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DYNAMICS OF ADAPTATION TO NOVEL ENVIRONMENTS AFTER A SINGLE
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Abstract. According to classical evolutionary theory, sexual recombination can generate the variation necessary to
adapt to changing environments and thereby confer an evolutionary advantage of sexual over asexual reproduction.
Using the green alga, Chlamydomonas reinhardtii, we investigated the effect of a single sexual episode on adaptation
of heterotrophic growth on different carbon sources. In an initial mixture of isolates, sex was induced and the resulting
offspring constituted the sexual populations, along with any unmated vegetative cells; the unmated mixture of isolates
represented the asexual populations. Mean and variance in division rates (i.e., fitness) were measured four times during
approximately 50 generations of vegetative growth in the dark on all possible combinations of four carbon sources.
Consistent with effects of recombination of epistatic genes in linkage disequilibrium, sexual populations initially had
a higher variance in fitness, but their mean fitness was lower than that of asexual populations, possibly due to
recombinational load. Subsequently, fitness of sexual populations exceeded that of asexual ones, but finally they
regained parity in both mean and variance of fitness. Although recombination was not more effective on more complex
substrates, these results generally support the idea that sex can accelerate adaptation to novel environments.
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The maintenance of sex in natural populations remains one
of the most interesting issues in evolutionary biology. Sex
is associated with two clear handicaps: the allocation of up
to half of all reproductive output to nonreproducing males
and the destruction of well-adapted combinations of genes
by recombination. Most of the very extensive theoretical
analyses of sexuality have, therefore, attempted to identify
consequences of sex that will outweigh these disadvantages
(see Williams 1975; Maynard Smith 1978; Bell 1982; Michod
and Levin 1987; Stearns 1987). Two major ideas have
emerged from this discussion. The first is mutation clearance:
if new deleterious mutations show positive epistasis for fit-
ness, such that the marginal negative effect of a mutation
increases with the overall load of mutations, then random
fusion and recombination increase mean fitness (Kondrashov
1993). In this case, sex acts to preserve adaptedness in long-
standing environments. This kind of selection will occur con-
tinually by virtue of the continual generation of mildly del-
eterious mutations in even the best-adapted populations. The
second idea is mutation assembly. If the environment changes
so that mutations that were previously neutral or deleterious
become beneficial, random gamete fusion and recombination
will increase the rate of response to directional selection,
provided that the marginal positive effect of a mutation de-
creases with the overall load of mutations. This is a very old
idea, dating back to Weismann (1889) and formalized by
Fisher (1930) and Muller (1932), although a correct genetic
interpretation of how selection acts was obtained only quite
recently (Maynard Smith 1988). This theory requires some
source of selection that repeatedly changes direction. Both
theories reflect a single underlying principle. If the population
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has negative linkage disequilibrium, the effect of random
fusion and recombination is to increase genetic variance,
thereby making selection more effective, either in eliminating
poorly adapted combinations of genes or in promoting well-
adapted combinations. Sex is maintained in the population
because genes that promote fusion and recombination in-
crease in frequency temporarily by virtue of their association
with the well-adapted genotypes they have created.

