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estimating the genetic hazards of ionizing radiations to populations, it is im- 

the severity of their effects. Although it is well known that these effects vary 
from extreme to slight. most investigations have concentrated on large effect 
mutations; not only are these more easily detected, but they are likely to be of 
greater importance to an affected individual. However, mutations of small effect 
may be of considerable consequence to a population as a whole. And if their 
relative frequency is high, they may be of greater collective importance than 
are those whose effects are drastic. 

There are few organisms where extreme technical difficulties do not preclude 
the detection of individual induced mutations of small effect. At present, studies 
of the frequency distribution of seventies of induced mutations have been con- 
fined largely to Drosophila. Our knowledge of the effect of mutations in the 
homozygous state is derived mainly from the classic investigations of TIMOFEEFF- 
RESSOVSKY (1934), and of MULLER (1934) and KERKIS (1938). These showed 
that the ratio of detectable detrimental mutations to complete lethals is two or 
three to one. Because of technical difficulties, none of these studies provided re- 
liable information on the severity distribution of ionlethal mutant effects. More 
recently, MULLER ( 1950) has presented indirect evidence that the distribution is 
bimodal, with one peak toward the lethal end and a second peak toward the 
normal end. 

Yeast is singularly well adapted to an investigation involving the detection of 
mutant genes, and experimental techniques are available for studying much 
smaller individual mutant effects than can be detected even in Drosophila. This 
organism thus permits a study of the “normal” end of the distribution curve, 
about which we are at present almost completely ignorant. The organism can 
also be used to provide confirmation of the Drosophila results which now stand 
almost alone. The present report is concerned with the frequency distribution of 
X-ray-induced mutations as they affect the quantitative character of growth 
rate in yeast. 

I” portant to know the frequency distribution of induced mutations in relation to 

TECHNIQUES AND PROCEDURES 

With Saccharomyces cereuisiae, mutants can be detected and their effects esti- 
mated without recourse to backcrossing, since the organism can reproduce in 
both the haploid and diploid phase. Furthermore, a single diploid cell normally 
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1310 A. P. JAMES 

produces its meiotic segregants in the form of a group of four ascospores; if a 
simple genetic change has occurred, the segregants include two identical mutants 
and two “built-in” controls. Finally, repeated sampling can be accomplished 
through vegetative reproduction of a diploid cell prior to sporulation. 

General procedure: The basic features of the experimental procedure are out- 
lined in Figure 1.  The descendants of a single inbred diploid cell were cultured 
through approximately 20 generations to the stationary phase. The cells were 
then transferred to buffer solution and divided into two cultures; one of these 
served as a control population and the other was irradiated. Both cultures were 
plated to yield 10-20 colonies per plate. A single-cell isolation was made from 
each colony as soon as these became clearly visible to the naked eye. Each cell 
was incubated for three days on a droplet of fortified agar medium at 21.5”C and 
the resultant clone was refrigerated in broth culture. These clones were sporu- 
lated and the haploid segregants of individual asci were used directly to estimate 
the genetic effects of irradiation. 

Various phases of the experimental and analytical techniques will be described 
in detail in the following sections. 

The character: The quantitative character, growth rate, was chosen for in- 
vestigation in the expectation that it would be affected to some extent by a large 
proportion of all mutations. Further, in terms of selection pressures, rate of 
growth in yeast is analogous to the character, “ability to reach adulthood,” 
commonly used in comparable investigations of Drosophila. 

Special precautions are necessary if growth rate is to be a sensitive indicator 
of mutation. Because yeast is a unicellular organism, rate of growth can be de- 
scribed only in terms of population increase. Thus, although any clone may be 

DIPLOID CELL 7 (INBRED) 

9 COLON SURFACE I E S Q 
ISOLATES Q, 

HA PLO I D SE G RE G A NTS 

FIGURE 1 .-General procedure for detecting mutants. 
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SEVERITY O F  MUTANT EFFECTS 131 1 

thought of as an “individual” for the purposes of this investigation, it would 
nevertheless respond as a population to selection pressures if there were internal 
mutations. As a result, spontaneous mutants might become predominant very 
quickly. Within a haploid culture such subsequent mutations can alter growth 
rates SO as to obscure initial segregational differences; within a diploid culture 
they can lead to heterogeneity if not to complete replacement of the genotype. 

With haploid segregants, the influence of spontaneous mutations was largely 
avoided by obtaining estimates of growth rate before such mutants had an op- 
portunity to alter the population; the entire progeny of individual ascospores was 
used to estimate growth rate, and the collection of data was completed by the 
time an ascospore had produced no more than 20 generations of progeny. Genetic 
shifts within diploid cultures were kept to a minimum by permitting as little 
cell reproduction as was practicable in the interval between irradiation and 
sporulation. 

