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OR the bulk of the radiation-induced mutations of Escherichia coli to 
F p h a g e  TI resistance to appear as phenotypic changes, the irradiated cells 
must pass through a period of metabolic activity. I t  has been estimated that 
approximately thirteen cell generations occur before all of the mutations are 
expressed ( DEMEREC 1946; DEMEREC and LATARJET 1946). The precise 
nature of this very considerable delay is still a matter of controversy. 

Four effects might contribute to it : (1) gene mutation may not occur until 
some time after irradiation; (2) if there is more than one nucleus (or gene 
complement) in a cell at the time of mutation, cell division and the consequent 
nuclear (or gene) segregation may be necessary before the mutant gene can 
alter the phenotype; ( 3 )  a mutant gene may require a period of metabolic 
activity before it can change the phenotype; and (4) there may be an irregu- 
larity in the onset of division after irradiation such that many cells do not 
divide until an appreciable population increase has taken place, and are thus 
delayed in expressing their mutations. These possible effects will be termed 
mutation delay, segregation delay, phenotypic delay, and irregularity delay. 

Evidence as to the probable magnitudes of the mutation and segregation 
delays has been obtained from a study of sectoring in colonies from irradiated 
bacteria using changes in colour response on mannitol-tetrazolium agar, to 
phage resistance and to lactose non-fermentation. The extent of the phenotypic 
delay for mutations to phage resistance has already been determined from a 
study of spontaneous mutation ( NEWCOMBE 1948). The present experiments 
indicate that the combined contributions from these three sources are in- 
adequate to account for more than one-quarter to one-half of the estimated 
thirteen cell generations between irradiation and expression of all induced 
mutations to phage T1  resistance. 

The irregularity delay undoubtedly contributes wherever there is an appre- 
ciable irregularity in onset of division. However, the extent of the contribution 
is difficult to assess and there is no certainty that it can account for the re- 
mainder of the estimated overall delay. I t  is therefore necessary to consider 
whether the above list includes all of the factors which might contribute. 

It would seem that the only possibility not so far examined is that the esti- 
mates of overall delay may be subject to a considerable systematic error, aris- 
ing perhaps out of certain peculiarities in the response of the bacteria to phage. 
The evidence which will be presented is compatible with this interpretation. 
GEXETICS 38: 134 March 1959. 
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GENETIC CHANGE I N  BACTERI.4 135 

Special attention has been directed to the question of the mutation delay, 
since a knowledge of the timing of the induced mutations is fundamental to an 
understanding of the mechanism by which they occur. 

SECTORING I N  COLONIES FROM IRRADIATED CELLS 

If an induced mutation were delayed beyond the first gene division, mutant 
and non-mutant bacteria would occur together, both being descended from the 
one treated nucleus. T o  determine whether the delayed appearance of phage- 
resistant mutants among the descendants of irradiated cells was the result of 
a mutation delay, NEWCOMBE and SCOTT (1949) examined 3,480 colonies from 
ultraviolet irradiated cells of E. coli. Two of these colonies showed induced 
mutations to phage T1 resistance, but neither contained seusitive cells in de- 
tectable numbers. This did not rule out the possibility that mutations might 
be delayed until approximately the time of the first gene division, or that some 
mutations might occur after the first gene division, but it showed that delays 
beyond the first gene division could not be frequent enough to account for the 
very considerable and almost universal delay in the appearance of induced 
mutations to phage resistance. 

Colour response mutations on mannitol-tetrazolium agar 

Later, colonies from irradiated cells of E.  coli B/r were found which showed 
well-defined sectoring for various degrees of colour response change on manni- 
tol-tetrazolium agar. (For photoreversal studies using these mutations see 
NEWCOMBE and WHITEHEAD 1951. Whole-colony mutants were also observed 
but because some of the changes were slight these could not be scored with 
the same degree of accuracy as the sectored colonies.) The sectored colonies 
were at first believed to be derived from cells which had more than one nucleus 
at the time of irradiation, and to test this interpretation a. selection technique 
was used which, it was believed, would permit the survival of descendants 
from single nuclei only. Irradiated suspensions were plated on mannitol-tetra- 
zolium agar and, after a preliminary incubation period to permit expression 
of any mutations to phage resistance, were sprayed with a mixture of phages 
T1 and T5 and incubated further until colonies appeared (for details of the 
spray technique see DEMEREC 1946). Since these lines supposedly stemmed 
from single nuclei in which there had been radiation-induced mutations to 
phage resistance, the colonies were expected to be homogeneous for any other 
induced changes including the variations in colour response on the mannitol- 
tetrazolium indicator medium. Contrary to expectation, a proportion of the 
colonies were sectored for colour changes. (For  a preliminary account see 
NEWCOMBE 1951.) Similar results were obtained with ultraviolet- and with 
gamma-irradiated materials (see table 1). It was also shown that streptomycin 
could replace phage as the selective agent. 

The sectoring which survives selection could be due to : (1) delayed gene 
mutation ; (2) genetic interchange between two nuclei (or gene complements) 
in the irradiated cell; (3)  mutation in incompletely split chromosomes; or 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/38/2/134/6033341 by guest on 25 M

ay 2023



136 H. E. NEWCOLIRE 

TABLE 1 
The e/fect  of phage selection on  the number of radiation-induced colour varia- 

tions on mannilol-tetrazolium agar, appearing as sectored colonies. 
___. - - - - __ ._ - 

Unselected Selected ’ Treatment 
and dose 
(ergs per Colonies Sectored Percent Colonies Sectored Percent 
mmz,  or r )  examined colonies sectored examined colonies sectored 

UV 500 648 94 14.5 1688 162 9.6 
uv 1,000 1027 193 18.8 95 7 81 8.5 

Gamma 40,000 373 22 5.9 948 20 2.0 
Gamma 80,000 1320 89 6.7 2448 110 4.5 

‘P la t e s  were inoculated with l o 6  to l o 8  survivors and sprayed with a mixture of 
phages TI and T 5  after a preliminary incubation of 4 to  5 hours. 

