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Mutualism-enhancing mutations dominate 
early adaptation in a two-species microbial 
community

Sandeep Venkataram1, Huan-Yu Kuo1,2, Erik F. Y. Hom3 & 
Sergey Kryazhimskiy    1 

Species interactions drive evolution while evolution shapes these 
interactions. The resulting eco-evolutionary dynamics and their 
repeatability depend on how adaptive mutations available to community 
members affect fitness and ecologically relevant traits. However, the 
diversity of adaptive mutations is not well characterized, and we do not 
know how this diversity is affected by the ecological milieu. Here we use 
barcode lineage tracking to address this question in a community of 
yeast Saccharomyces cerevisiae and alga Chlamydomonas reinhardtii that 
have a net commensal relationship that results from a balance between 
competitive and mutualistic interactions. We find that yeast has access 
to many adaptive mutations with diverse ecological consequences, in 
particular those that increase and reduce the yields of both species. The 
presence of the alga does not change which mutations are adaptive in yeast 
(that is, there is no fitness trade-off for yeast between growing alone or 
with alga), but rather shifts selection to favour yeast mutants that increase 
the yields of both species and make the mutualism stronger. Thus, in the 
presence of the alga, adaptative mutations contending for fixation in yeast 
are more likely to enhance the mutualism, even though cooperativity 
is not directly favoured by natural selection in our system. Our results 
demonstrate that ecological interactions not only alter the trajectory of 
evolution but also dictate its repeatability; in particular, weak mutualisms 
can repeatably evolve to become stronger.

Ecological communities are often perturbed by environmental shifts1,2, 
demographic noise3 and species turnover4,5. Such perturbations can 
not only displace communities from their ecological equilibria but also 
precipitate adaptive evolution6–9. Evolutionary changes within one 
species can be rapid and can alter its ecological interactions with other 
community members, which can cause further evolution8–10. Although 
such eco-evolutionary feedbacks appear to be widespread7,9–25, the 

population genetic mechanisms that underlie them are not well under-
stood26. For example, how does the spectrum of adaptive mutations 
available to a species (that is, the genomic locations of adaptive muta-
tions and their fitness benefits) depend on the composition of the 
surrounding community? In particular, how does it change when a 
species is lost from the community or a new species invades it? How 
many and which of the adaptive mutations available to a species affect 
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ammonium. Upon the depletion of supplemented ammonium, the alga 
subsequently reduces nitrite to ammonium that it then secretes33. This 
nitrogen provisioning by the alga reduces the yeast’s rate of population 
decline between days 3 and 4 (t-test P = 5 × 10–4; Extended Data Fig. 1 and 
Supplementary Table 1). The result of this benefit is that yeast reaches 
approximately the same density by the end of the cycle in the commu-
nity as it does alone, despite having a lower peak density on day 2. As 
yeast and alga initially compete and later cooperate in our conditions, 
we refer to our system as a competitive mutualism39.

To summarize the net effects of these complex ecological inter-
actions, we compare the yields (that is, cell densities at the end of the 
5-day cycle) that both species achieve when growing in community 
versus alone (Fig. 1). Specifically, we compute the ratio of yeast yield in 
community (YYC) to its yield alone (YYA) and the ratio of alga yield in 
community (AYC) to its yield alone (AYA). Both ratios exceeding unity 
indicates that cooperation is overall more important than competition. 
Conversely, when both ratios are less than 1, competition is overall more 
important than cooperation. For our wild-type community, we find 
that the YYC-to-YYA ratio is not significantly different from 1, while the 
AYC-to-AYA ratio equals 3.00 (95% confidence interval (CI) 2.64–3.36, 
Student’s t-test t = 13.24, df = 7.12, P = 3 × 10−6; Fig. 1). This indicates that 
the alga gains a net benefit from its interactions with the yeast, while 
the yeast neither receives a net benefit nor suffers a net loss from its 
interactions with the alga. Thus, according to this metric, yeast and 
alga form a net commensal relationship. However, we emphasize that 
this net commensalism is a result of a balance between the underlying 
competitive and cooperative interactions.