Estimates of growth rate were calculated from the diameters of microcolonies 
derived from single ascopores. Fortuitously, the logarithm of the diameter of a 
microcolony when plotted against time, yields a curve that is essentially linear 
between diameters of 0.1 mm and 1.0 mm ( l o3  and l o 5  cells). This fact permits 
the estimation of relative growth rate and obviates the determination of actual 
rates of cell division. 

The procedure for growing haploid clones was designed to reduce environ- 
mental differences between any four segregants to a minimum. The four spores 
of an ascus were planted separately on a single large droplet of fortified agar 
medium on a coverslip. The whole was then inverted over a Van Tieghem cell, 
sealed, and incubated at 21.5”C. Dissections of asci were performed in daily 
“lots” of about 50. It was experimentally impossible to provide each test segrega- 
tion with an assured nonmutant control segregation. However, the number of 
segregations from control and from irradiated clones was kept equal in each lot. 
Furthermore, except in rare instances, each clone was represented only once or 
twice in any lot. This procedure reduced the effect of lot differences (attribu- 
table to minor fluctuations in temperature of incubation) on the mean growth 
values of segregants from different diploid clones. 

Details regarding medium and method of measuring microcolonies have al- 
ready been published (JAMES and SPENCER 1958). Because of the large number 
of estimates required, colonies were measured only twice, at approximately 48 
and 72 hours after planting of the spore. 

Two partially independent values, each reflecting growth rate, were extracted 
from the data for each microcolony. One of these, the “one-point” value, was the 
average increase per hour in logarithm of diameter between time of planting of 
the ascospore and the final measurement. The other value, termed the “two- 
point” value, was based on the average increase per hour in logarithm of di- 
ameter during that interval when the plotted growth curve was essentially linear 
(i.e. when colony diameter was between 0.1 mm and 1.0 mm). With the latter 
value, experimental procedure frequently did not, in fact, permit both readings 
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1312 A. P. JAMES 

to fall within this interval. Here a correction was made by adjusting the loga- 
rithm upward to the theoretical value expected for a completely linear curve. 

Both growth values are, of course, influenced by other variables than the rate 
of cell division. The one-point value is affected by time of spore germination, 
and both values are affected by cell size and colony morphology. However, these 
factors are probably only of incidental importance, except with near-lethals, and 
here a large error does not affect the interpretation of experimental results. The 
one-point values must also be affected by a slight convexity of the growth curves 
which is found when logarithm of diameter is plotted against time. This results 
in an underestimate of actual differences, but the error must decrease with de- 
creasing differences in colony diameters. The common origin of the cytoplasms 
of the four spores of an ascus may also lead to an underestimation of differences 
as determined by one-point values. 

The strain of yeast: An inbred line of yeast, termed 4819 in this laboratory, 
was used. The origin of this strain will be described in detail because the method 
of inbreeding undoubtedly influenced its genotype which, in turn, should be 
considered in an interpretation of the experimental results. 

Four methods of inbreeding were tried. One involved a search for mutants for 
sex within a suitable haploid line. It was intended that a mutant and nonmutant 
be mated to produce a diploid strain homozygous at all loci except sex. The 
second method involved a search for a mutant for sex within a self-diploidized 
line. Such a mutant could be detected by its ability to sponilate. Either method 
would yield an “unselected” homozygote but neither was successful. Recourse 
was then made to controlled “brother-sister” matings of selected segregants. 
Numerous attempts to obtain an inbred line ended either in morphologically un- 
suitable strains or in serious lessening of the ability to sporulate. A satisfactory 
inbred line was finally obtained by a technique of uncontrolled “brother-sister” 
matings in which the intensity of inbreeding was reduced. Intact asci were 
isolated and incubated. Following selection of a diploid colony with good mor- 
phological features and sporulating ability, the process was repeated. Interest- 
ingly, in early generations the colonies were either uniformly haploid or diploid 
in appearance, whereas in later generations most of the colonies were obviously 
sectored for haploid and diploid cells. The inception of equal growth rates of 
haploids and diploids provides an indication of the point at which heterosis had 
been eliminated. 

At the end of 14 generations of inbreeding it was evident that the strain had 
become unsuitable for growth rate studies; it produced respiratory-deficient cells 
with an exceptionally high frequency. A detailed analysis of this behavior has 
been published (JAMES and SPENCER 1958). Stability was introduced into the 
strain in the following manner: haploid segregants of the fourteenth generation 
were plated and a stable variant colony detected by its smooth contours. The 
variant was mated to a nonmutant segregant of opposite sex. The resultant 
diploid was itself stable, but segregated 2:2 for stability, facts which indicated 
the presence of a dominant mutant gene. Stable segregants of this diploid were 
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SEVERITY O F  M U T A N T  EFFECTS 1313 

mated to produce a sixteenth generation. Inbreeding was then continued in the 
usual manner for a further ten generations without the reappearance of in- 
stability. The final strain, 4819, having been inbred for 26 generations, was a 
fast growing diploid with satisfactory colony morphology and good sporulating 
ability, 