(4) mutation in hereditary particles other than the chromosomal genes. These 
possibilities will be considered in detail later. ( Similar experiments were 
carried out independently by WITKIN ( 1931a), .using ultraviolet, but not 
gamma radiation, and she has drawn essentially the above conclusions from 
her results.) 

It should be noted that since a proportion of the mutant colonies, from both 
the non-selection and the selection experiments were wholly mutant for colour 
response, a delay in induced gene mutation cannot extend beyond the first 
gene division in all cases. 

I t  would not be surprising if ultraviolet-induced mutations were appreciably 
delayed, since E.  coli does not become insensitive to photoreversal until there 
has been a half an hour or so of metabolic activity following the irradiation 
(unpublished result, see also NEWCOMBE and WHITEHEAD 1951). Until the 
present experiments, however, there has been nothing to suggest that gamma- 
(or X-ray-) induced gene changes were similarly delayed. 

TABLE 2 
Proportions of ultraviolet-induced mutations fo phage T1 resistance, appearing 

as  wholly mutant colonies and as sectored colonies. 
--______I~ __- 

References Dose Colonies Mutant colonies 
(ergs per mmz) examined whole : sectored Method 

“Culture” 1,600 3,480 2 : o  Newcombe and Scott 
“Cross-streak” 500 10,000 1: 0 Present  
“Cross-streak” 2,000 10,000 0 :  2 Present  
“Peel-spray” 2,000 28,000 1 : l  Present  
“Replica-plating” 4,000 18,000 2: 1 Visconti ‘ 

Totals  69,480 6:  4 
Mutations per 10 survivors = 1.46 

’ Personal  communication. 
Note: A s  the “peel-spray” technique relies on the appearance of the mutant p o r  

tion of a colony, there might be some in which the sectoring is not sufficiently clear 
for detection and which would be erroneously scored as “whole.” However, the 
other techniques do not suffer from this defect and the total ratio cannot be ap- 
preciably biased. 
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GENETIC CHANGE IN BACTERIA 137 

Mutations to phage resistance 

As it was just conceivable that the colour response variations were of differ- 
ent origin from the mutations to phage T1 resistance (although in both cases 
the changes appeared to be stable in subculture) it was decided to reinvesti- 
gate the possibility that some of the induced mutations to phage resistance 
might appear as colonies containing both sensitive and resistant sectors. Inde- 
pendently, VISCONTI (personal communication) carried out a similar study, 
and his results are included in table 2 together with those of NEWCOMBE and 
SCOTT (1949) and those from the present experiments. 

In  all, three techniques were used. First, suspensions of the colonies from 
irradiated cells were cross-streaked with phage on E.M.B. (eosin-methylene- 
blue) agar without any sugar. This enabled mixtures of resistant and sensitive 
cells to be distinguished from resistant cells alone, since incomplete lysis of 
sensitive cells near the edge of the phage streak gave rise to a distinctive pink 
colour. Second, colonies from irradiated cells were removed from the agar by 
means of dry sterile filter paper which was laid on the surface and peeled off 
again together with the adhering colonies (repeating where necessary). The 
number of cells remaining on the agar was sufficient so that when these plates 
were sprayed with phage T 1  and incubated, resistant colonies and resistant 
sectors regrew in their original shapes. The shapes were not blurred by subse- 
quent growth. Third, VISCONTI’S technique consisted of taking impressions of 
the colonies with sterile filter papef, and transferring the impressions to plates 
previously coated with phage. (This is essentially similar to a technique de- 
vised by LEDER~BERG and LEDERBERG, 1952.) The three methods are called 
“ cross-streak,’’ “ peel-spray,” and “ replica-plating ” in table 2. 

Of a total of ten induced mutations to phage T 1  resistance, six gave wholly 
mutant colonies, and four sectorials. Thus mutations to phage resistance and 
to colour change on mannitol-tetrazolium agar are similar in that both give 
rise to a proportion of sectored colonies. 

Mutaiions to lactose non-fermentation 

The proportions of induced ‘‘ whole-colony ” and “ sectored ” mutants of 
E. coli B/r to lactose non-fermentation (as indicated by colour response on 
E.M.B.-lactose agar) were studied both with and without phage T 1  selection. 
These experiments are closely parallel to those reported by WITKIN (1951b) 
and the results are in qualitative agreement. Quantitative differences, however, 
will be noted, and our data will be treated in a different manner. 

Cultures grown for 48 hours with aeration in ANDERSON’S (1946) M9 
medium (using lactose, instead of glucose, as the sole carbon source) were 
used throughout. All induced mutant sectors were tested by restreaking on 
E.M.E. lactose agar, only those of a white or light pink colour being scored 
as mutants. 