In contrast with the wealth of theoretical analyses, there
has been very little experimental work designed to identify
circumstances in which sex causes an increase in fitness.
Birdsell and Wills (1996) documented a benefit associated
with heterozygosity at the mat (mating-type) locus in yeast,
but it is not clear whether this benefit would extend to sex
itself. De Visser et al. (1996) presented evidence that dele-
terious mutations show positive epistasis in Chlamydomonas,
without demonstrating directly the superiority of sexual pop-
ulations. Da Silva and Bell (1996) crossed clonal lines that
had been maintained for about 1000 generations in the lab-
oratory. They found that the immediate effect of a single
sexual episode was to reduce mean fitness, which subse-
quently recovered and may have briefly exceeded that of the
asexual lines, before sexual and asexual lines approached
equal mean fitness after about 50 generations. We are aware
of only two experiments that directly address the issue of
mutation assembly in novel environments, both carried out
using yeast (Zeyl and Bell 1997; Grieg et al. 1998). Zeyl and
Bell (1997) studied adaptation to galactose in yeast. Yeast
populations were grown either in standard glucose medium,
to which laboratory strains are well adapted, or in galactose,
to which they are poorly adapted. Some lines were repeatedly
mated and sporulated, whereas others were maintained in
strictly vegetative growth. After several hundred generations,
punctuated, in the sexual lines, by eight sexual episodes, all
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the lines were assayed for growth on glucose and on galac-
tose. Both sexual and asexual lines cultured on galactose had
evolved higher rates of growth on galactose, to about the
same extent. Thus, although adaptation to a novel environ-
ment had clearly occurred, there was no evidence that sex
accelerated the process. Asexual lines cultured on glucose
showed no increase in adaptedness, either to glucose or to
galactose. The sexual lines cultured on glucose, however, had
evolved faster rates of growth, whether tested on glucose or
on galactose. This seems to be a case of mutation clearance,
with sex facilitating the elimination of mutations that were
generally deleterious. In contrast, Grieg et al. (1998) found
that sexual populations of yeast adapted more rapidly to in-
creased temperature than did asexual populations, but this
advantage was only seen in heterozygous populations. This
suggests an advantage due to mutation assembly.

The experiment we report here was a second attempt to
identify mutation assembly in sexual populations. This time,
we used Chlamydomonas reinhardtii, a well-known unicel-
lular chlorophyte. Like yeast, it can be propagated indefi-
nitely as a vegetative culture, or can be induced at intervals
to go through a sexual cycle. In Chlamydomonas, the switch
from vegetative to sexual development is caused by nitrogen
starvation, which induces haploid vegetative cells to differ-
entiate as gametes. Following fusion and a short period of
maturation, zygotes undergo meiosis and germinate when
returned to complete medium. The ability to control the sex-
ual cycle means that sexual and asexual lines can be prop-
agated in parallel. C. reinhardtii is normally a photoauto-
troph, but will also grow heterotrophically in the dark if
provided with acetate as a source of carbon and energy. Pilot
experiments by one of us (GB) showed that it will also grow,
though only slowly, on a range of other carbon sources, in-
cluding pyruvate, fructose, and glycerol. This metabolic ver-
satility provided an opportunity to challenge experimental
populations with novel environments to which they are at
first very poorly adapted. Moreover, we could create novel
environments of different degrees of complexity by using
combinations of two or three novel carbon sources. This sys-
tem enabled us to investigate whether sex accelerates the rate
of adaptation to novel environments and, if so, whether the
effect of sex is greater in more complex environments.

METHODS

Main Experiment: Sex in Novel Environments

Preparation of base populations

The base population was a nearly equal mixture of 7 mt1
and 5 mt2 isolates of C. reinhardtii. This was grown to
midlog phase in Bold’s minimal medium with aeration and
continual illumination. Two 10-mL samples from this culture
then provided the founders of the sexual and asexual lines.
The sexual population was transferred to nitrogen-free me-
dium for 12 h, then spread on solid medium and placed in
the dark. After four days, when large numbers of mature
zygotes were evident, the plate was transferred to the light
for four days to induce the zygotes to germinate. The asexual
population was treated in the same way except that it was
transferred to complete medium rather than to nitrogen-free

medium and transferred to dim light rather than placed in the
dark. A careful search failed to reveal any zygotes on the
asexual population’s plate. The cells were then washed from
the plates, transferred to liquid minimal medium supple-
mented with a low concentration (0.001 M) of sodium acetate,
and held in the dark for 24 h in order to reduce the amount
of stored reserves carried through into the experiment.

Selection procedure

Samples of these cultures were then transferred to solid
medium containing one of the eight possible combinations
of the three novel carbon sources, pyruvate (titrated to pH
7.0 with sodium hydroxide), fructose, and glycerol: none, the
three substrates singly, each of the three pairwise combina-
tions, and all three substrates. The total concentration of the
substrates (except in the case where none was supplied) was
kept constant at 0.01 M, with equal molar quantities of each
substrate where more than one was supplied. In addition, all
treatments were supplemented with 0.001 M sodium acetate
in order to permit a low rate of growth even if the novel
substrates were not present or were not utilized. Three rep-
licate sexual and asexual lines were set up for each environ-
ment, for a total of 8 environments 3 2 sexual states 3 3
replicates 5 48 selection lines. All lines were held in the
dark at room temperature for 21 days, when the cells were
washed from the plates, diluted to roughly equal cell den-
sities, and transferred to fresh plates. This transfer procedure
was carried out three times. Note that all cultures were in
vegetative growth throughout the period of selection. The
term ‘‘sexual line’’ refers to the origin of this line, from a
single mass mating in a genetically heterogeneous population
at the beginning of the experiment and consists of a high
proportion of sexually produced cells along with any unmated
vegetative cells; sex was not subsequently induced or ob-
served.