Compilation and statistical analysis of data 
Recessive lethals and near-lethals: Recessive lethals and near-lethals in yeast 

are easily detected since two of the ascospores from each heterozygote will not 
produce normal colonies. In many instances spore germination itself is not af- 
fected by the presence of a recessive lethal; lethal-bearing spores may germinate 
to produce at least one bud or even a minute microcolony. Such spores have 
been termed abortive and their initial growth can best be attributed to the der- 
ivation of their cytoplasms from the heterozygote. As one might expect, the line 
between lethal and near-lethal is easily shifted with some highly detrimental 
mutations; segregations from a single clone sometimes indicate lethality, at other 
times near-lethality (see Table 2). The extensive testing required to demonstrate 
that a mutation was in fact lethal and not near-lethal was considered to be un- 
warranted, and a clone was classified as near lethal if any pair of affected spore 
colonies grew in the interval between 48 and 72 hours after planting. 

A single segregation of two normals and two lethals or near-lethals is a strong 
indication that a test clone is mutant, because such segregations in supposedly 
mutant-free cultures are rare (See Table 3).  In  practice, at least one more dis- 
section was made to confirm the genotype. If none of these yielded more than two 
“normal” spores, the clone under test was classified as mutant for a lethal or 
near-lethal. 

On occasion, recessive lethality is expressed by the complete inability of spores 
to germinate. Because this characteristic may also be attributed to damage at 
dissection positive identification of such lethals requires repeated dissections. As 
germination of two or fewer spores occurred only eight percent of the time in 
presumed lethal-free clones, four dissections were considered sufficient for this 
purpose. 

Nonlethal mutations: Only data from those dissections which yielded four 
spore colonies were used in the detection of nonlethal mutations. Mutants were 
identified through analyses of variance; the pooled variance of individual tetrad 
growth values from a test clone was compared with that of an assumed non- 
mutant (base control) clone. It should be noted that this method does not take 
advantage of the paired nature of the data. 

To insure unbiased sampling, it was originally planned that each clone be 
represented by five segregations, excepting those instances where mutation was 
obvious. However, not infrequently, an individual segregation was clearly un- 
representative of the clone from which it was sampled. When this discrepancy 
was extreme, the mean square showed a significant departure from homogeneity 
and the data could be discarded. This procedure unfortunately reduced the data 
available for detecting mutants in some clones. An effort was therefore made to 
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1314 A. P. JAMES 

identify as many as possible of these unrepresentative segregations prior to the 
analysis and to repeat the sampling, without in any way biasing the data. Dis- 
carded data are listed in Table 3. The measures taken to disclose them were as 
follows : 
(a) Data from a segregation were discarded when there was evidence of an ex- 
treme delay in germination of one or more ascospores. Although time of germina- 
tion was, in general, synchronized at low incubation temperatures, it was some- 
times evident that a delay had occurred. These delays directly affect the “one- 
point” growth values and increase the experimental error of the L L t ~ ~ - p ~ i n t ”  
growth values. Colonies were inspected microscopically at 24 hours, and data from 
a segregation were discarded if any germinating spore had produced six or fewer 
cells. 
(b) Data were discarded when cells of all four segregants from an ascus had the 
oval appearance of diploids, an observation suggesting that they had originated 
from a tetraploid. 
(c) Irregular segregations in which one of the four segregants was either an 
abortive or an excessively fast-growing variant were discarded. The latter were 
easily recognized; their diameters were relatively large (in excess of 0.3 mm at 
48 hours) and their colonial outlines very smooth. It i s  of interest that they were 
frequently accompanied by excessively slow-growing segregants (see Table 3 ) .  
A third type of irregular segregation, one involving the appearance of respira- 
tory-deficient segregants. was known to occur but was not eliminated prior to 
analysis. 
(d) Exceptional segregations suggesting genetic heterogeneity within a clone 
were discarded when heterogeneity for lethals and near-lethals or for  fast- 
growing variants of the type described above were involved. 

