the
central interval (M) varies from 0.26 to 2.32 map units. Thus, while two-factor
mapping experiments give a probability of recombination of 0.01 per map unit,
the probability of recombination within such a length of switch region would be
0.06 to 0.14 or more. ’

The tacit assumption was also made in these calculations that the probability
of recombination is unifrom over the entire length of the switch area. If one
assumes further that a single switch area is involved for the entire span between
terminal loci, then experiments of the types considered can test the assumption
of uniformity, since it predicts that the estimates of the probability of recombina-
tion per unit switch area should be independent of the length of the interval 7,
to r.. The results presented are not extensive enough to allow a conclusion on
this point, especially in view of the high variance introduced into the calcula-
tions because each one involves three independent experimental determinations.
Nevertheless, it should be added that the data suggest clustering of recombina-
tion events even within switch areas, since the cases involving a shorter central
interval show higher probability of recombination per map unit than those where
the r, to r, distance is longer.

Inadequacy of gene conversion: A number of investigators (M. B. MircreLL
1955a, 1955b, 1956, H. K. MircHELL 1957; ST. LAWRENCE 1956; ST. LAWRENGE
and BonNER 1957; LinpEGrEN 1953, 1955; LinpecreN and LINDEGREN 1956),
on the basis of observations with ascomycetes, have invoked the notion of “gene
conversion” to explain their results. Gene conversion has been defined by
LiNDEGREN (1955) as ‘““the interaction . . . between the dominant and the recessive
allele in a heterozygote, resulting in transformation of one or more dominant
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TABLE 6

Frequency of recombination events per hundred map units of
length in the switch area

Frequency per 100
map units

Recombinants (percent)

1
—[2x/(2x + 2y)]
Crosses compared M* 2xt 2yt M

Xr,..r 2.32 0.0203 0.117 6.4

r320r163 2717 114
DS,

X Tya?

r

320r114 163

YiasTosr X ToaiTao 1.16 0.0104 0.150 5.6

205

vs. :
Xr.,.r

145r205 147 287

r145r205 xXr

vs.
Xr

r

0.90 0.00193 0.0174 11.

147r227

r

]45r227 147r205

r X r .7 0.90 0.0112 0.120 95

145r287 147 227
vs.,
X r147r

r145r227 287

r X 70T 0 0.26 0.00711 0.193 14.
vs.

r147r205 X r227r163

147r163

* M is the map distance from ry, to r, (Figure 2).
+ 2x is twice the observed percentage of wild type from the cross r,7, X ryrq (Table 4).
% 2y is twice the observed percentage of wild type from the cross r,ry X ryr, (Table 3).

alleles into the corresponding recessive allele, or vice versa.” If events of this
type occur in phage, they are unsatisfactory as an explanation of the present
data. The following arguments seem to be conclusive against a simple gene con-
version [or more properly here, “muton” (BeEnzer 1957) conversion] model to
account for the excess of wild types which is observed in the crosses with closely
linked 711 markers.

It may be assumed that a coefficient of coincidence of unity exists for the true
multiple recombinants, and that any excess over expectation arises from gene
conversion. It may further be assumed that the two-factor mapping crosses
(ra X 1) give wild type principally from true recombination events. Evidence
for this assumption comes from the observation that the map intervals are ap-
proximately additive, a result which would not occur if gene conversion rates ap-
proached the map values. With the two assumptions, one can make an approxi-
mation of the rate of gene conversion for the central marker in the three-factor
crosses rar, X ry. This is done in Figure 4. For example, the rate of gene con-
version for r,,. in four estimates ranges from 0.0036 to 0.00037, and for r,,,,
from 0.0035 to 0.00019. Further, the change in rate of conversion is directly re-
lated to the expected double recombinant frequency, indicating that a higher rate
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of conversion is necessary when a higher frequency of double recombinants is
expected, The requirement that the rate of gene conversion must vary in this
way by a factor 10 in one case and 18 in another renders the simple hypothesis
untenable,

Another fairly conclusive argument can be made from comparison of the two
types of four-factor crosses which include the same markers. It must first be es-
tablished that the presumed rates of conversion for the various markers are
similar, a conclusion which can again be reached on the basis of the data in
Figure 4. It is seen that none of the points deviates widely from the line drawn,
even though in any particular range of expected double recombinant frequency,
various r’s have been tested. It is clear, therefore, that the presumed rates of gene
conversion for the different markers are similar. If the excess of observed wild
types, corrected for the expected multiple recombinations, in the cross ror, Xryrq
is compared with that from the cross rarq X ryr., the two values should be equal,
because in either cross, two gene conversions are required to produce a wild type
phage. Table 7 shows that the excess is always greater in the type of cross r,ry X
e, the factor ranging from 4.2 to 20 in the five comparisons.