The fact that both yeast and alga can grow in our conditions alone 
or together allows us to enquire how evolution of one species is affected 
by its ecological interactions with the other in an otherwise identical 

its interactions with the rest of the community? Which of these muta-
tions are likely to spread and fix? And thus, how diverse and repeatable 
are the ecological outcomes of evolution?

Empirical data supporting answers to these questions would help 
us develop a better theoretical understanding of eco-evolutionary 
dynamics. For example, many existing models assume that any 
combination of traits can be produced by mutations so that the 
eco-evolutionary trajectories are determined exclusively by natural 
selection27. However, recent evidence suggests that the availability of 
mutations can substantially impact evolution28–32. Yet, we know very 
little about the distributions of ecological and fitness effects of new 
mutations in multi-species communities and how these distributions 
shift when the ecological milieu changes—for example, owing to the 
addition or extinction of community members.

Here, we address this gap in one of the simplest experimentally 
tractable microbial communities. Our community consists of two 
species, the alga Chlamydomonas reinhardtii and the yeast Saccha-
romyces cerevisiae, that interact in our environment via competition 
and mutualism33. Although communities in nature often contain more 
members, understanding eco-evolutionary dynamics in simple model 
communities is helpful for developing an intuition and expectations 
for the behaviours of more complex ecosystems34–36. We measure how 
adaptive mutations arising in one member of our community, the yeast, 
affect its competitive fitness (a metric that determines the evolutionary 
success of a mutant lineage), the absolute abundances of both species 
in the community (a metric that informs us about the type of interac-
tions between species and the stability of the community) as well as 
basic life-history traits of yeast (growth rates and carrying capacities) 
that contribute to both fitness and abundances. We specifically ask 
whether and how the statistical distribution of effects of adaptive 
mutations in yeast are altered by the presence/absence of the alga. To 
this end, we use the barcode lineage tracking (BLT) technology37,38 to 
isolate hundreds of adaptive mutations arising in yeast when it evolves 
alone or in community with the alga. Our data offer us a detailed view 
on how inter-species interactions affect the evolutionary dynamics 
of new mutations, and how these mutations in turn alter the ecology 
of our community.

Results
Yeast and alga form a facultative competitive mutualism
In a previous study, Hom and Murray showed that, in a sealed environ-
ment in which nitrite is provided as a sole source of nitrogen and glucose 
is provided as a sole source of organic carbon, the yeast S. cerevisiae 
and the alga C. reinhardtii spontaneously form an obligate mutual-
ism33. Under such conditions, C. reinhardtii consumes nitrite and pro-
duces ammonium that is secreted and utilized by S. cerevisiae, which 
consumes glucose and produces CO2 that is in turn utilized by the 
alga. When the environment is opened to ambient gas exchange and 
ammonium is supplied in the medium, both the yeast and the alga can 
survive without each other, that is, the mutualism becomes facultative. 
In this study, we grow the yeast and the alga alone and together over 
multiple 5 day growth and dilution cycles in well-mixed and well-lit 
conditions, open to gas exchange, in a medium supplemented with 
0.5 mM of ammonium (for details, see Methods).

Time-course cell-density measurements of the wild-type yeast 
and alga over a single cycle confirm that both species grow signifi-
cantly differently in the community with each other than alone (Fig. 1  
and Extended Data Fig. 1; repeated-measures analysis of variance 
(ANOVA) P = 10–4 for the yeast and P = 5 × 10–8 for the alga), indicat-
ing that they ecologically interact in our experimental environment. 
Specifically, the alga achieves higher densities over the entire growth 
cycle in the community than alone. It thus clearly benefits from its 
interaction with yeast. Meanwhile, yeast reaches lower peak density 
at 48 h in the presence of the alga than alone (Fig. 1a), which indicates 
that it initially suffers from competition against the alga, probably for 
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Fig. 1 | Growth of ancestral yeast and alga. Growth of the ancestral yeast and 
alga alone (solid lines) and in a community (dashed lines) over the 5-day cycle. 
Error bars show ±1 standard error of the mean (s.e.m.) (n = 6 except yeast alone 
where n = 4).
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environment. We focus on the initial phase of adaptive evolution. As the 
yeast is likely to adapt faster than the alga (Supplementary Information, 
Section 1.2), we characterize the distribution of ecological and fitness 
effects of adaptive mutations arising in yeast and examine how these 
distributions depend on the presence/absence of the alga.