Assays

Fitness of each selection line was assessed by counting the
number of cells in 100 colonies per plate three days after
each transfer. The division rate of a colony is then log 2 cell
number. From these 100 colonies we determined the mean
and variance in fitness of each line. Fitness was assayed three
days after the cultures were first spread on the selection
plates, giving a measure of initial fitness and variation. Fit-
ness was also assayed three days after each subsequent trans-
fer to fresh plates giving estimates of fitness at four time
points (initial fitness and transfers 1–3) in total.

Analysis

Each transfer was analyzed separately as a two-factor anal-
ysis of variance, with the different selection environments
representing the first factor and population type (sexually or
asexually derived) as the second factor. Both factors were
considered as fixed effects. The main effect of population
type constitutes the overall effect of sex on fitness, whereas
an interaction between selection environment and population
type would indicate a difference in the effect of sex across
substrates. In analyses where significant substrate effects
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were detected, further comparisons between the populations
in the novel environments and the acetate-only environment
(controls) were made using Dunnett’s method (Zar 1984).
These comparisons were to test whether populations had
adapted to the additional carbon substrates.

Differences in within-population variation in fitness, ex-
pressed as a coefficient of variation (CV) to remove the cor-
relation of the variance with the mean, were also analyzed
in the same way. In the absence of any a priori expectation
of the sampling distribution of the CV statistic, the residuals
from the analysis were inspected to confirm that our data did
not violate the assumptions of ANOVA.

Additional experiment: the effect of nitrogen starvation on
fitness in novel environments

In the main experiment, sexual lines were exposed to ni-
trogen stress in order to induce gametogenesis, whereas asex-
ual lines remained unstressed. Sublethal stress may increase
the rates of mutation (Goho and Bell 2000), and effects of
recombination on the mean or variance in sexual populations
therefore seemed potentially confounded with effects of mu-
tation. In order to assess the role of nitrogen stress indepen-
dently of recombination, we carried out the following ad-
ditional experiment. Two base populations, one mt1 and one
mt2, each consisting of up to 20 isolates, were grown up as
described above. Subsamples from each base population were
transferred to either nitrogen-free or complete medium for
about 8 h, then spread on solid medium and placed in dim
light for several days, just like the asexual lines in the main
experiment. Cells from the stressed and unstressed lines were
then transferred to four of the above selection environment:
fructose, glycerol, fructose 1 glycerol (all supplemented with
acetate), and acetate only. The concentration of substrates in
each environment was the same as above. After three days
of growth in the dark, fitness was assayed as described above.
This experiment was repeated on three different dates with
very similar, but not entirely identical base populations. In
each replicate experiment, two stressed and two unstressed
lines, one from each mating type, were tested in a given
selection environment (N 5 2 mating types 3 2 stress treat-
ments 3 4 selection environments 3 3 replicate experiments
5 48 assay lines). In multifactorial analyses we tested the
effects of stress treatment, selection medium and mating type
on the mean and the variance (coefficient of variation) in
fitness. All analyses were carried out with the SAS statistical
package (SAS 1988).