When the effect of mutation was extreme its direction (i.e. positive or negative) 
was obvious. The direction was less apparent for smaller effects because daily 
fluctuations in temperature of incubation, although minor, created significant 
differences between mean growth values for lots. A discrimination was achieved 
by the use of presumed mutant-free clones. These constituted all clones in which 
the mean growth values of the two slower and the two faster segregants differed, 
on the average. as little or less than did the two corresponding segregant pairs in 
the base control (2.3 percent). Data obtained with these clones were now used to 
calculate an over-all mean growth value of 29.4 and an adjustment for each lot. 
These lot adjustments were then applied to individual segregant values of all 
test clones. The over-all mean growth value for segregants of each test clone was 
now compared with the value 29.4. The direction of variation was determined by 
the sign of the difference. An error in the estimated mean growth value for non- 
mutant segregants would, of course, affect the relative numbers of positive and 
negative test clones in those clones where mutation was not detected. However, 
the estimated extent of a mutant effect, whether or not it is demonstrated statis- 
tically, will not be affected by any error in this value. 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/44/6/1309/6060784 by guest on 25 M

ay 2023



SEVERITY O F  MUTANT EFFECTS 1315 

RESULTS 

Survival of diploid cells after exposure to 30,000 roentgens was 46 percent, as 
measured by formation of visible colonies. Thirty-four unselected control colonies 
and 100 unselected colonies from plates of irradiated cells were picked and the 
clones derived from them were tested for genotype. Surprisingly, statistical analy- 
sis showed that the one-point growth values were a more sensitive measure of 
genotypic differences than were the two-point values, and unless otherwise stated 
the former are used in the presentation of results in this report. 

Gross results are presented in Table 1. Details of the different genetic effects 
will be treated separately. 

Sporulation 
Of the 134 test clones, 16 from irradiated cells could not be induced to sporulate. 

Spectroscopic analysis (by the method of RAUT 1953) indicated that seven of 
these were respiratory deficient. The data thus indicate an induced frequency of 
seven percent for respiratory deficiency and of ten percent for other changes 
involving an inability to sporulate. These clones were not further tested. 

Gross chromosomal aberrations 
In yeast, reciprocal translocations would lead to the production of equal num- 

bers of asci from which none or all of the segregants are viable. Asci containing 
two viable and two inviable spores would also be expected, their frequency 
depending on the distance between centromere and points of breakage. 

There was evidence that few if any of the lethal-free clones, whether control 
or irradiated, contained reciprocal translocations. Although many of these clones 
were insufficiently tested to unquestionably disprove the presence of a translo- 
cation, complete segregant failure was found in only two of 34 control clones 
and in five of 62 irradiated clones free of lethals or near-lethals. Here the failures 
occurred as isolated instances and the highest frequency was one in seven asci. 
It is quite possible that some of the clones classified as heterozygous for lethals or 

TABLE 1 

Mutants d-.tected among control and irradiated cells of a yeast population 

Percent 
est mated 
Induc tmn 
freqi’e cy 

Cortrnl  Irrad~c~ted (30,000ri 

Respiratory-Deficient 
Nonsporulating 
Lethal 
Near-Lethal 
Mutant for Growth 
Nonmutant 
Total Cells Tested 

0 
0 
0 
1 
0 

25 
34 

7 
9 

13 

91 
315 
31 
100 

7 
10 
17 

52 
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1316 A. P. JAMES 

TABLE 2 

Segregations of clones classified as heterozygous for recessive lethals or near-lethals 

Clone no. Clone no. Clone no.  Clone no. 

C-22 ++R'A' + + A'A' 
++-A+ 

1-2 ++A+A+ + - A+A' 

1-6 ++&A+ + + A'A' 

1-7 + + A A  
+ + A  A 
++A A 
++-A 

1-18 ++A+A+ + + A+A' 
++A A 
+ + A A  
+ + A  A 
+ + A  A 

A A  
A A  

+ - A A  
-_  
-_ 

1-23 ++-- ++-- ++-- 
L--- 

1-29 + + A A  ++-- 
1-30 ++&A+ + + A'A' + + A+A+ 

+ + A A  
+ + A  A 
+ + A  A 

A _-_ 

1-52 ++A+A+ 
+ + A  A 
--A A 

1-53 + + A A  ++-- ++++* 

1-56 ++A'A' 
+ + A A  ++-- 

1-59 + + A A  
++-A 

1-63 + + A A  ++-- ++-- ++-- 
1-66 + + A A  ++-- +--- 

1-69 ++A+A+ + + A+A+ 
+ + A A  

1-76 ++-- ++--- ++-- ++-- 

1-83 ++A+A+ 
+ + A  A 
+ + A  A 

1-93 ++-A+ 
++-A ++-- ++-- 

1-54 ++A+A+ 
+--A 
+ A A A  

1-60 + A  A A 
+--A 
- A A A  

1-89 + A  A A 
+ A A A  
+ A A A  
-_  A A  

' Cells of spore colonies appeared dlploid 
4- Spore produced a "normal" colony 
A+ Spore germinated to produce a minute but growing mxrocolony 
A Spoie geminated to produce one bud or a Etdtlomig microcolony - Spore did not germinate 

near-lethals were actually translocation clones. However, the fact that all clones 
segregated ''lethals'' either consistently or else only rarely (see Tables 2 and 3 )  
suggests that translocation clones were not frequent in this class. 

Recessive leihals and near-lethals 
Of the 34 control clones, one was classified as heterozygous for a near-lethal. 