With no phage selection, approximately one-third of the ultraviolet-induced 
mutant colonies were “ whole ” and two-thirds “ sectored ” (a ratio not signifi- 
cantly different from that fof mutation to phage T1 resistance) ; with phage 
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138 H. B. NEWCOMBE 

selection the ratio was approximately reversed (see table 3 ) .  While our non- 
selection experiments are in reasonable agreement with ~VITKIN’S (she ob- 
served approximately equal numbers of “ whole ” and ‘‘ sectored ” colony 
mutants), her selection experiments gave very much higher proportions of 
(‘ whole ” (about 90 percent). This discrepancy does not seem to be due to 
any difference in the methods of scoring and is difficult to account for. How- 
ever, one possibility might be suggested: in a later section it will be shown 
that under certain conditions the spray technique can give rise to a very con- 
siderable admixture of resistant colonies of spontaneous origin (these pre- 
sumably being the result of bacterial growth continuing in the presence of the 
phage). These spontaneous resistant colonies would tend to be homogeneous 
(“ whole ”) for induced changes to lactose non-fermentation. In our experi- 

TABLE 3 
The efject of phage TI selection on the proportions of ultraviolet-induced muta- 

t ions to lactose non-fermentation appearing a s  “whole” and as  “sectored” mutant 
colonies.  (Dose = 500 ergs per mm’.) 

____________ _.______ . ~ __ -. - 

Mutant colonies 
r c 
examinea Whole :sectored 

Selection 

None 145,552 86: 191 31.0 19.0 
Phage TI’ 195,810 194 : 1,02 65.5 15.2 
Unirradiated, 

no selection 135,950 7 : 3 1  .... 2.8 
~ 

‘Preliminary incubation, 4-6 hours. (No differences were found between 4 and 6 
hours and the data have been combined; the separate ratios were 44 : 25 and 150 : 77 
respectively.) 

* T h e  proportion of colonies with lactose mutations (whole and sectored com- 
bined) appearing in the selection experiments will be seen to be approximately 80 
percent of that in the non-selection experiments, due presumably to some being 
lost  in the former through having arisen in different l ines  of descent from the phage 
mutations. The above data are from three experiments which individually showed 
reductions to  46, 59 and 84 percent, as a result  of selection. 

ments the ratio of ‘( whole ” to (‘ sectored ” was independent of preliminary 
incubation over the range from 1 to 6 hours (see tables 3 and 8) and it was 
assumed from this that the effect was not sufficient to have biased our results. 
WITKIN, on the other hand, found the ratio to vary with preliminary incu- 
bation (see her table 5 )  and it is less certain that bias was absent in her 
experiments. 

Whatever the nature of the discrepancy, it should be noted that no essential 
differences have been uncovered in the behavior of the three kinds of niuta- 
tion (mannitol, phage and lactose) used in the present study. 

The possibility of delayed mutation 
Critical discrimination between the four alternative interpretations of the 

sectoring that survives selection is not possible at the present time, and it may 
even be that more than one mechanism contributes. 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/38/2/134/6033341 by guest on 25 M

ay 2023



GENETIC CHANGE I N  BACTERIA 139 

Genetic interchange between two nuclei, for example, cannot be entirely 
ruled out. However, if this were the cause we would have io suppose that 
two-thirds of the cells have more than one nucleus (or gene complement) at 
the time of irradiation, and that half of these produce two recombination types 
(with respect to the locus used for selection and that being studied) which are 
viable in the presence of the selective agent, plus an assumed two which are 
inviable in the presence of the selective a p t .  This would have to 'be true for 
the character pairs : phage resistance and colour response, phage resistance and 
lactose non-fermentation ; and at  least roughly true for streptomycin resistance 
and*colour response, and streptomycin dependence and lactose non-fermenta- 
tion. I t  also implies a regular and complex system of recombination, a some- 
what improbable set of linkage relationships, and a higher proportion of 
binucleate cells than our estimates (to be described later) indicate. 

( I t  has been suggested that an experimental test could be applied using the 
replica plating technique to detect the expected phage-sensitive lactose-nega- 
tive class of recombinants.) 

If the chromosomes were split over a part of their length at  the time of 
irradiation, this condition could give rise to sectored colonies from selection 
experiments. Assuming no special tendency for certain loci to be single and 
others split, the ratio of " sectored '' to " whole " from this cause would be 

ab( 1 - b) /  [ (1 - b)2 +ab ( 1  - b)  + 1/2a2b2] (1) 
where a is the factor increase in likelihood of induced mutation as the result 
of a locus splitting, and b is the likelihood that it will be split at  the time of 
irradiation. The proportion of sectored colonies would be expected to reach 
approximately 30 percent under optimum conditions (nearly equal numbers of 
split and unsplit loci), this being true whether a has a value of one or of two. 
The limiting value of 30 percent is close to the 34 percent observed in our 
selection experiments (and also to the 28 percent observed by WITKIN when 
the short, 3-hour, preliminary incubation was used). The one improbability 
involved in this interpretation is that optimum conditions must be supposed to 
have prevailed in practically all experiments. 

Mutations in self-reproducing particles other than the chromosomal genes 
would of course tend to produce very small mutant sectors. Also, the evidence 
from crossing experiments, using what appear to be similar mutants of another 
strain of E. coli, argues strongly for mhtation in chromosomal genes. 

For these reasons, it seems more likely that the sectoring which survives 
selection is the result of a delay, such that many mutations do not occur (in 
their final form at least) until after the gene has started to divide. 

THE EXTENT OF THE MUTATION AND SEGREGATION DELAYS 

Where wholly mutant colonies arise from irradiated cells it would seem that 
mutation has probably occurred prior to the completion of gene division and 
in cells with only one nucleus. 

