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ABSTRACT

The conjecture that the deleterious effects of mutations are amplified by stress or interaction with one
another remains unsatisfactorily tested. It is now possible to reapproach this problem systematically by
using genomic collections of mutants and applying stress-inducing conditions with a well-recognized
impact on metabolism. We measured the maximum growth rate of single- and double-gene deletion
strains of yeast in several stress-inducing treatments, including poor nutrients, elevated temperature, high
salinity, and the addition of caffeine. The negative impact of deletions on the maximum growth rate was
relatively smaller in stressful than in favorable conditions. In both benign and harsh environments,
double-deletion strains grew on average slightly faster than expected from a multiplicative model of
interaction between single growth effects, indicating positive epistasis for the rate of growth. This
translates to even higher positive epistasis for fitness defined as the number of progeny. We conclude that
the negative impact of metabolic disturbances, regardless of whether they are of environmental or genetic
origin, is absolutely and relatively highest when growth is fastest. The effect of further damages tends to be
weaker. This results in an average alleviating effect of interactions between stressful environment and gene
deletions and among gene deletions.

RECENT experiments suggest that the genomic rate
of spontaneous deleterious mutation is high

(Denver et al. 2004; Haag-Liautard et al. 2007). Spon-
taneous mutagenesis must be countered by purging
selection—that is, the enhanced mortality or reduced
fecundity of bearers of mutations—or offset by com-
pensatory mutations (Silander et al. 2007). It has been
repeatedly proposed that a harsh environment, or
stress, is likely to aid selection by imposing demands
unbearable for individuals weakened by mutations.
This simple and intuitively appealing assumption is
supported by the results of some experiments demon-
strating that the negative effects of random mutations
are higher under adverse physical conditions or severe
competition (Kondrashov and Houle 1994; Shabalina

et al. 1997; Korona 1999; Vassilieva et al. 2000;
Szafraniec et al. 2001; Yang et al. 2001; Fry and
Heinsohn 2002). However, not all studies confirm this
expectation (Fry et al. 1996; Martin and Lenormand

2006) and an opposite effect has also been described
(Kishony and Leibler 2003). Moreover, the reported

cases of aggravation of deleterious effects in harsh
environments are difficult to interpret. Earlier studies
often involved organisms with large and unknown
numbers of mutations. It is thus unclear whether stress
exposes more mutations or increases their average
effects (Szafraniec et al. 2001). Finally, it is possible
that environmental stress may promote negative (low-
ering fitness) genetic interactions among deleterious
mutations. This direction of epistasis probably does not
dominate under normal environmental conditions (De

Visser and Elena 2007; Kouyos et al. 2007; Jasnos and
Korona 2007). However, it is unsure whether the aver-
age effect of epistasis can change under stress (You and
Yin 2002; Kishony and Leibler 2003; Cooper et al.
2005; Killick et al. 2006). In sum, the basic characteris-
tics of deleterious mutations are insufficiently recognized,
especially when the changeability of the environment
is taken into account. It therefore remains unclear
whether the accumulation of deleterious mutations can
endanger the existence of populations (Kimura and
Maruyama 1966; Crow and Kimura 1979; Schultz

and Lynch 1997) and whether the widespread occur-
rence of genetic recombination and sex is an evolu-
tionary response to this threat (Otto and Lenormand

2002).
We chose the organism, mutations, and environments

specifically to overcome or reduce the problems typi-
cally met in earlier studies. We used isogenic strains of
the budding yeast with none, one, or two gene deletions.
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The use of gene deletions guaranteed that each in-
troduced alteration meant the complete loss of a pro-
tein in all studied environments. Another advantage of
the laboratory yeast strains is the wealth of information
about genetics and cell physiology provided by tradi-
tional work as well as recent genomewide studies of
gene function and expression (Scherens and Goffeau

2004). Finally, in most previous studies the molecular
basis of stress reaction was poorly known. It was defined
mostly in gross terms, that is, as the occurrence of addi-
tional energetic costs or simply as a decrease in fitness
(Martin and Lenormand 2006). In yeast, it is possible
to select environments that are known to elicit exten-
sive, specific, and functionally interpretable reactions of
cellular metabolism (Bahn et al. 2007).