Of the 84 sporulating clones derived from irradiated cells, 13 were classified as 
heterozygous for lethals and nine as heterozygous for near-lethals. Segregations 
of these clones are presented in Table 2. There can be little doubt of the high 
accuracy of the lethal-near-lethal classification. The subclassification of the 
clones into lethal or near-lethal is no doubt less accurate (see previous discussion), 
but certainly there is a cluster of near-lethals. 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/44/6/1309/6060784 by guest on 25 M

ay 2023



SEVERITY O F  MUTANT EFFECTS 1317 

TABLE 3 

Statistical analyses of clones free of lethals and near-lethals 

*I 2 3 4 5  6 I 8 9 10 

Base C-5 100 10 9 4 ( + + + A )  11 64 .977 
control 1 ( + + A A )  

1 (++ ++ - -1 
Control C-1 9 3 0 l ( + + A A )  

-2 8 2 1 0  
-3 6 1 0 0  
4 5 2 1 0  
-5 7 2 0 0  
-6 7 1 1 0  
-7 12 2 1 3 ( + + + + + + )  

-8 5 0 0 0  
-9 12 4 3 0 
-10 3 0 1 0 
-11 8 1 2 0 
-12 8 3 0 0 

1 ( + + + A )  

-13 7 1 0 1 tetraploid 
-14 6 0 1 0 
-15 7 1 1 0 
-16 5 0 0 0 
-17 8 1 1 0 
- 1 8 . 6  1 0 0 

-m 12 5 2 0 

-23 8 2 1 0 
-24 10 4 1 0 
- 2 , 5 7 1 1 0  
-26 9 2 2 0 
-27 7 4 0 0 
-28 6 0 0 1 ( + + + A )  
-29 5 0 0 0 
-30 6 0 1 0 
-31 9 2 1 1 ( + + $ A )  
-32 6 0 1 0 
-33 12 5 2 0 
-34 10 3 2 0 

Irrad. 1-1 9 3 1 0  
-3 7 1 1 0  

-5 7 0 0 1 tetraploid 

-8 9 4 0 0  

-19 10 3 1 1 (++++++) 

-21 9 2 1 1 (++++--) 

-4 6 0 0 I ( + + + + - )  

1 (++ ++ - -1 

-9 2 0 0 0  
-11 6 1 0 0 
-12 6 0 1 0 

0 5  
3 2  
1 4  
0 2  
0 5  
1 4  
0 5  

0 5  
0 5  
0 2  
0 5  
0 5  
0 5  
0 5  
0 5  
1 4  
2 3  
1 4  
0 5  
2 3  
0 5  
0 5  
0 5  
0 5  
0 5  
0 3  
0 5  
0 5  
0 , 5  
1 4  
1 4  
3 2  
0 5  

3 2  
0 5  
0 5  
1 4  

0 5  

0 2  
0 5  
0 5  

1.024 
,985 

1.019 
.863 
.982 

1.013 
,982 

1.111 
.974 
.868 
.949 
.973 
,959 

1.027 
.968 
.976 
.981 
.980 

1.023 
1.020 
.979 

1.092 
1.01 7 
.914 

1.018 
.899 
972 

1 .om 
.971 
,981 
.976 
,984 
.972 

.991 
1.030 
.975 
,987 

.806 
1.103 
.387 
.965 
.977 

**  

**  

**  
**  

**  

* *  

* *  

* *  

* *  

* *  
* *  
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1318 A. P. JAMES 

TABLE 3-(Continued) 

Statistical analyses of clones free of lethals and near-lethals 

'1 2 3 4 5  6 7 8 

-13 12 6 0 

-14 
-1 5 
-1 7 
-1 9 
-20 
-21 
-22 
-24 
-25 
-26 
-28 
-3 1 
-33 
-34 
-35 
-3 6 
-38 
-40 
-41 
-42 
-43 
4 4  
-45 
-46 
-47 

-48 
4 9  

-5 0 
-5 1 
-5 5 
-5 7 
-58 
-62 
-65 
-67 

-68 
-71 
-72 
-74 
-75 

15 5 5 
5 0 0  

10 4 1 
10 44 0 
5 0 0  
7 0 1  
7 2 0  
3 0 0  
9 3 0  

11 4 0 
7 2 0  
5 2 2  
6 1 0  
7 2 0  
8 1 2  

11 5 1 
5 0 0  
8 2 0  
7 0 2  

10 4 1 
4 3 1  

11 4 2 
7 1 0  
8 1 2  
9 1 0  

6 2 1  
10 5 0 

7 1 1  
2 0 0  
6 0 1  
6 1 0  
3 0 0  

11 4 1 
6 0 0  

13 6 2 

10 3 2 
8 1 1  
8 3 0  
9 2 2  
8 2 0  

1 tetraploid 
1 (++ ++ AA)  
1 (++ ++ + A )  
1 ( + + + A A )  
1 ( + + + + A )  
0 
0 
0 