Occasional wholly mutant colonies might come from binucleate (or multi- 
nucleate) cells in which the other nucleus (or nuclei) had sustained a lethal 
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140 H. B. NEWCOMBE 

genetic injury. Killing, however, appears to be predominantly non-genetic in 
this organism (although there is no reason to assume a complete absence of 
genetic injury) (see DEMEREC and LATAR JET 1946). Further, if induced chro- 
mosomal changes were responsible for appreciable nuclear elimination, higher 
doses of ultraviolet might be expected to yield higher proportions of “ whole- 
colony ” mutants, which is not what has been observed (see table 4). Nor does 
gamma irradiation, which is believed to be more effective in producing lethal 
genetic changes, yield appreciably higher proportions of “ whole-colony ” 
mutants, whether administered alone or in combination with ultraviolet 
(table 4). 

Similarly, delayed lethal mutations, if they occurred, could convert a pro- 
portion of the colonies which would have been sectored as the result of delayed 
lactose mutation, into whole-colony mutants by suppression of the lactose fer- 
menting lines of descent. Our data do not rule out the possibility, but the above 

TABLE 4 
T h e  e / / e c t  o /  d i / / e r e n c e s  in mutagenic treatment on  the proport ions o/ “whole”  

a n d  “sec tored”  mutant c o l o n i e s ,  using c h a n g e s  t o  l a c t o s e  non-/ermentat ion.  (With- 
o u t  phage  s e l e c t i o n . )  

___- _ _ _  ___ _ _ _ ~  
Treatment Mutant colonies 
and dose Colonies 

Percent Mutations 
whole per lo4 (ergs per examined Whole :sectored 

mm’, or r) 

UV 5001 145,552 86: 191 31.0 19.0 
uv 2,000 27,131 7:14 33.3 7.8 
W 4,000 42,510 9 : 19 32.2 6.7 

Gamma 100,000 15,920 9: 13 40.8 13.8 
Gamma + UV 500 12,120 11:20 35.4 25.5 

‘From table 3. 

arguments can be applied also in this case and suggest that it is at least not a 
gross effect. 

Selective elimination of non-mutant sectors during the early growth of 
a sectored colony might also occur giving rise to “ pseudo-whole-colony ” 
mutants. In a few cases the lactose non-fermenting colonies had a small posi- 
tive area at the center, and there were*also some sectored colonies in which 
the wild type was represented by both successful and aborted sectors. Such 
cases were rare however and would have little effect on the observed ratios. 
Also, they suggest competition after appreciable colony growth and there is 
little reason to expect similar competition in the early uncrowded stages. For 
the sake of simplicity it will be assumed in the following discussion that bias 
was absent and that all of the sectoring which survived phage selection was 
the result of ’delayed gene mutation. 

If p and q were the proportions of multinucleate cells, and of nuclei mutating 
after the first gene division, the proportion of sectorial mutants obtained in the 
non-selection experiments would be the sum of q - pq (from delayed mutation 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/38/2/134/6033341 by guest on 25 M

ay 2023



GENETIC CHANGE IN BACTERIA 141 

in uninucleate cells) and p (from multinucleate cells). From our non-selection 
experiments 

4 - pq f P = 2/3 (2)  
Limiting values for p and q can be determined. From the non-selection 

experiments we know that neither p nor q may exceed 2/3, while from the 
selection experiments q cannot be less than 1/3 ; and by substituting in formula 
(2) it can be seen that p may not exceed 1/2. Thus between 1/3 and 2/3 of 
the mutations are delayed to give mixed mutant and non-mutant descendants 
from a single gene complement, and from 1/2 to perhaps all of the cells are 
uninucleate at  the time of irradiation. 

Provided there is no special tendency for phage mutations to occur earlier 
than lactose mutations (or vice versa), some idea of the extent of the delay 
can be obtained from : (1) the proportion of colonies with lactose mutations 
in the selection as compared with the non-selection experiments, and (Z) ,  the 
ratio of " whole " to " sectored " lactose mutants observed in the selection 
experiments. The present data for example rule out the extreme case of most 
of the mutations being delayed many generations because the chances of phage 
and lactose mutations occurring in the same lines of descent would be small 
and few lactose mutations would survive in the selection experiments, and 
because the ratio of " whole " to " sectored " mutant colonies obtained in the 
phage selection experiments would be expected to approach equality. 

A quantitative treatment is possible. It can be shown that the ratio of 
'' whole '' to '' sectored " lactose mutant colonies expected from a selection 
experiment is represented by the expression 

where ai is the likelihood of a phage mutation in the ith generation, b, is the 
likelihood of a lactose mutation in the kth generation, and the nth generation 
is the last in which a mutation can occur. (The cell prior to the first gene 
division is generation 0 ; 8ai = 8bk = 1.) The proportion of lactose mutations 
which failed to appear in the selection experiments because they had occurred 
in different lines of descent from the same irradiated cell would be equal to 
one minus the sum of the numerator and the denominator in formula 3. 

By substituting (and assuming ak = bk) is can be seen that a number of 
alternative sets of values of ao, a,, a2, etc., would yield the observed 66 percent 
" whole-colony " mutants. However, some of these involve a low probability 
of mutation in one generation followed by a high probability in the next, which 
seems unlikely. Accepting a value of a. between 1/3 and 2/3 (as indicated by 
formula 2) , and a consistent trend with successive generations (ak > a k + , ) ,  the 
range of values is considerably narrowed. One obvious solution is a k  = 1/2k+1 
(75 percent of the mutations in generations 0 and 1, 87 percent in generations 
0, 1 and 2). Other solutions would be ao, al, a2, etc., equal to .48, -27, -25, 0.0, 
or .53, .32, .15, 0.0; and even values of . S O ,  S O ,  0.0 provide an approximate 
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142 H. B. NEWCOMBE 

solution. IVith all of the above solutions mutation is infrequent in generation 3, 
and it would seem that three-quarters or more of the mutations probably occur 
in generations 0 and 1. 