The laboratory environment of microbial cultures is
determined by the applied nutrients, physical condi-
tions, and additional compounds, such as drugs. In this
experiment, one benign and four harsh environments
were used. The two most often applied yeast nutritional
media are YPD, a rich resource of organic compounds
including amino acids and nucleotides, and SD, a syn-
thetic medium containing a minimum set of vitamins,
salts, and simple sources of nitrogen and organic carbon
(Sherman 2002). In this study, YPD represents the
benign environment, whereas SD models nutritional
stress. Two model environmental stresses applied in this
study are high temperature, 37� instead of the standard
30�, and a high salinity of 1 m NaCl. Faced with stress, the
yeast cell reacts universally by remodeling of transcrip-
tional activity, protection of existing proteins, and ad-
justment of carbohydrate metabolism (Marchler et al.
1993; Martinez-Pastor et al. 1996). High temperature
results specifically in massive protein misfolding and
ultimately tests the cell’s ability to synthesize, maintain,
and dispose of proteins with high efficiency (Mager

and De Kruijff 1995). High salinity primarily stresses
the robustness of the cell wall, cytoskeleton, and vac-
uolar system (Hampsey 1997; Hohmann 2002). The
final environment used in this study is 0.8 mm caffeine.
This compound alters the activity of PKA, Tor1, and
Pkc1, important regulators of cell metabolism, and
influences the stability of chromosomes and the traf-
ficking of proteins through Golgi and vacuole biogen-
esis (Bianchi et al. 2001; Levin 2005; Kuranda et al.
2006). It likely represents an artificial metabolic stress,
one that, in contrast to deprivation of nutrients, heat, or
salinity, was not routinely encountered by the yeast in its
evolutionary past.

In this experiment we focused on genes whose dele-
tion causes detectable deleterious effects under favor-
able conditions. We assumed that these genes are likely
to provide ‘‘housekeeping’’ activities and therefore be
important also in other environments. We therefore
asked whether the growth defects detectable under the
benign environment are amplified by stress. We found
that the relative deleterious effect of single mutations

was lower under stress than in the benign environment.
The joint fitness effect of two deleterious mutations was
smaller than expected from their individual effects in
both benign and stressful environments, indicating
positive epistasis.

MATERIALS AND METHODS

Strains: We used a collection of single-gene deletions
engineered in the laboratory strain BY (Giaever et al. 2002).
In Jasnos and Korona (2007), a list of 639 nonlethal gene
deletions was compiled. The sole criterion used in selecting
the deletions was the annotation that the deletion generated a
detectable growth effect in rich medium. The selection was
based on results of genomewide phenotypic screens and
traditional genetic studies (Jasnos and Korona 2007). In this
study, not all of the originally selected gene deletions were
used (see below). The omission of some strains was decided a
priori as a result of limited access to instruments, not because of
the characteristics of the omitted strains.

Media: Rich medium was composed of standard YPD (1%
yeast extract, 2% peptone, 2% glucose) at 30� and at 37�; YPD
with salinity at 1 m NaCl added at 30�; and YPD with 8 mm

caffeine added at 30�. Minimal medium was composed of
standard SD (2% glucose, 0.6% yeast nitrogen base without
amino acids) with uracil (20 mg/liter), histidine (20 mg/
liter), methionine (20 mg/liter), leucine (100 mg/liter), and
lysine (30 mg/liter) at 30�.

Growth assays: The growth curve of every progeny strain was
assayed independently twice. ½In the Jasnos and Korona

(2007) study, four replicates in YPD were obtained. Of those,
only the first two of the relevant crosses were used in this study
when comparisons with new estimates were made.�Growth was
measured in an automated workstation, Bioscreen C. Growth
curves were transformed with a polynomial function to
compensate for the nonlinear relation between population
density and the OD readings (Warringer and Blomberg

2003) and then log-normally transformed. Regions of linear
relation between the doubly transformed readings and time
were defined on the basis of the pilot studies. They were used
to calculate regression lines whose slope was equivalent to
maximum growth rate (MGR) ( Jasnos et al. 2005; Jasnos and
Korona 2007). In total, 10,520 individual growth curves were
analyzed (263 crosses, each giving four progeny strains, five
environments, and two replications).