RESULTS

Main Experiment

Adaptation to novel substrates

Figures 1 and 2 show the mean fitness and coefficient of
variation of the sexual and asexual lines in all environments
at the beginning of the experiment and after each of the three
transfers. There was a substantial drop in mean fitness in all
lines between the initial assay and the first transfer, sug-
gesting that the algae carried some stored reserves into the
experiment despite our precautions. Such unanticipated en-
vironmental effects make it difficult to assess adaptation by

examining the change in fitness through the experiment. In-
stead, we compared the fitness of the populations on the novel
substrates to those in the acetate only environment. There
was significant variation in fitness among selection environ-
ments in all four assays (Table 1). The initial fitness of pop-
ulations in all novel environments was lower than in the
acetate only environment, and this difference was significant
for all environments (Dunnett adjusted P , 0.001; Fig. 1a)
except Pyruvate 1 Fructose 1 Glycerol (P 5 0.98), sug-
gesting that the algae did indeed have difficulty growing in
the novel environments. However, by the third transfer (Fig.
1c) performance was higher in all novel environments (P ,
0.001 for all comparisons) and this remained true in the final
assay, although not significantly so for Pyruvate, (P 5 0.13),
or Pyruvate 1 Fructose, (P 5 0.62, P , 0.001 for all other
comparisons; Fig. 1d).

This pattern was mirrored by the coefficient of variation.
Initially, variation was higher in all the novel environments
(P , 0.001 except in Fructose P 5 0.25 and Pyruvate 1
Fructose 1 Glycerol P 5 0.44; Fig. 2a), but by the end of
the experiment variation was lower in all of the novel en-
vironments than in the acetate environment (P , 0.001 for
all comparisons; Fig. 2d.

We conclude that selection in the novel environments
caused an increase in mean fitness and an associated reduction
in variability over a period of 50 or so generations (sum-
marized in Fig. 3.)

The effects of sex

Sex caused an immediate reduction of fitness (significant
main effect, Table 1), and this effect was consistent across
all selection environments (nonsignificant interaction, Table
1; Fig. 1a). After the first transfer, however, the fitness of
the sexual lines had risen above that of the asexual lines
(Table 1; Fig. 1b), and this effect, although attenuated, per-
sisted through the second transfer (Table 1; Fig. 1c). There
was no interaction between population type and selection
environment in either of these assays (Table 1). This indicates
a general advantage of sex across the different selection en-
vironments, but no increased effect of sex in more complex
environments. After the third transfer, there was no signifi-
cant overall difference between sexual and asexual lines and
no significant interaction with selection environment (Table
1; Fig. 1d).

Variation in fitness showed the converse effect (Table 1;
Fig. 2). The sexual lines were perhaps initially more variable
(Fig. 2a), but after the first transfer their variability had
dropped significantly below that of the asexual lines (Fig.
2b). This effect persisted through the next transfer (Fig. 2c)
but disappeared after the third transfer (Fig. 2d).

The dynamics of the effect of sex on mean fitness and
variation in fitness is summarized in Figure 4. Sex caused an
immediate decline in mean fitness, accompanied by an in-
crease in variation, but then created a transient advantage as
mean fitness increased and variation decreased under selec-
tion, with equality being restored near to the end of the ex-
periment.



17SEX IN NOVEL ENVIRONMENTS

FIG. 1. The effect of sex and subsequent selection on fitness. Each graph (a–d) refers to the beginning of one of the four growth cycles
during the experiment, and shows the mean fitness of the asexual (hollow circles, broken line) and sexual (filled circles, solid line)
culture for each substrate. The substrates are denoted P (pyruvate), F (fructose), and G (glycerol): 0 is the ‘‘standard’’ low-acetate
medium with no addition of novel substrates. Plotted points are mean division rates shown 6 1 SE.

Additional experiment: effect of nitrogen stress on mean
and variance of fitness

Initial analysis revealed a significant effect of replicate
experiment on mean fitness (F 5 28.3; df 5 1,44; P ,
0.0001), and we therefore used the residuals from this anal-
ysis for further inspection of variation in mean fitness (there
was no significant stress treatment X replicate experiment
interaction (F 5 0.78; df 5 1,41; ns.)). The coefficient of
variation (CV) of mean fitness did not significantly vary
among replicate experiments (F 5 1.63; df 5 1,44; ns.), nor
was there a significant stress treatment X replicate experiment
interaction (F 5 1.28; df 5 1,41; ns.). We therefore pooled
data from the different replicate experiments for further anal-
ysis of CV.

The multifactorial analyses of variance showed significant
effects of selection environment and mating type on residual
mean fitness, but stress treatment did not significantly affect
residual mean fitness or the CV, neither as a main effect nor
in any interaction (Table 2; Fig. 4a,b). Sequential model sim-
plification (Crawley 1993), thereby increasing statistical
power, also did not detect any significant effects of stress
(not shown). Hence, this experiment did not indicate any

effects of nitrogen starvation on subsequent vegetative
growth in the novel environments.