Further, if higher proportions of ‘‘ whole-colony ” mutants ”ere observed in 
selection experiments this would seem to point unambiguously to even higher 
proportions of early mutations. Thus WITKIN’S table 5 (which shows an in- 
crease in the proportion of whole colony mutants from 72 to 92 percent as the 
result of increasing the preliminary incubation from 3 to 6 hours) could be 
interpreted as arguing simultaneously for an extended delay in gene mutation 
(from the effect of varying the preliminary incubation) and for an extremely 
limiting delay (from the final high proportion of whole-colony mutants). This 
paradox might indicate either that we were wrong in assuming phage and lac- 
tose mutations to be equally delayed, or that in WITKIN’S experiments there 
was an increasing admixture of spontaneous mutations to phage resistance 
with increasing preliminary incubation. The latter view is favoured because 
the difficulty does not arise with our own data m d  because, as will be shown 
later, there is other evidence that the resistant colonies obtained using the 
spray technique may, under certain conditions, contain an unexpectedly large 
admixture of spontaneous origin. 

(Delayed phenotypic expression of induced mutations to phage resistance 
would, of course, have similar consequences to delayed mutation, provided it is 
assumed that a similarly small part of the clone is affected. WITKIN interprets 
her data in these terms. The assumption, however, implies a considerable dif- 
ference in the ways by which spontaneous and induced mutant genes develop 
phenotypic expression, cf. NEWCOMBE 1945; it is also contrary to our data, 
and is not necessarily indicated by hers.) 

I t  should be noted also that WITKIN’S observation of a higher number of 
lactose mutations in selection than in non-selection experiments is not con- 
firmed by the present data. We observed slightly fewer (80 percent, see table 
3) and thus have no evidence that phage and lactose mutations are correlated 
events. The discrepancy might conceivably be attributed to differences in the 
precautions which were taken to ensure uniform exposure of all cells during 
irradiation (in our experiments the Petri dish was shaken mechanically many 
times a second so that vigorous standing waves were maintained over the sur- 
face). This discrepancy, however, does not affect the main argument, and the 
important conclusion to be drawn from the present data is that the mutation 
delay is very limited, a conclusion also reached by WITKIN from the sizes of 
the lactose negative sectors. 

T H E  OVERALL DELAY I N  APPEARANCE O F  INDUCED MUTATIONS 

TO PHAGE RESISTANCE 

Of the four effects which might contribute to the overall delay in appear- 
ance of induced mutations to phage resistance, the combined mutation and 
segregation delays probably equal one or two cell generations, and the pheno- 
typic delay two to three (see NEWCOMBE 1948), accounting for a total delay 
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GENETIC CHANGE I N  BACTERIA 143 

of from three to five generations out of an observed thirteen (or Zi3-fold popu- 
lation increase). Irregularity in the onset of division must, when it occurs, 
prolong the apparent delay but the extent of the contribution from this source 
is difficult to determine. I t  might play a large role if there were a correlation 
between delay and likelihood of mutation, and in particular if this correlation 
applied to part of a clone in which a nuclear disturbance operated (see WIT- 
KIN 1951b, and discussions of that paper). However, such a concept would 
imply that mutations are correlated with one another, and although WITKIN 
has some evidence of this we have failed to confirm it. Unless, as seems very 
unlikely, the contribution from irregularity is equivalent to the remaining 8 
or more generations there is a discrepancy the nature of which is still in doubt. 

Accuracy of the estimates of overall delay 

Since the list of probable contributing factors seems to exhaust the possi- 
bilities, we are forced to consider whether the estimates of the overall delay 
are subject to some large systematic error. Evidence of a number of kinds 
supports this interpretation. 

First, both irradiated and non-irradiated cells from saturated cultures show 
a high " mutation rate " during the early divisions on agar, as indicated by 
the spray technique (see figure 1, and for a previous report, NEWCOMBE 
1948). In  the case of the non-irradiated bacteria the effect is probably spurious 
(and it is doubtful even whether it represents a manifestation of previously 
accumulated mutations) since alternate growth and saturation in liquid culture 
does not result in a greater than normal increase in number of mutants (NEW- 
COMBE 1948, table 4) .  The parallel behavior of irradiated cells suggests that 
a part of the apparent high mutation rate following irradiation might also be 
spurious and the result of some selection artifact (the irradiation perhaps act- 
ing to prolong a response to phage which is normally characteristic of the lag 
period). 

Second, there is a curious positive correlation between dose and the extent 
of the overall delay (with respect to population increase) as estimated by the 
spray technique (for X-ray data see DEMEREC 1946, table 4 ;  and for ultra- 
violet see figure 1 of the present paper). This could perhaps be due to a 
greater irregularity in onset of division where the dose is high, but it is equally 
possible that phage selection is slowed down by irradiation of the bacteria and 
that this slowing persists longer with the higher doses. 