RESULTS

Growth effects of gene deletions: It was shown in an
earlier study that the functional annotations of gene
deletions causing growth defects followed a pattern
characteristic for the whole genome; that is, they were
roughly representative of complete cellular metabolism
( Jasnos and Korona 2007). In half of the deletions, a
genetic marker present in the deletion cassette (re-
sistance to geneticin, or kan) was exchanged for another
one (resistance to nourseothricin, or nat). Differently
marked haploid strains of the opposite mating types
were randomly matched, mated, and sporulated. From
each cross involving two haploid parental strains with
single deletions, a tetrad of recombinant haploid strains
was derived: unmarked, kan marked, nat marked, and
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both kan and nat marked. MGR of the progeny strains
was then estimated in a favorable environment of rich
broth medium (YPD) at 30� ( Jasnos and Korona 2007).

In this experiment, we extended measurements of
MGR in four unfavorable environments: minimal me-
dium, high saline, high temperature, and caffeine. In
total, we report here 263 random crosses between 526
(263 3 2) parental strains of which 1052 (263 3 4)
progeny strains were obtained and assayed for MGR.
½We assayed 263 wild-type strains (products of crosses)
instead of a single ancestral strain. In this way, we
ensured that an average genetic background of the
zero-deletion strains was exactly the same as that of the
bearers of deletions, including randomly segregating
unknown polymorphism.� The new estimates were
compared to a relevant sample known from the favor-
able environment. Figure 1 shows the frequency distri-
butions of MGR for strains with none, one, or two

deletions in every environment. The list of gene
deletions and estimates of MGR is presented in supple-
mental Table 1.

To compare the growth effects of gene deletions in
different environments, we converted the absolute
values of maximum growth rate to relative growth rates
(RGR). Individual MGRs were divided by the average
MGR of the 263 strains with no deletion (the progeny
wild-type strains). The standardization was done for
each environment independently. Figure 2 shows the
relation between the average MGR and RGR in all test
environments. In general, the average RGR tended to
correlate negatively with the average MGR. In other
words, the relative damage caused by a gene deletion
(1� RGR) was high when the MGR was high. This means
that stress tended to alleviate the negative effect of gene
deletion. (Statistical comparisons between pairs of envi-
ronments are reported below after an ANOVA test.)

Figure 1.—Frequency distribution of the MGR. Average values with 95% confidence limits and medians are shown. The kan-
and nat-marked single deletions are pooled; therefore their samples are twice as numerous as those with none or double deletions.

Figure 2.—Averagegrowth
rate effects of gene dele-
tions. The average growth
rate of strains containing
no deletions (open bars),
single deletions (shaded
bars), and two deletions
(solid bars) with 95% confi-
dence limits are shown. Five
environments were used:
YPD (rich medium), heat
(YPD and 37�), SD (minimal
synthetic medium), caffeine
(8 mm caffeine in YPD),
and saline (1 m NaCl in
YPD). (A) MGR. (B) RGR.
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We then asked whether some deletions tended to be
more harmful than others when averaged across all
environments. This analysis was restricted to strains
bearing single deletions. To be conservative, we ex-
cluded deletions that produced the lethal or sublethal
phenotype in any of the compared environments (see
supplemental Table 1). Results of a two-way ANOVA test
carried out for the standardized data, RGRs, are sum-
marized in Table 1. The genetic factor was significant,
indicating that some deletions tended to be generally
more harmful than others. The negative effect of a de-
letion was modulated by the environment as evidenced
by a statistically significant interaction between gene
deletion and environment. The environmental factor
was also significant. An a posteriori Tukey’s test revealed
that there was no difference in the average RGR only
between YPD and heat. All other pairs differed signifi-
cantly, P , 0.0001, yielding four clusters in an increasing
order of the average RGR: YPD together with heat,
caffeine, SD, and NaCl.