Alga alters yeast evolution without fitness trade-offs
We first asked whether and how ecological interactions with the alga 
change the distribution of fitness effects of adaptive mutations arising 
in yeast. To this end, we carried out five replicate BLT experiments in 
yeast evolving alone (the ‘A condition’) and in a community with the 
alga (the ‘C condition’; Methods). In each population, we tracked the 
frequencies of ~5 × 105 neutral DNA barcodes integrated into the yeast 
genome40 for 17 growth and dilution cycles. We identified on average 
2,820 and 2,905 adapted barcode lineages per population in A and C 
conditions, respectively (Methods, Extended Data Figs. 2 and 3 and 
Supplementary Figs. 1–8). The similarity of these numbers suggests 
that the presence of the alga does not dramatically change the rate at 
which beneficial mutations arise in yeast.

Each adapted lineage is expected to initially carry a single ben-
eficial driver mutation37,38. Thus, by tracking barcode frequencies, we 
can estimate the competitive fitness benefits of many simultaneously 
segregating driver mutations relative to the ancestral yeast strain 
(Methods). The estimated distributions of fitness effects of beneficial 
mutations (bDFEs) are much broader than expected from measurement 
noise alone in both A and C conditions (Supplementary Information, 
Section 1.4), indicating that yeast has access to multiple mutations 
with different fitness benefits, consistent with previous work37,41. Fur-
thermore, the presence of the alga reduces the bDFE median (1.60 
in A versus 1.50 in C; P < 10−4, two-sided permutation test; Methods) 
and increases its width (interquartile range 0.31 in A versus 0.37 in C; 
P < 10−4, two-sided permutation test; Fig. 2a and Supplementary Figs. 6 
and 7). This increase in width is associated with the appearance of two 
peaks with higher relative fitness values around 2.0 and 2.5 (Fig. 2a and 
Supplementary Fig. 6). As the dynamics of adaptation depend on the 
shape of the bDFE42,43, these results indicate that the presence of the 
alga alters evolutionary dynamics in the yeast population.

The presence of the alga can alter the yeast bDFE by changing 
which mutations are beneficial (that is, by imposing a fitness trade-off 
relative to the A condition) or by changing the fitness benefits pro-
vided by adaptive mutations, or both. To discriminate between these 
possibilities, we randomly sampled 221 yeast clones from distinct 
adapted lineages in the A condition (‘A mutants’) and 189 yeast clones 
from distinct adapted lineages in the C condition (‘C mutants’). Clones 
were sampled at cycle 9, a timepoint at which most adapted lineages 
are expected to still be driven by a single beneficial mutation (Meth-
ods). We then used competition assays to measure the fitness of all A 
and C mutants relative to their ancestor in both A and C conditions 
(Methods, Supplementary Figs. 9–11 and Supplementary Data 2). These 
direct measurements of competitive fitness are concordant with our 
estimates from the BLT experiment (Supplementary Information, 
Section 2, and Supplementary Fig. 12). We found that the C mutants 
had significantly higher fitness in their ‘home’ C condition than A 
mutants, by on average 10.8% (95% CI 7.7–14.0%, P = 2 × 10−11, ANOVA 
model: fitness ~ environment, F = 45.83, df = 1) and that A mutants were 
more fit in their home A condition than C mutants by on average 14.4% 
(95% CI 10.2–18.5%, P = 2 × 10−11; F = 45.42, df = 1), consistent with local 
adaptation. However, the fitness distributions of both A and C mutants 
are wide and overlapping in both conditions, so that some A mutants 
are more fit than some C mutants in the C condition and vice versa.