0 

0 
0 

1 (++++-) 

1 (++ ++ - -1 

1 (++++-) 
2 ( + + + A )  
0 
0 
0 
0 
0 
0 
0 
1 ( + + + A )  
0 
1 (++++-) 
0 
0 
1 (++---I 
1 tetraploid 
2 ( + + A A )  
1 ( + + + A )  
0 
0 

0 
0 
0 
0 
0 
1 ( + + A A )  
1 ( + + + + - I  
0 

0 

0 
0 

1 (++ ++ + +) 

1 ( + + A A )  

0 1  

0 5  
0 5  
1 4  
1 4  
2 3  
0 5  
0 5  
0 3  
0 5  
0 5  
3 2  
0 1  
0 5  
0 5  
2 3  
1 4  
0 5  
0 5  
0 5  
0 4  
0 2  
0 5  
0 5  
0 4  
0 5  

0 3  
0 5  

0 5  
0 2  
0 5  
0 5  
0 3  
1 4  
1 4  
0 5  

1 4  
1 4  
0 5  
0 5  
0 5  

9 10 
~~ 

1.094 **  

.979 
,965 ** 
,981 
.968 
,982 
.979 
.983 
399 * *  
.965 * *  
.962 * *  

1.012 
.690 **  

1.017 
.973 

1.009 
1.024 
.978 
956 **  

1.181 **  
.928 * *  
380  * *  
.953 ** 
.955 * *  
373 ** 
.965 ** 

.781 **  
338 

1.089 **  
.964 * *  
.796 ** 
,959 **  
.976 
,890 * *  

1.016 
,972 

1.135 **  
.797 
,966 

1.027 
.972 
.970 

1.016 
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SEVERITY O F  MUTANT EFFECTS 1319 

-78 2 0 0 0 0 2 .798 ** 
-79 8 0 3 0 0 5 .952 **  
-80 9 1 3 0 0 5 ,554 * *  
-81 10 4 0 1 ( + + A A )  0 5 ,977 
-82 10 5 0 0 2 3 .994 
-84 8 3 0 0 0 5 ,822 * *  
- 8 6 6 1 0 0  1 4 .983 
-87 11 5 0 I ( + + + + + + )  1 4 1.024 
-88 10 3 1 1 ( + + + A )  1 4 ,972 
-91 9 7 0 0 0 2 ,943 **  
- 9 2 3 0 0 0  0 3 ,765 **  
-94 1 1  4 1 2 (+++--) 0 3 ,871 **  

-98 1 1  4 2 0 3 2 1.018 
1 ( + + + A )  

Meanings of numbers used as column headings: 1-Source. Z+lone number. 3-No. asci dissected. 
&No. asci in which germination of spores was incomplete. 
5-No. asci in which germinationc?f one or more spores was delayed. 
C-Exceptional segregations: +. 
7-No. segregations eliminated from data as statistically nonhomogeneous. 
8-Nn. segregations used in detection of mutation. 
S-Phenotypic effect. This is the mean clonal value for the sum of two more variant segregant growth values divided 

by the sum of the two less variant growth values. The term is a measure of the fractional increase, or decrease, in 
rate of growth of the more variant segregants of a clone. Far example, if the phenotypic effect is ,850, then the 
rate of cell division of the two slower segregants has been estimated to be, on the average, 85 percent that of the 
two faster (and presumably nonmutant) segregants. Effects for 1-6 and I 4 9  were calculated from appropriate 
segregant values. 1-67 produced only one nonmutant segregant; here estimates were obtained by using values 
derived from presumed mutant-free clones. I t  happened that all clones having effects lower than .9G5 or higher 
t h m  1.036 were classified as probable mutants in statistical tests. 

normal” colony: + + , excessively fast; -, excessively slow; A, abortive. 

1 0 4 f  statistical significance. * *  indicates significance of the variance ratio at the 0.01 level. 

Clones containing lethals or near-lethals fell into two categories: (1 ) those 
with segregations best explained by the presence of a single detrimental or at 
least not at variance with this interpretation, and (2) those with segregations 
indicating a more complex genetic change. The four clones of column 4, Table 2, 
fall into this latter category. It is possible that inversion or dominance of a gene 
affecting germination is responsible for this complex behavior but it is not neces- 
sary to invoke such an interpretation. The frequency of clones with lethals or 
near-lethals is so high as to lead to the expectation that several clones contain 
two or more of independent origin. It seems likely that the instances of complex 
lethality are of this nature. An X-ray-induced frequency of 17 percent for lethals 
i s  indicated. 