A possible explanation for the observed alleviating
effect of stress on the average effect of deleterious mu-
tations could be that our sample is biased because we
selected gene deletions that were previously found del-
eterious in the benign environment. However, if the
deleterious effects were specific to YPD, or even antag-
onistically pleiotropic, the correlation between YPD and
other environments should be absent or negative.

Contrary to this expectation, the Pearson correlation
coefficient between YPD and the stressful 37�, SD,
caffeine, and saline was always positive: 0.511, 0.409,
0.335, and 0.328, respectively. (These statistics were
highly significant, as the sample sizes were large: 501,
517, 496, and 505, respectively.) This result is compat-
ible with our assumption that deleterious effects of the
selected mutations are not specific for YPD but repre-
sent general defects of cellular metabolism.

Epistasis for growth rate and fitness: Epistasis is ab-
sent when the phenotypic effect of a gene is indepen-
dent of genes in other loci. Considering deleterious
mutations, it is typically assumed that epistasis is absent
when the proportional change in a trait caused by an in-
dividual mutation is stable, irrespective of the presence
of other mutations in the same individual. This leads to a
model of multiplicative combination of growth effects
caused by gene deletions: RGRwt �RGRkn¼RGRk �RGRn,
where wt, k, n, and kn denote, respectively, no deletion,
kan-marked deletions, nat-marked deletions, and dou-
ble deletions. Consequently, when growth rate is the
considered phenotypic trait, epistasis can be defined as
E ¼ RGRwt � RGRkn � RGRk � RGRn. Frequency dis-
tributions of E in the five test environments are shown
in supplemental Figure 1. Figure 3 shows that the aver-
age values of E, although generally small, were positive
in every environment. Averaged over all five environ-
ments, the positive deviation from zero was statistically
significant (Figure 3).

In population genetics, the status of an individual/
clone is identified not by its rate of growth but by its
fitness. Fitness, w, is the average number of progeny left
by an individual of a given genotype. In a continuously
growing population, an equivalent of offspring size is
obtained from the expression w ¼ emt, where m is the
growth rate and t is generation time (Crow and Kimura

1970). Thus, the growth rate is equal to loge(w) with t set
to 1. Consequently, when fitness is the considered
phenotypic trait, testing for multiplicity of fitness

TABLE 1

ANOVA for RGR of single-deletion strains

Effect d.f. MS F P

Environment 4 1.5623 245.1916 ,0.0001
Deletion 438 0.1692 26.5565 ,0.0001
Interaction 1752 0.0398 6.2401 ,0.0001
Error 2205 0.0064

MS, mean square.

Figure 3.—Average epi-
static effects. The average
values and 95% confidence
limits of epistasis between
two deletions are shown.
The confidence limits were
calculated using a single
(average) value of epistasis
for one progeny strain.
Sample sizes of the particu-
lar environments, begin-
ning from the left, were
257, 238, 254, 235, and
243 strains. The grand
mean was calculated as a
mean of five environmental
means with 4 d.f. (A) Epis-
tasis for growth rate, E.
(B) Epistasis for fitness, e.
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effects, wwtwnk¼wkwn, means testing for the additivity of
growth rates, RGRwt 1 RGRkn¼RGRk 1 RGRn. Epistasis
for fitness can be defined as e ¼ (RGRwt 1 RGRkn) �
(RGRk 1 RGRn) ( Jasnos and Korona 2007). Fre-
quency distributions of e in the five environments are
shown in supplemental Figure 1. Figure 3 demonstrates
that the average e was positive in every environment and
significantly .0 when averaged over all environments.
Understandably, the values of e were higher than those
of E. ½The predicted decline in the growth rate of the
double mutant is 1 � RGRk � RGRn in the additive
model, that is, steeper by RGRkRGRn than in the mul-
tiplicative model, (1 � RGRk)(1 � RGRn).�

We applied two-way ANOVA to test how variation in
epistasis is modulated by the environmental and genetic
(pair of deletions) factors. We excluded crosses that in-
cluded deletions producing the (sub)lethal phenotype
in any of the compared environments. Table 2 reports
results for e. All three determinants—environmental,
genetic, and the interaction between them—were statis-
tically significant. An analogous analysis for E yielded
qualitatively similar results, that is, high significance of
all three factors (not shown). Inspection of Figure 3
suggests that the dependence of E and e on environ-
ment followed a pattern similar to that observed for the
relative effect of a single mutation (1 � RGR). That is,
the epistatic effect tended to be higher in environments
in which growth was faster, although the differences
were not statistically significant.