Interactions with the alga significantly alter the fitness of 88% 
(362/410) of all sampled mutants (false discovery rate (FDR) 11%, 
obtained by permutation). However, fitness is positively correlated 
between the two conditions across all mutants (Fig. 2b; Pearson 
R = 0.70, 95% CI 0.65–0.75, two-sided P = 10−63, t = 19.9, df = 408). 

Importantly, none of the A or C mutations is deleterious in their 
‘non-home’ condition. Thus, the presence of the alga changes the 
fitness benefits provided by adaptive mutations in yeast but does not 
impose a measurable fitness trade-off, in the sense that it does not alter 
which mutations are beneficial.

Alga alters mutations contending for fixation in yeast
Given that all sampled yeast mutants are beneficial both in the pres-
ence and in the absence of the alga and that mutant fitness is corre-
lated between the two conditions, we expected that the sets of A and 
C mutants would be genetically indistinguishable. To test this expecta-
tion, we sequenced the genomes of 181 out of 189 C mutants, 215 out 
of 221 A mutants, as well as 24 ancestral isolates as controls (Methods, 
Supplementary Figs. 13–16 and Supplementary Data 3). We found 176 
large copy-number variants (CNVs) across 14 loci in the genomes of A 
and C mutants and none in the ancestral isolates. All of these large CNVs 
are thus probably adaptive (for an extended discussion, see Supplemen-
tary Information, Section 3), with a typical A and C mutant carrying on 
average 0.39 ± 0.04 and 0.51 ± 0.04 of these mutations, respectively. 
In total, 85/176 large CNVs are whole-chromosome aneuploidies. This 
large number of aneuploidies is consistent with the fact that they occur 
in S. cerevisiae at a rate of about 10−4 per diploid genome per genera-
tion44 and the fact that they can be adaptive in some conditions45–47. 
Out of 91 remaining CNVs, 64 are partial losses on chromosome IV, with 
breakpoints concordant with known long terminal repeat elements 
(Supplementary Data 3).

In addition to large CNVs, we discovered 185 small indels and point 
mutations at 63 loci for which mutations are found in A and C mutants 
significantly more often than expected by chance (Supplementary 
Information, Section 3.2), suggesting that these small mutations are 
also adaptive. A typical A and C mutant carries on average 0.35 ± 0.03 
and 0.60 ± 0.06 of these small adaptive mutations, respectively. Over-
all, we identified 361 beneficial mutations across 77 loci in 250 out of 
396 adapted mutants, with each A and C mutant carrying on average 
0.74 ± 0.04 and 1.11 ± 0.07 such mutations, respectively (Supplemen-
tary Table 2 and Supplementary Data 3).

To compare the diversity of adaptive mutations carried by A and C 
mutants, we calculated the probability that two random clones share a 
mutation at the same driver locus (Pg, where smaller Pg implies higher 
diversity). We found that Pg is statistically indistinguishable between 
the A mutants and C mutants (Pg = 6.0 ± 0.6% and 8.5 ± 0.8%, respec-
tively; P = 0.06, two-sided permutation test; Methods). Nevertheless, 
there are large differences in the frequency distribution of driver muta-
tions among A and C mutants (Fig. 2c, Extended Data Fig. 4 and Sup-
plementary Data 4; P = 5 × 10−8, two-sided χ2-test, χ2 = 160.51, df = 76), 
contrary to what we expected a priori.

This difference suggests that the chance for any given beneficial 
mutation to rise to a high enough frequency and be sampled varies 
dramatically between A and C conditions. For example, 10% (18/181) of 
C mutants carry a chrXIV-3n mutation, but none of the 215 A mutants 
does (Fig. 2c and Extended Data Fig. 4), despite the chrXIV-3n muta-
tions being beneficial in both conditions (Fig. 2a,b). This initially puz-
zling observation could be explained by the dynamics of adaptation 
in populations evolving in the clonal interference regime42,48,49. Clonal 
interference prevents weak and/or rare beneficial mutations from 
reaching even moderately high frequencies32,42,50,51. Thus, the same 
beneficial mutation can have dramatically different chances of being 
sampled in the two conditions if it is located in different parts of the 
respective bDFEs. Consistent with this explanation, we find that a typi-
cal chrXIV-3n mutant is 2.05 ± 0.04 times more fit per cycle than the 
ancestor and ranks in the top 11 ± 1.3% of most fit mutants in the C condi-
tion, while being only 1.59 ± 0.03 times more fit than the ancestor and 
ranking at 53 ± 5.3% in the A condition (Fig. 2a). Other mutations with 
strong discrepancies in their representation among A and C mutants 
show similar shifts in their fitness effects and rank order (Fig. 2a and 
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Supplementary Data 4). In general, the alga shifted the fitness ranks of 
mutants by 14.1 ± 0.8% on average. We used simulations to confirm that 
such differences in fitness effect and rank are sufficient to explain the 
observed differences in the genetic composition of A and C mutants 
(Supplementary Information, Section 4, and Extended Data Fig. 5).