Nonlethal mutations 
Growth-rate data from all clones that did not contain lethals or near-lethals 

were submitted to statistical analysis. Summarized results are presented in Table 
3. Probable mutants were found in eight of 33 control clones and in 31 of 62 
“irradiated” clones. The five percent level of significance was chosen as a criterion 
for classifying clones as probable mutants. but in fact all significant variance 
ratios reached the one percent significance level, so that the chance of overesti- 
mating the number of mutants is considered to be slight. 

Positive mutations: There was little evidence that any simple positive mutations 
were induced by X-rays. The frequency of positive mutations among control 
colonies was two in 33; among irradiated colonies it was five in 62. In  each of 
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1320 A. P. J A M E S  

these instances, the mutant effect was so extreme as to be clearly evident from 
a visual examination of the segregant colonies. 

The two control clones, C-8 and C-23, segregated as simple monohybrids for 
positive mutations. The  five irradiated clones, on the other hand, showed greater 
complexity of the diploid genotype. Only one, 1-41, segregated as a simple mono- 
hybrid. Complete and incomplete segregations from the remaining four clones 
indicated the following genetic constitutions: 1-8 and 1-49 behaved consistently 
as though heterozygous for both a positive and a negative mutation in which the 
negative mutation was epistatic to the positive. 1-13 may have had an  inversion; 
it produced abortive spores in four of five segregations. Otherwise it segregated as 
a monohybrid for fast growth. 1-67 was more difficult to characterize; in four 
of five segregations it produced two obviously positive and two obviously negative 
mutant spores. The remaining segregation produced only one obviously positive 
mutant spore but, again, two negative. Repulsion linkage of positive and negative 
mutant genes is a possible explanation of the behavior of this clone. 

Nonlethal negattue mutations: Negative mutations other than near-lethal 
were detected in six out of 33 control clones and in 28 out of 62 irradiated clones. 

The frequency distribution of the effects of the various mutations is shown 
in Table 4. Here all test clones have been arranged by their “phenotypic” effects. 
It is evident that the distribution of mutant effects is bimodal; there is a peak a t  
the near-lethal end and a second peak at the near-normal end. 

Further, it is apparent that the distribution in the regions adjacent to the 
normal is greatly skewed; there is a preponderance of negative over positive 
effects. This is best shown in Figure 2, where the frequency distribution at the 
normal end is presented in expanded form. It seems likely that few if any unde- 
tected positive mutations were induced. 

DISCUSSION 

There can be no doubt that the techniques used here were successful in per- 
mitting the detection of mutations of both large and small effect. However, in 
such an  investigation as this, biases in the data, even if small, can seriously affect 
the interpretation of results. Consequently, it is pertinent to consider the extent 

TABLE 4 

The frequency distribution of phenotypic effects in clones derived from control and irradiated cells 

Positive 
I.ethals h-ear-lethals Ncgatiye m i ~ k m t s  mutants Total 

0 

Control 0 0 1 0  0 0 0 0 0 0 0 0 0 2 4 1 6  9 1 1  0 3 4  

Irrad. 13 0 1 4 4 0 1 0 0 1 0 1 6 5 14 21 10 3 0 1 85* 
~- ~~ ~__  ~ 

* 1-8 and 1 4 9 ,  being obviously heterozygous a t  two loci, are each represented twice. 1-67 is unrepresented. 
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FIGURE 2.-The frequency distribution, by phenotypic effect, of near-normal clones from 
individual control and irradiated cells. The discontinuity between 0.975 and 1.025 is necessitated 
by the expected rarity of values in the region of 1 .O. 

and direction of any biases in the information with respect to (a) clones tested 
and (b) population sampled. 

(a) AS to the test clones themselves, it is most unlikely that any classed as 
mutant for small effects were in fact nonmutant. But clones classed as mutant for 
larger effects were less thoroughly sampled and additional dissections might have 
disclosed that some of these were heterogeneous in genotype. Again, it is entirely 
possible that some mutant clones passed undetected. If so, most of these must have 
been small-effect mutants: (1) Further sampling of individual clones might well 
have extracted additional minor mutations but could hardly have uncovered any 
additional major mutations. (2) Minor mutations would not have been observed 
in dihybrids for minor and major mutation because of the nature of the statistical 
treatment. ( 3 )  Adjustments for heterogeneity of variances within clones, in re- 
taining more uniform data and eliminating more exceptional data, almost cer- 
tainly resulted in the classification of some mutants as nonmutants. Here also 
the frequency of minor mutations would be more greatly underestimated than 
the frequency of major mutations. One may suspect that the procedure also 
resulted in the classification of dihybrids for two minor mutations as nonmutants. 

Concerning the estimates of mutant effect, the distribution of these is biased 
by an underestimation of the mutant effect in slow growing segregants as men- 
tioned previously, But the two-point values, corrected for curvilinearity of the 
plotted growth curves, provide a measure of the extent of this bias. In Figure 3 
the phenotypic effects as derived from each set of values have been plotted against 
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. 