DISCUSSION

The interactions of deleterious mutations with the
environment and with one another are typically weak,
making them difficult to predict, estimate, and interpret
(Remold and Lenski 2004; Demuth and Wade 2006;
Martin and Lenormand 2006; De Visser and Elena

2007; Kouyos et al. 2007). To circumvent these difficul-
ties, we used a model system of yeast gene deletions
assayed in standardized laboratory environments. Our
recent (Jasnos and Korona 2007) and present results
show a consistent pattern: the interactions of deleteri-
ous mutations with a stress-inducing environment and
with one another are definitely not of the aggravating
(synergistic) type. Instead, consistent bias toward allevi-
ation is seen. We found that the average proportional

effect of deletion on growth (1�RGR) under heat stress
was close to that measured in the benign YPD environ-
ment. In the nutritionally poorer synthetic medium,
and especially in saline and caffeine, the average 1 �
RGR was clearly lower than in YPD, indicating that
mutations became less deleterious in these media. We
deliberately chose environments known to induce dif-
ferent functional reactions to increase the chances of
exposing the variability of interactions. However, our
results hint that the growth rate itself, rather than the
specificities of cellular metabolism, constituted an
important determinant of the phenotypic reaction to
mutational damage. When growth was increasingly im-
peded by adverse external conditions, metabolic defects
caused by mutations were decreasingly harmful.

A similar alleviation of deleterious effects of mutation
by stress was previously described for Escherichia coli.
Bacterial cells carried random point mutations, suppos-
edly one per genome, whose negative impact on the rate
of growth decreased after the addition of several anti-
biotics, simulating a decline in environmental quality
(Kishony and Leibler 2003). In this experiment, the
alleviation of mutational harm was particularly clear-cut
not only in caffeine but also in high salt conditions. The
latter is a typical natural stressor known to elicit cellular
reactions that are highly evolved and common for many
organisms (Hohmann 2002). It is thus remarkable that
both prokaryotic and eukaryotic cells faced with a vari-
ety of environmental stresses and mutational damages
show a similar general pattern of gene–environment
interactions.

In our experiment, genetic epistasis was positive on
average under both favorable and stressful conditions.
More specifically, the growth rate of double-deletion
strains was higher than predicted by the multiplicative
and especially by the additive model of how mutational
effects accumulate. Multiplicity and additivity of growth
rate effects are both simplified and arbitrarily chosen
expectations of how complex metabolic networks
should behave. Multiplicity of growth rates is a domi-
nating model in theoretical and empirical studies
aiming to uncover specific functional interactions be-
tween genes (Tong et al. 2004; Davierwala et al. 2005;
Kelley and Ideker 2005; Collins et al. 2006; Ooi et al.
2006; Boone et al. 2007; Collins et al. 2007; St. Onge

et al. 2007). The additive model of growth rate effects is
special in the sense that it is equivalent to the multiplic-
ity of fitness defined as the number of progeny (Jasnos

and Korona 2007). This definition of fitness is standard
in models of population genetics, including the theo-
retical work on the evolution of genetic recombination
and sexual reproduction (Otto and Lenormand 2002).
Thus, while the multiplicative model is well suited as the
null hypothesis in metabolic experiments, the additive
model is appropriate when comparisons with multicel-
lular organisms or tests of population genetics theory
are to be made. In this study, the null predictions of both