DISCUSSION

Adaptation to Novel Substrates

Our experiments suggest that C. reinhardtii is able to adapt
to the environments containing novel carbon sources. The
populations in the novel environments generally performed
less well at the beginning of the experiment than those in
the acetate environment, implying that these environments
are initially stressful to them. Nevertheless, by the end of the
experiment this pattern is reversed with performance tending
to be higher in the novel environments. However, compari-
sons with the acetate populations do not provide unequivocal
evidence of adaptation to the novel substrates. Such patterns
could also potentially be explained by either a drop in the
adaptation of acetate populations or by environmental effects
that operate differently in the acetate and novel environments.
These alternatives seem implausible, and thus we conclude
that selection in the novel environments did indeed lead to
adaptation. In fact, in a recent study in our laboratory where
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FIG. 2. The effect of sex and subsequent selection on variation in fitness. The measure of variation is the coefficient of variation of
division rate among cells on a plate. Conventions are the same as Figure 1.

appropriate unselected controls were available, higher levels
of adaptation to a subset of the novel environments than to
acetate only environments were observed (Kaltz and Bell,
unpubl. ms.).

Effects of Sex

More importantly perhaps, our experiment has shown that
sex is associated with an increased rate of adaptation to novel
environments. This pattern is consistent with the predictions
of the Fisher-Muller model. Nonetheless, this model may not
provide a completely adequate interpretation of the experi-
mental results.

First of all, we found an initial decline in mean fitness
accompanied by an increase in the variance of fitness. The
initial drop in mean fitness was not anticipated by the clas-
sical theory, but is consistent with the results of Da Silva
and Bell (1996) and with several unpublished observations
in our laboratory. It was not observed by de Visser et al.
(1996). Such an initial response may have been caused by
recombinational load, the break-up of synergistic combina-
tions of alleles (see Charlesworth and Barton 1996). This is
quite plausible, given the construction of the sexual lines by
a series of wide crosses. The increase in variance is antici-

pated by the theory, and attributed to the recombination of
epistatic genes in conditions of negative linkage disequilib-
rium. However, this experiment could not exclude an alter-
native mechanism, acting independently of recombination.
Goho and Bell (2000) have recently shown that sublethal
stress can cause a heritable reduction in mean fitness and an
increase in the standardized variance of fitness in C. rein-
hardtii, presumably through increased rates of deleterious
mutations. We exposed our sexual lines to a brief period of
nitrogen starvation in order to induce gametogenesis, while
asexual lines were maintained in normal culture medium.
Thus, an increased rate of deleterious mutation caused by
stress may have contributed to both the initial drop in mean
fitness and the increase in variation in the sexual lines. More-
over, independent mutations that were induced in this way
and that happened to be beneficial when cultured on the novel
substrates may have been assembled into single lines of de-
scent by recombination. Thus, the results can also be inter-
preted in terms of induced mutation, or a combination of
induced mutation and recombination.

However, this appears to be an unlikely explanation. In
our additional experiment, set up to distinguish between the
effects of stress induced mutation and recombination, we did
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FIG. 3. Adaptation to novel environments. The two graphs sum-
marize mean fitness (solid circles) and coefficient of variation (hol-
low squares) of the populations in the novel environments at each
assay. Each point is the pooled mean of all the populations growing
in the novel environments, divided by the mean of the populations
in the standard (acetate) environment. Bars are 2 SE on either side
of the mean. The dotted line is a relative value of unity, points
above this line show higher values than the standard environment.

FIG. 4. The effects of sex and subsequent selection on mean fitness
and variation in fitness. Both the mean and the coefficient of var-
iation are calculated for the sexual lines relative to the asexual lines
for each substrate. The plotted points are the average values over
the seven substrates, shown 6 1 SE. The dotted line is a relative
value of unity, at which there is no effect of a past sexual episode.

not find any consistent effect of nitrogen starvation on the
mean or standardized variance in fitness on the four selective
media tested. Thus, we believe that environmental stress
played a negligible role in the main experiment and that the
difference in performance between sexual and asexual lines
was primarily the result of effects of recombination.