"ONE POINT" VALUES 

FIGURE 3.-Correlation of phenotypic effects in test clones as obtained from two partially 
independent sets of growth values. 

each other for effects between 0.65 and 1 .O. It is evident that the bias is negligible 
in the near-normal range. 

(b) As to whether the clones themselves were representative of the sampled 
populations of cells, the most important factor to be considered is that of spon- 
taneous mutations. These may occur either before or after irradiation. Those 
which occur prior to irradiation are detected in the control and are thus of little 
consequence unless their frequency is exceptionally high. Those which occur 
after irradiation can be of greater importance because they are imposed on two 
populations which now differ in genetic constitution. However, even here they 
are of consequence only when they result in increased growth rate in diploids 
already suffering from a reduced rate of growth. Where these occur as true back 
mutations they reduce the mutation frequency as estimated. Where they occur 
at a different locus the resulting dihybrids are probably classified as such (1-13 
and 1-62 may serve as examples) or, if  both mutant effects were minor, as non- 
mutants. 

Induced somatic crossing over and delayed mutation could both result in clonal 
heterogeneity and a reduction in estimated mutant frequency. It is, however, 
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SEVERITY OF MUTANT EFFECTS 1323 

unlikely that either of these phenomena occurs with sufficient frequency to affect 
the data seriously. 

Altogether, it seems reasonable to infer that the distribution of mutant effects 
is representative of the actual distribution but that the induced frequency of 
minor mutations is probably underestimated and the frequency of major muta- 
tions is, if anything, slightly overestimated. 

These results completely corroborate the Drosophila evidence that the distribu- 
tion of induced mutations is bimodal with respect to severity of effect. Further, 
the ratio of the frequency of induced nonlethal to lethal mutations, which must 
certainly be in excess of 3:1, is in approximate agreement with the Drosophila 
data. 

The experimental procedure permitted a study of the distribution of effects in 
a region previously unexplored in that it enabled detection of individual muta- 
tions which affect rate of growth as little as 3.5 percent. It is apparent that the 
frequency of deleterious mutations continues to increase as phenotypic effect de- 
creases, and in the most common class the depressing effect of individual muta- 
tions is 3.5 percent or less. 

Perhaps the most interesting aspect of this study is to be found in its indication 
that positive mutations of small effect were induced with a low frequency if at 
all. Of 14 mutations having an effect of less than six percent, all were negative. 
It is, of course, generally accepted that the frequency of positive mutations, 
whether spontaneous or induced, is lower than that of negative mutations. This 
opinion is based partly on a priori reasoning and partly on results of research in 
the agricultural uses of mutations. There is, however, still considerable discus- 
sion as to how often, in fact, positive mutations can be expected on the basis of 
the Drosophila curve (see NEEL and SCHULL 1956). Under these circumstances 
it is worth considering whether the apparent absence of X-ray-induced positive 
mutations in this study can be regarded as a general phenomenon or merely as 
a property of the strain and character used. 

Certainly positive mutations for rate of growth would be rare in a strain long 
subjected to a constant environment. But growth rate in strain 4819 was obviously 
not maximal even though there was selection for an increased rate of growth 
during the inbreeding program that produced it; the introduction of stability in 
the fourteenth generation almost certainly resulted in a reduction in growth rate, 
and the presence of excessively fast growing variants in both control and ir- 
radiated populations attested to the ability of the strain to undergo positive 
mutation. 

The absence of small positive mutations in strain 4819 might be attributed to 
the presence of a single genetic block in a genotype otherwise constituted for a 
faster growth rate. Such a situation would necessitate the Occurrence of a specific 
mutation before other and lesser positive mutations could be effective. However, 
under such a hypothesis one would expect small potentially negative mutations to 
be equally ineffective in the strain, and this was not the case. Furthermore it 
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might reasonably be expected that the effectiveness of minor mutations in any 
strain is dependent on prior mutation at one or a few loci. Under these circum- 
stances strain 4819 can hardly be considered exceptional. It therefore seems likely 
that the strain of yeast under study here is not exceptional and that X-ray- 
induced small-eff ect positive mutations are rare whereas small-eff ect negative 
mutations are abundant. 

SUMMARY 

The spectrum of X-ray-induced mutations, as they affect the quantitative 
character growth rate in haploid yeast was studied. Mutations with effects rang- 
ing from lethality to an estimated 18 percent increase in rate of growth were 
detected. The smallest detected effect was estimated at 3.5 percent. The distribu- 
tion of induced mutant effects was bimodal, with a peak at the lethal and a 
second peak at the normal end. The ratio of induced nonlethal to lethal mutations 
was in excess of 3 : l .  The distribution of effects was massively skewed toward 
the normal end. No evidence of X-ray-induced small-effect positive mutation 
was found, although mutations of large positive effect were present in both con- 
trol and irradiated populations. 
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