TABLE 2

ANOVA for epistasis for fitness, e

Effect d.f. MS F P

Environment 4 0.1756 10.4381 ,0.0001
Deletion 199 0.2650 15.7464 ,0.0001
Interaction 796 0.0670 4.0391 ,0.0001
Error 1000 0.0168

MS, mean square.
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models were rejected in favor of positive (antagonistic,
alleviating) epistasis. This result, together with the alle-
viating effect of interaction between environment and
single deletions discussed above, fits into a single gen-
eral pattern. The first impairment inflicted upon the
metabolism of a rapidly growing cell is relatively the
most harmful irrespective of whether the insult origi-
nates from a decline in quality of the external environment
or from the deregulation of the internal environment.
This leads to speculation that antagonism is likely to be
common in interactions among environment, drugs,
and mutations. It may be an evolved adaptation to down-
regulate growth more strongly when it is rapid because
this allows the avoidance of excessive overinvestment.
Alternatively, the very construction of a complex cellular
system makes it most sensitive when operating at its
highest rate.

Results of earlier studies often appear incompatible
with the model suggested above. In particular, it was
found in yeast that the effect of multiple mutations on
the growth rate was more deleterious in stressful than in
benign environments (Korona 1999; Szafraniec et al.
2001). However, in these studies random mutageneis
was applied and therefore the exact number, location,
and functional aspects of mutations were not known.
Substitutions of amino acids, a common basis of ran-
dom mutation, are ambiguous in their metabolic effect.
They often result in only partial destabilization of pro-
tein structures, which does not impair protein function
under normal conditions but is critically exacerbated
under stress (Pakula and Sauer 1989). Thus, muta-
tions without phenotypic penetration under favorable
conditions can emerge as new phenotypic defects under
stress (Hampsey 1997; Szafraniec et al. 2001). This
does not occur when a known number of null mutations
(here gene deletions) is considered. As the proportion
of partial and null mutations is often unknown under
random mutagenesis, the results of previous experi-
ments are difficult to interpret. Another question is why
earlier studies did not unambiguously detect antago-
nism among deleterious mutations. Experiments in-
volving unicellular microorganisms usually showed that
most epistatic effects were close to zero. Notably, in
leading examples of such studies, fitness was defined as
the relative rate of growth and consequently the multi-
plicative model of interaction was used (Elena and
Lenski 1997; Segre et al. 2005). Redefining the fitness
as the number of progeny and applying the additive
model would likely shift the results toward positive
values. Thus, we believe that the postulated general
alleviating effect of interactions between mutations and
environment and among mutations are not contra-
dicted by results of previous work.

Evolutionary biologists are concerned with the role of
epistasis in the evolution of genetic recombination. The
mutational deterministic hypothesis predicts that not
only sporadic genetic recombination but also obligatory

sexual reproduction would be convincingly explained if
deleterious mutations interacted synergistically (Feldman

et al. 1980; Kondrashov 1988; but see also Kouyos et al.
2006). Empirical support for this assumption is gen-
erally weak if not absent (De Visser and Elena 2007;
Kouyos et al. 2007). This study provides further evi-
dence against synergistic epistasis by including stressful
environments. Some current theories of sex and recom-
bination reject the assumption of synergistic epistasis
and rely on stochastic explanations. Briefly, unfavorable
combinations of new mutations and genetic back-
grounds tend to be overly frequent even in relatively
large populations. Recombination alleviates this effect
and therefore its spread and maintenance is advanta-
geous. However, the predicted benefit of genetic re-
combination is relatively small or even very small (Hill

and Robertson 1966). It may be insufficient if the aver-
age epistasis for fitness is positive and not exceedingly
small (Keightley and Otto 2006). Here, epistasis was
relatively high—higher than the difference between the
multiplicative and additive combination of log fitness.
Thus, positive (antagonistic, alleviating) epistasis is at odds
with both deterministic and stochastic models explaining
the evolution of recombination and sex (Barton 1995). It
is therefore highly desirable to test whether antagonistic
epistasis applies to traits unrelated to fast growth and
whether it extends to multicellular organisms.

This work was supported by a grant from the State Committee for
Scientific Research of Poland (0684/P01/2006/30).
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