A second inconsistency between the Fisher-Muller model
and our results concerns the effect of sex in the different
environments. From the model, one would predict that sexual
recombination is more effective in accelerating evolution in
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FIG. 5. (a) Residual mean division rates (6 1 SE) and (b) mean
coefficients of division rate (6 1 SE) of single-mating type lines
in four selection environments (for notation, see Fig. 1), after main-
taining the lines in either nitrogen-free (stressed) or complete (un-
stressed) medium.

TABLE 2. Analyses of variance for residual mean fitness and coefficient of variation (CV) in mean fitness in Chlamydomonas reinhardtii,
testing effects of stress treatment (nitrogen-free vs. complete culture medium), mating type, and selection environment. Residuals of mean
fitness were derived from a one-way ANOVA fitting effects of replicate experiment.

Source df

Residual mean fitness

Mean squares
(31022) F

CV

Mean squares
(31022) F

Selection environment
Mating type (mt)
Stress treatment
Environment 3 mt
Environment 3 stress treatment
Stress treatment 3 mt
Environment 3 mt 3 stress treatment
Error
R2

3
1
1
3
3
1
3

31

11.1
35.5
0.02
0.24
1.36
0.004
2.43
1.67
0.60

6.67**
21.25***

0.01
0.14
0.82
0.002
1.45

1.28
0.63
2.23
0.33
1.23
0.11
1.77
1.30
0.28

0.99
0.48
1.72
0.25
0.95
0.08
1.36

** P , 0.01; *** P , 0.001.

more complex novel environments. In contrast, we found no
evidence for a difference in the effect of sex in different
environments. This is not fatal to the Fisher-Muller theory,
because many genes might contribute to enhancing the uti-
lization of a single substance, but it certainly fails to provide
clear-cut evidence for the combination of mutations from
different lines of descent.

Finally, in the scenario of Fisher-Muller model, sexual
populations have repeated opportunity for recombination that
allows them to continuously assemble independently arising
mutations and thus to outperform asexual populations in the
long run. Here, we investigated the effect of only a single
episode of sex, and both sexual and asexual lines were prop-
agated asexually throughout the course of adaptation to the
novel substrates. This may explain why sexual populations
had only a temporary advantage and the asexual population
regained parity within 50 generations. Given that the popu-
lation size during these experiments was large (approx 10,000
cells were transferred to a plate at each transfer), it seems
unlikely that this could have been achieved through the suc-
cessive substitution of several mutations in the asexual pop-
ulation. Even with a fitness advantage of 10% over the wild-
type allele, a new allele would take in excess of 100 gen-
erations to fix in a population of this size. Rather, the genes
responsible may have been present at fairly high frequency
in the base population, but in negative linkage disequilibrium
so that the high fitness genotypes were underrepresented. The
effect of recombination would then be to increase the fre-
quency of high-fitness genotypes in the sexual population
rather than to assemble new genotypes that did not initially
exist. This could increase the rate at which these high fitness
genotypes are fixed in the sexual population, but with no
novel genotypes created the asexual population would ulti-
mately reach the same level of adaptation. We are currently
carrying out experiments to test whether repeated sexual ep-
isodes have a more long-term effect on rates of adaptation.

Altogether, this experiment has provided strong evidence
that in Chlamydomonas sex can increase the rate of adaptation
to novel environments, as proposed by the Fisher-Muller the-
ory. These findings agree with those of Grieg et al. (1998).
In contrast, Zeyl and Bell (1997) found that in yeast sex
increased fitness in long-standing environments but not in
novel environments. Thus, there is direct experimental evi-
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dence in two well-controlled systems both for mutation as-
sembly and for mutation clearance. Clearly, this does not get
us very far towards understanding how sex is maintained in
natural populations. Perhaps this is not very surprising: the
two theories are, so to speak, mirror images that differ only
in the direction of selection (Burt 2000), and either may be
an accurate description of population mechanics, depending
on circumstances. Experiments can demonstrate only that a
particular mechanism does or does not function; which, of
several possible mechanisms is responsible for patterns in
nature, is a problem for comparative biologists.
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