Third, there is ample evidence that the number of induced mutations to 
phage resistance can be grossly overestimated by the spray technique. Thus, 
the dose-response curve shows a continued rise up to at least 7000 ergs per 
mm2 (DEMEREC and LATARJET 1946), although using other techniques there 
is a plateau (or slight decline) with doses above 500 ergs per mm2, this being 
true not only for the changes to phage resistance (see table 2) but for other 
mutations as well (e.g., the mannitol-tetrazolium mutations, see XEWCOMBE 
and WHITEHEAD 1951; and the lactose mutations, see table 4 ) .  Also, very 
much higher numbers of mutations are detected by the spray technique (with 
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144 H. B. NEWCOMBE 

the higher doses, between 6 and 200 per lo4 survivors in DEMEREC and 
LATARJET'S experiments) than by the single colony isolations (1.4 per IO4 
survivors in the combined data from table 2 ) .  That the induced mutations can 
be overestimated by as much as a hundred fold indicates that the application 
of phage to irradiated bacteria sometimes fails to prevent subsequent division 
and spontaneous mutation, even when the bacteria have had considerable time 
in which to recover from the effects of the irradiation. 

FIGURE 1.-Numbers of phage resistant colonies which result when bacteria are 
sprayed with phage TI after various periods of incubation and growth on the surface 
of agar. 

All bacteria were plated from saturated cultures; in the top four curves they were 
irradiated with ultraviolet light (three different doses) or with X-rays before plating. 
All points are averages from three or more experiments. 

The precise cause of this artifact is unknown, although physiological changes 
in the irradiated bacteria and their descendants, and crowding due to division 
and growth in the very numerous " killed " cells, might both contribute. For 
present p.urposes it is important only that the return to a " normal " mutation 
rate as indicated by the spray technique is an unreliable indication of the time 
required for expression of induced mutations. 

'' Zeuo-point " mutations 

The mutant colonies which arise when irradiated suspensions of E. coli B/r 
are exposed to phage T1 without preliminary incubation have been termed 
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“ zero-point ” mutations ( DEMEREC and LATARJET 1946), and they could be 
interpreted as due either to early expression in the occasional induced mutant, 
or to delayed selection (see LEDERBERG 1949). 

The contention that phage selection is grossly retarded in irradiated bacteria 
is supported by the following properties of these “ zero-point ” mutations : 
(1) “ zero-point ” mutations to phage resistance are much more numerous 
than the corresponding ‘‘, zero-point ” mutations to streptomycin resistance, 
despite the evidence that phenotypic expression is slower in the case of phage 
resistance ; (2) with increasing dose an increasing proportion of the mutations 
to phage resistance are “ zero-points ” ( DEMEREC and LATAR JET) ; (3)  with 
high doses of ultraviolet the number of “ zero-points ” actually exceeds the 
number of induced mutations found in single colony isolation studies (cf. 
DEMERCC and LATARJET figure 1, with table 2 of this paper). 

TABLE 5 

The absence 01 demonstrable “zero-point” mutations from low doses  of ultra- 
violet. (Dose = 250 ergs per sq. mm; survival = 44 percent; total mutations t6 
phage TI resistance = approximately 5000 per 10’ su+vzvors.) -- 
_____________I_ ___ __ __-__---I_ ~ - -  

Estimated 

Bact. Mut. per Mut. per mutations per ml 
(x 0.1 ml l o 8  (x 0.1 ml 10’ (per IO’) 

Not irradiated Irradiated 
Replicate Bact. “zero-point” 
samplings per ml Mut. per Mut. per 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

68.3 92 13.5 25.6 39 15.0 
63.8 94 14.7 27.5 35 12.7 . 
71.9 113 15.8 24.0 40 16.7 
62.1 107 17.2 26.0 38 14.6 
62.5 105 16.7 34.4 49 14.2 
64.7 92 14.2 29.5 42 14.2 
58.4 107 J8.5 36.4 38 11.5 
53.1 99 18.7 22.3 44 20.0 
70.2 90 12.9 27.6 46 16.5 
66.2 91 13.8 27.7 43 15.5 

Aver a p: e 

+1.5 
-2.0 
+ 0.9 
-2.6 
- 2.5 

0.0 
-7.0 
+1.3 
+ 3.6 
+2 .7  

-0.41 . 

In  our experiments low doses of ultraviolet (250 ergs per mm2, 44 percent 
survival) sometimes resulted in no “ zero-point ” mutations (see table 5),  
although the total number of mutations to phage resistance was high. 

Thus, there is further evidence that irradiation reduces the capacity of the 
bacterium for rapid infection and lysis by phage, and that the heavier the dose 
the more prolonged the effect. 

Interpretation 

The difference between the present interpretation of the overall delay and 
that advanced by WITKIN should perhaps be emphasized at this point. WITKIN 
postulates as a major contributing factor, a delayed phenotypic expression 
which differs from that associated with spontaneous mutation (cf. NEWCOMBE 
1948) in that the delay is much greater and expression occurs in only a small 
part of the genetically resistant clone ( WITKIN 195lb, p. 367). This view was 
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adopted to account for the finding of a high proportion of whole-colony lactose 
mutants in her selection experiments, together with the dependence of this 
proportion on the time of application of the phage. However, the present data 
from similar selection experiments fails to show either property, and in addi- 
tion there is evidence of a selection artifact which under certain conditions 
causes large numbers of resistant colonies of spontaneous origin to arise where 
only induced mutants have been expected. This artifact is believed by us to 
contribute a major part to the apparent long overall delay as estimated using 
the spray technique, and it might also have produced those features of WIT- 
KIN’S data which we have been unable to duplicate. This interpretation relieves 
us of having to assume that induced and spontaneous mutant genes differ so 
widely in their manner of achieving phenotypic expression. 