'_ B rngas ® I330
O sy ® Iy7,

6 - ® 1y ® 14
A 105 ® res

CONVERSION RATE REQUIRED
PER 10> PROGENY r,

0 1 ! ] ] | ] i i L. Il
o i 2 3 4 59

EXPECTED FREQUENCY PER 10* PROGENY

Ficure 4.—Presumed gene (muton) conversion rates for the r, markers in r,r, X r, crosses.
The ordinate gives the rate of gene conversion (r,, to r+) required to account for the excess of wild
type phage found. This rate is determined by subtracting the expected frequency (abscissa) of true
r+ recombinants (1/200 of the calculated recombination percentage, C) from the observed fre-
quency of r+ (1/200 of the observed recombination percentage, O) and multiplying the value
thus obtained by two to determine the rate per progeny r,. Mating kinetics will introduce only
negligible alterations in these calculations. Data are from Table 1.
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TABLE 7

Comparison of presumed gene (muton) conversion rates for double
conversions in two types of four-factor crosses

Frequency of wild-type

Relative

Cross o* c* 0-C excessy
PanoT 163 X ToriTrre 0.00055 0.00014 0.00041 42
PasoT1rs X TaraTron 0.00010 0.0000033 0.000097
Tras e X TraiTo0s 0.00075 0.000090 0.00066 13.
T st 208 X Trsclosn 0.000050 0.0000010 0.000049
TiasT205 X TsnT 207 0.000085 0.0000050 0.000080 8.4
PrasT1 X TraTo0s 0.0000095 0.000000049 0.0000095
TyasTosr X T1arTa0g 0.00060 0.00014 0.00046 8.5
7 raiast X Traa anr 0.000055 0.0000012 0.000054
LEPRLETY X

907505 0.00095 0.00026 0.00069 20.
ST 16s 0.000036 0.00000065 0.000035

2
rl 47r205 X r2‘

* Values from Tables 3 and 4, multiplied by 1/200.
+ (0 = C) from first cross (r,ry X ryr,) divided by (O - C) from the'second (r,r, X ryry).

Thirdly, all the data taken together show that the events which give rise to
the excessive wild types occur in clusters. It seems unnecessary to invoke a new,
and in this case untenable, mechanism, i.e., gene conversion, to account for the
results. Clustering of recombination events seems to be a much more plausible
explanation.

Occurrence of high negative interference in other organisms: Considerable data
are being accumulated which suggest that high negative interference may be a
general phenomenon. The interpretation suggested here may be extended to ex-
plain apparently aberrant results in higher organisms. STurTEVANT’s (1951)
data with the fourth chromosome of Drosophila melanogaster seem, at least
superficially, to be a case of similar results which may be understood on a switch
mechanism. The studies of DEmEREC (1928) on the reddish-alpha character of
D. virilis might also involve this type of model. His “reversions” seem to be associ-
ated with a high frequency of crossing over in the reddish-scute region of the X
chromosome.

The extension of the present interpretation seems justified especially in view
of the work of Prircuarp (1955) with Aspergillus nidulans and pe SerrEs
(1956) with Neurospora crassa, both of which show high negative interference
in short intervals. The studies of St. Lawrence (1956; St. Lawrence and Bon-
~NER 1957), also with V. crassa, suggest a similar situation. The data mentioned
by pE SERRESs are particularly indicative. He observed that recovery of adenine-
independent progeny from intercistron crosses showed intense negative inter-
ference, but that linkages with outside markers remained as expected. Among
adenine-independent progeny from ad-3 X ad-3 intracistron crosses, however,
the outside markers assorted almost randomly. This is what would be predicted
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by the crosses described here, which show that negative interference gets more
intense as the markers involved are closer and closer to one another. PrircaRD
has already explained his data in this way; it seems unnecessary to postulate a
non-crossover mechanism to account for either pe SErrEs’ or St. LAWRENCE’s
results.

The observation of gene conversion which has not been given an explanation
on a recombination model is the occurrence within a tetrad of three copies of one
allele and only one of the other. In V. crassa, a thorough study of such aberrant
recombination of pyridoxine mutants has been undertaken by M. B. MrrcHELL
(1955a, 1955b, 1956) and H. K. MrrcaeLL (1957). They wish to invoke “a
mechanism which is different and distinguishable from that of crossing over”
(H. K. MrrcuerL 1957). Such an interpretation may, in this case also, be un-
necessary. If one can accept a copy choice kind of model in which effective pair-
ing sites are the regions of copy choice, the unusual ratio may be easily accounted
for. It is unnecessary to assume that copying takes place simultaneously and at
equal rates throughout the pairing segment. Equally plausible is the notion that
copying on one strand may sometimes precede replication on the homologue.
Then, in the closely paired region, an allele, already copied, may by a switch
from the other strand, be copied again, giving rise to the 3:1 ratio. Since the
-phenomenon is postulated to occur in a pairing segment, it is expected to be
strongly correlated with crossing over, as observed.

The same argument may be applied to cases of gene conversion in Sac-
charomyces cerevisiae. Many of the examples of conversion cited by LinpEGREN
(1953, 1955) may be explained by the occurrence of supernumerary mitoses
(Winge and Roserts 1954) and other types of abnormal segregation patterns
(EMErson 1956). Those which remain (LinpEcreEN and LinDeEGrEN 1956) can
be interpreted as occasional mistakes in copy-choice. This does not require the
existence of two different phenomena, but only some revision of ideas about the
mechanism of recombination, and the latter may well become necessary with
the advent of selective methods which permit detailed scrutinjzation of short
map intervals.

SUMMARY

The experiments reported in this paper form a detailed descriptive analysis of
high negative interference over short distances on the linkage structure of bac-
teriophage T4B. Seven A-cistron and three B-cistron rII mutants were used in
a variety of combinations in two-, three-, and four-factor biparental crosses. The
results firmly established the existence of linearity within the individual func-
tional units of the 7II region. The data indicate, further, that the observed excess
(assuming coefficients of coincidence of one) of double- and triple-recombina-
tions is the result of multiple-recombination events in short segments of the
genetic structure, and that the frequency of such events is inversely related to
the length of the map interval being studied. That the excess wild-type recombi-
nants are due to reversions or to gene conversion is unambiguously ruled out. A
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‘model is presented which accounts for all the observations here and may be ap-
plied also to explain apparently aberrant results in several other organisms.
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