The fact that the sets of A and C mutants are genetically different 
implies that the yeast populations in these two conditions are about to 
embark on distinct evolutionary trajectories. Indeed, A and C mutants 
primarily represent high-frequency lineages in the respective popula-
tions. Therefore, the mutations that they carry are more likely to win 
the clonal competition towards fixation in the condition from which 
they were sampled. Then, the fact that A and C mutants carry statisti-
cally distinct sets of mutations implies that mutations contending for 
fixation in yeast in the A versus C conditions are different. Therefore, 
by altering the fitness benefits of mutations, ecological interactions 
with the alga change the short-term evolutionary trajectory of yeast.

Yeast adaptations have diverse ecological consequences
A mutation that spreads and fixes in the yeast population could sub-
sequently alter the ecological dynamics of the yeast–alga community, 
and adaptive mutations at different loci may have different ecological 
consequences. For example, some mutations could increase yeast’s 
competitive ability and ultimately lead to the exclusion of the alga 
from the community. Others could increase yeast’s cooperativity and 
thereby strengthen the mutualism. To assess the prevalence and the 
magnitude of different ecological effects of adaptive mutations in yeast, 

we selected 28 C mutants and 31 A mutants that are representative of the 
genetic diversity of contending mutations (Methods). We then formed 
59 ‘mutant communities’ by culturing each of these mutants with the 
alga ancestor. We quantified the ecological effect of each mutation 
by measuring yeast and alga yields in the mutant communities and 
alone and comparing their ratios (Methods and Supplementary Figs. 
18 and 19).

We found that many of the adaptive mutations significantly 
affected both YYA and YYC (Fig. 3a and Supplementary Fig. 19a,b). 
Fifty-three per cent (31/59) of them significantly decrease YYA while 15% 
(9/59) of them significantly increase it (two-sided FDR 28%; Methods). 
At the same time, we found no mutations that significantly decreased 
YYC, but 34% (20/59) of them significantly increased it (FDR 26%). Muta-
tions have uncorrelated effects on YYA and YYC (Fig. 3a), suggesting 
that yeast yield in the two conditions is determined by different under-
lying traits. Mutations in yeast also significantly alter AYC, with 24% 
(14/59) of mutations increasing it and 8% (5/59) decreasing it (FDR 32%), 
with the effects on AYC and YYC being positively correlated (Fig. 3b).

The fact that mutations alter the yields suggests that some of them 
may also tip the balance between cooperation and competition in one 
or the other direction. Indeed, we found that 24% (14/59) of mutants 
have significantly increased both AYC/AYA and YYC/YYA ratios, 39% 
(23/59) have a significantly increased the YYC/YYA ratio only, and 12% 
(7/59) have significantly decreased one or both ratios (two-tailed FDR 
5%, Fig. 3c). Thus, 7 mutations strengthen the competition, and 37 
mutations strengthen the mutualism.