THE OVERALL DELAY I N  APPEARANCE O F  INDUCED MUTATIONS 

TO STR;EPTOMPCIN RESISTANCE 

If, as we have concluded, peculiarities in the phage-host relationship are 
responsible for both the ‘‘ zero-point ” mutations and the apparent excessive 
time fbr return to a normal “mutation rate” following irradiation, it was 
thought that these phenomena might be absent in the case of other induced 
changes where a different type of selective agent was used. The mutations to 
full streptomycin resistance suggested themselves for parallel study because 
streptomycin could be applied in a wide range of concentrations without in- 
hibiting the mutants. As mentioned earlier, ‘‘ zero-point ” mutations were 
found to be extremely rare (selecting with 1,000 and 10,000 units of strepto- 
mycin per ml).  

In  our delayed selection experiments about half of the induced mutations 
were expressed with three hours preliminary incubation, and the remainder 
by the end of four hours. These times corresponded approximately to popula- 
tion increases of Z0.5 and Z3 fold (see table 6, and NEWCOMBE 1952). Since 

TABLE 6 
Time required for the expression of ultraviolet induced mutations to streptomycin 

resistance (and dependence). (Survival = 40 percent.) _- __-_ __- _________ 
Preliminary Estimated Mutant 
incubation population colonies 

(hours) increase (per I O ’  survivors) 

0 
1 
2 
3 
4 
5 
6 

20 
20 
2 0.2 

26 
29  

2 0 . 5  

23 

~ 

0 
25 

134 
3 02 
857 
837 
770 

‘3  x lo’ and 3 x IO‘ bacteria were plated for each incubation period; the above 
values are calculated from plates having between 50 and 1000 colonies. Unirradi- 
ated populations of similar s ize  do not result in more than three or four colonies 
per plate even with long preliminary incubations. 
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full expression could have occurred before the end of the four hours the popu- 
lation increase associated with it was somewhere between 2l and Z3 fold. 

There is no appreciable discrepancy here between the observed and expected 
overall delays. As phenotypic delay is virtually absent (indicated by the com- 
bined evidence of NEWCOMBE and HAWIRKO 1949 and LEDERBERC 1951) the 
expected overall delay must be the sum of the mutation, segregation and 
irregularity delays. The first two combined probably do not exceed two divi- 
sions (and might be one division) ; the third has not been measured but would 
seem in this case to be somewhere between zero and two divisions. 

I t  is of course necessary to consider whether streptomycin accurately tests 
the genotype or the phenotype at the time of application, since the apparent 
absence of appreciable phenotypic delay might be due to the genotypic or 
physiological changes leading to resistance being completed in the presence of 
the streptomycin. However, the rarity of ‘( zero-point ” mutations suggests 
that any such effect might be negligible. 

Thus the discrepancy observed in the case of mutations to phage resistance 
does not occur in a similar system using a chemical, instead of a living, selec- 
tive agent. 

THE COPY-ERROR CONCEPT I N  INDUCED MUTATIONS 

I t  should be emphasized that none of the evidence so far obtained is incom- 
patible with the view that induced mutations occur at  the time of gene repro- 
duction, there being sometimes one and sometimes two mutant daughter genes. 
If this concept were correct the early mutations in an irradiated population 
would be those associated with early gene division and would produce whole- 
colony and sectored mutants in the same proportions as later mutations. 

Two methods are available by which early mutations could perhaps be 
singled out for study : ( 1 ) those to phage resistance might be selected by treat- 
ing with phage after short preliminary incubations, and (2) those to lactose 
non-fermentation might be obtained by exposing ultraviolet irradiated material 
to visible light after limited periods of incubation with a view to terminating 
the mutagenic action prematurely. In  both cases the proportions of whole- 
colony and sectored lactose mutants would be observed. 

If the hypothesis were wrong, and early mutations produced whole-colony 
mutants, then in the phage selection experiment a short preliminary incuba- 
tion should favour the lactose sectorials (since the opportunity for sectoring 
is greatest when all the descendants from an irradiated nucleus survive), and 
in the photoreversal experiment a short incubation before exposure to light 
should fav6ur the whole-colony lactose mutants. If, on the other hand, all 
mutations occur at the time of gene division, the timing of the phage selection 
and of the exposure to light should have no effect on the ratio of whole to 
sectored colonies. Both experiments were carried out (see tables 7 and 8). 

In  the case of the phage selection, preliminary incubations of one and four 
hours were used. A slight difference was found (see table 7) but this was 
within the limits of experimental error and, even if real, would indicate only 
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TABLE 7 

The effect of varying the period of preliminary incubation in phage selection 
experiments upon the proportions of “whole” and “sectored” lactose mutations, 
(Ultraviolet dose = 400 ergs per mm2.) 
-- __-- 

Mutations 
Colonies  Lactose Preliminary 

incubation examined (whole : sect . )  Corrected Percent 
(hours) ratio whole 

1 31,205 24 : 21 2 1  : 1 5  58 
4 33,856 40:  20 39.5 : 19.0 67 

‘Corrected for lactose mutations in  phage resistant ce l l s  present a t  the time of 
irradiation. 4,840 of the colonies from the one hour incubation and 736 from the 
four hour incubation were from such cells. The number of lactose mutations in 
these is assumed to  be 19/104, in the ratio of one “whole” to two “sectored” ( see  
table 3). 

a small proportion of genuine pre-gene-division mutations. The delayed photo- 
reversal resulted in no excess of whole-colony lactose mutants (see table 8 )  
and thus gave no indication of variations in the timing of induced mutations 
with respect to gene division. 