Competitive fitness, per cycle

N
um

be
r o

f l
in

ea
ge

s
N

um
be

r o
f l

in
ea

ge
s

YIL169C

chrIII-3n

chrXIV-3n
chrIV-1n

chrIV-3n

chrIX-3n

chrXIII-3n

0

500

0

500

1.0 1.5 2.0 2.5 3.0

1,000

1,500

1,500

1000

(A) alone

(C) in community
Other
(80)

Unknown
(100)

Unknown
(46)

Other
(112)

chrIV-3n

chrXIII-3n
YIL169C

chrIX-3n

chrIII-3n
chrXIV-3n

chrIV-1n

7
3

19
46

7
2
2
4

45
6

3
18

7

A mutants C mutants

1.0 2.01.5 2.5

1.0

1.5

2.0

3.0

2.5

Competitive fitness alone, per cycle

C
om

pe
tit

iv
e 

fit
ne

ss
 in

 c
om

m
un

ity
, p

er
 c

yc
le

A mutants
C mutants

chrIV-1n

chrIV-3n

chrXIII-3n
YIL169C

chrIX-3n

chrIII-3n
chrXIV-3n

a b

c

Fig. 2 | The presence of the alga affects adaptation in yeast at the fitness and 
genetic levels. a, Yeast bDFE when evolving alone (top) and in community with 
the alga (bottom). Each histogram is constructed from data pooled across five 
replicate BLT experiments. Blue outlines show the bDFE in the other condition. 
Each coloured point indicates the average fitness of a mutant carrying a mutation 
at the indicated driver locus (same data as in b). Large CNVs are referred to as 
chrx-yn, where x is the chromosome number and y is the number of copies. 
b, Fitness of A and C mutants (n = 221 and 189, respectively) measured in 
competition assays in the A and C conditions. Mutants carrying mutations at the 

seven most common driver loci are coloured. Data values are presented as means 
of three replicate measurements ±1 s.e.m. The solid line indicates the diagonal.  
c, Distribution of adaptive mutations among A and C mutants. Seven most 
common driver loci are shown individually; all other mutations are grouped into 
‘Other’ (for full distributions, see Supplementary Data 3). Adaptive mutations 
that are expected to be present in our mutants but were not identified in 
the genome data are labelled as ‘Unknown’ (for details, see Supplementary 
Information, Section 3). Numbers indicate how many A and C mutants carry each 
type of driver mutation.
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These results show that yeast has access to beneficial mutations 
with ecologically diverse consequences and suggest that our com-
munity has the potential to embark on a variety of eco-evolutionary 
trajectories with possibly different ecological outcomes.

Alga biases selection towards mutualism-enhancing 
mutations
We next asked whether mutations contending for fixation in the 
presence and absence of alga have distinct ecological effects. We 
noticed that the C mutants clustered in the top right corner of the 
YYC-versus-AYC plot (Fig. 3b). Indeed, YYC and AYC values for the 
C-mutant communities are on average 103% and 79% higher than those 
for the A-mutant communities, respectively (YYC: 95% CI 62–143%, 
P = 3 × 10−4, permutation test; AYC: 95% CI 35–122%, P = 4 × 10−3; n1 = 28 
C mutants and n2 = 31 A mutants). These differences remain large and 
significant even after accounting for the frequencies with which dif-
ferent driver mutations are observed in our yeast populations (YYC: 
P = 10−5; AYC: P = 3 × 10−3, permutation test; Extended Data Fig. 6 and 
Methods), indicating that this clustering is not an accidental byproduct 
of our choice of A and C mutants. Instead, the observed differences in 
yield must be caused by systematic genetic differences between the 
A and C mutants. In other words, in the presence of the alga, natural 
selection favours yeast mutants that produce higher yields in the com-
munity. This conclusion is further corroborated by the fact that both 
YYC and AYC are correlated strongly and significantly with competitive 
fitness in the C condition, but only weakly with fitness in the A condi-
tion (Extended Data Fig. 7).