Neither result entirely rules out the possibility of pre-gene-division and post- 
gene-division mutations, since it is just possible that phenotypic delay rendered 
the phage selection experiments too insensitive to reveal small differences in 
timing, and that the light acted to intterrupt the chain of events at a point one 
or  more steps prior to the actual gene change (as for example by preventing 
the conversion of a photo-sensitive mutagen into a photostable form). How- 
ever, taken together the two experiments point to a close relationship between 
the times of gene division and of indiuced, gene mutation. 

There are at present two commonly held concepts of gene mutation : (a )  as 
a molecular change caused by mutagenic chemicals within the cells, and (b)  as 
an inaccurate duplication of the gene. The first has recently been expanded to 
include all gene mutations of whatever origin (see MCELROY and SWANSON 

TABLE 8 
The effect o f  delayed photoreversal on the proportions o f  “whole” and “sectored” 

lactose mutations. (Ultraviolet dose = 400 ergs per m m 2 .  No phage selection.) 
_________ - ___- 

Treatment Lactose mutations 
(ultraviolet, Colonies 

Percent Mut. per 
whole 10 4 

incub. in min., examined Whole :sect. . and light) 

Control 57,480 10: 28 .... 6.6 
uv 120,337 61 : 131 32 16.0 
uv-0-L 120,860 13:  4 6  .... 4.9 
uv-30-L 45,860 4 :  19 .... 5.0 
UV-60-L 79.650 15:  62 20 9.7 

‘Note: Percents  survival, using the combined data ,  are 2.4, 37, 33, and 17, for 
UV, UV-0-L, etc. (From this it is evident that  the lethal and mutagenic effects of 
ultraviolet start  to become stable  towards light after similar periods of incubation.) 
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1951, p. 360) while the second has been considered mainly in relation to spon- 
taneous gene change. The evidence from spontaneous mutation appears to be 
about equally divided for and against the latter concept, mutation bein’g in 
some experiments a function of the number of divisions and independent of 
time (LURIA and D E L R R ~ C K  1943 ; ZAMENHOF 1945 ; NEWCOMBE 1948, table 
4) , and in others a function of time and independent of division ( NOVICK and 
SZILARD 1950; see also KAUFMANN 1947 for reference dealing with organisms 
other than bacteria). However, both conclusions appear to be valid under the 
conditions of the experiments upon which they are based, and the apparent 
conflict could be resolved by combining the two concepts, the amount of muta- 
gen formed in the cell determining the likelihood of a copy error during gene 
duplication. 

The experiments on induced mutations in bacteria indicate that gene changes 
take place only after a period of metabolic activity, and at a time corresponding 
epproxitnately to that of gene division. Thus although neither spontaneous nor 
induced mutations have as yet been demonstrated to occur during gene dupli- 
cation, the possibility is not ruled out by any of the evidence froin either 
source, and all of the phenomena associated with mutation could be interpreted 
on the combined concept of chemical mutagens (either natural, radiation in- 
duced, or  artificial) acting to produce inaccuracies in gene copying. 

If this combined concept is correct two possibilities are opened up. First, 
information concerning the process of gene reduplication might be derived 
from the sectoring phenomenon in bacteria and the (‘ fractional ” mutations of 
higher organisms. Second, there is a possibility that some effective post-treat- 
ment might yet be found for the radiation-induced changes which lead to 
genetic damage. 

Further, it is known that the syntheses of certain intracellular enzymes (see 
SWENSON and GIESE 1950, BRANDT et al. 1951, BILLEN and LICHSTEIN 1952) 
and of desoxyribonucleic acid ( KELNER, unpublished) are inhibited by doses 
of irradiation which, in so far as has been determined, have little effect on the 
substances themselves. This suggests an analogy with the assumed influence 
of irradiation on gene synthesis, and although the analogy is at present incom- 
plete, the observed effect being quantitative in the one case and qualitative in 
the other, there maqwell be a fundamental similarity, both types of synthesis 
being partially inthibited and in addition yielding occasional variant end-prod- 
ucts. Thus it is conceivable that irradiation (and presumably mutagens in 
general) affect in a like manner a whole group of fundamentally similar syn- 
theses of which gene reduplication is only one. 

SUMMARY 

The bulk of induced mutations to phage T1  resistance in Escherichia coli 
become apparent only after appreciable growth of the irradiated suspensions. 
This could be due to delays associated with: (1) gene mutation, ( 2 )  nuclear 
segregation, ( 3 )  phenotypic expression, and (4) irregularity in onset of divi- 
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sioii. These delays are estimated by various means to be equal to population 
increases of 2l- to 22- (for 1 and 2 combined), 22- to Z 3 - ,  and 2 O -  to 22-fold 
respectively, making an overall delay of between 2"- and 2'-fold. 

The discrepancy between this and the much higher estimates (213-fold) 
obtained directly hy the phage spray technique could be due to a phage selec- 
tion artifact in the latter experiments. Our evidence supports this view ; and 
in addition, no similar discrepancy was found in the case of another mutation 
(to streptomycin resistance) where a different type of selective agent was used. 

Special attention has been paid to the timing of induced gene changes, and 
attempts to show a relationship between the earliness of a mutation and the 
likelihood of sectoring in the resulting colony, have failed. This suggests that 
gene changes might be limited to the period of duplication, affecting sometimes 
one and sometimes both daughter genes. 

The theory that spontaneous and radiation-induced gene changes both occur 
in response to mutagenic substances fornied in the cell is extended to include 
the possibility that these substances interfere with a whole group of essentially 
similar sJntheses of which gene reproduction is one. 
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