A mutation in yeast that increases YYC may concomitantly increase 
or decrease YYA (Fig. 3a), thereby increasing or decreasing the net ben-
efit that yeast derives from its interactions with the alga. We found that 
86% (24/28) of the C mutants had a significantly higher YYC/YYA ratio 
than the ancestor (FDR 21%), of which 32% (9/28) had also a significantly 
higher AYC/AYA ratio (FDR 6%; Fig. 3c), but only 1/28 had a significantly 
lower AYC/AYA ratio (FDR 58%). In contrast, only 52% (16/31) of the A 
mutants had a higher YYC/YYA ratio (FDR 35%), of which 16% (5/31) also 
had a higher AYC/AYA (FDR 12%) and 2/31 had lower AYC/AYA (FDR 29%). 
Thus, C mutants both more often benefit from the alga and provide 
benefits to the alga compared with the A mutants. In other words, more 
adaptive mutations that dominate yeast adaptation in the presence of 
the alga strengthen the mutualism by increasing yeast cooperativity 
and/or decreasing its competitiveness, compared with mutations that 
dominate adaptation in the absence of the alga.

An interesting potential consequence of this shift in selection on 
yeast precipitated by the presence of the alga is that it can change the 
repeatability of yeast evolution along the competition–mutualism 

continuum. We quantified such ecological repeatability by the prob-
ability that two randomly drawn yeast mutants that contend for fixa-
tion in a given condition both increase or both decrease the YYC/YYA 
ratio and simultaneously both increase or both decrease the AYC/AYA 
ratio. The probability of ecological parallelism would be 25% under a 
uniform null model. For the A mutants, this probability is 33 ± 2.8%, 
indistinguishable from the null expectation (P = 0.21, two-sided χ2 test, 
χ2 = 1.55, df = 1). In contrast, it is 68 ± 5.5% for the C mutants, which is 
significantly higher than expected (P = 6 × 10–8, χ2 = 29.3, df = 1) and also 
significantly higher than for the A mutants (P = 0.031, two-sided per-
mutation test; Methods). Thus, yeast evolves more repeatably (towards 
stronger mutualism) in the presence of the alga than in its absence.

In summary, our results show that mutations contending for fixa-
tion in yeast populations evolving alone have relatively diverse effects 
on the ecology of the yeast–algal community, with some strengthening 
and some weakening the mutualism. In contrast, mutations contending 
for fixation in yeast evolving with the alga predominantly lead to higher 
yields of both species, which strengthens the yeast–alga mutualism and 
makes evolution more repeatable at the ecological level.

Selection does not directly favour mutualism enhancement
We next asked how stronger mutualism could possibly evolve in our 
community. Specifically, does natural selection in the presence of the 
alga favour mutations that increase cooperativity and/or decrease 
competitiveness in yeast directly, or is this bias a byproduct of selec-
tion for other traits25,52? Natural selection can directly favour rare 
mutualism-enhancing (that is, more cooperative and/or less competi-
tive) yeast mutants only if such mutants preferentially receive fitness 
benefits from their algal partners, that is, if there is a partner-fidelity 
feedback53. Our system is well mixed, so that all diffusible benefits are 
shared by the entire culture, eliminating any potential fitness advan-
tage of rare mutualism-enhancing mutants25,54. The only way to ensure 
preferential benefit exchange with an algal partner under well-mixed 
conditions is for a cooperative mutant to form a physical association 
with its partner21. However, we found no evidence for such associations 
in any of the sampled mutants (Extended Data Fig. 8 and Methods). 
Given the absence of a plausible partner-fidelity feedback, the increased 
cooperativity and/or decreased competitiveness of the C mutants must 
be a byproduct of selection for one or more other traits.

We sought to identify traits under selection in the C condition 
that could cause yields to increase. Both competitive fitness and yield 
depend on fundamental physiological and life-history traits embod-
ied by yeast and alga, such as their growth rates, mortalities, nutrient 
consumption efficiencies and so on55. We focused on two key traits 
that are known to be under selection in environments with variable 
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nutrient availability, namely, the maximum population growth rate, 
r, and the carrying capacity, K. r is important for competitive fitness 
when resources are abundant56,57, a condition that takes place at the 
beginning of each growth cycle in our cultures. K is important for 
competitive fitness when resources are scarce56,57, a condition that 
takes place at the later phase of each growth cycle. We measured r and 
K in the A condition, reasoning that these intrinsic traits would be rel-
evant for fitness and yield in both A and C conditions. We estimated r by 
regressing the natural logarithm of the yeast cell density against time 
during the initial phase of the growth cycle (Methods). We estimated 
K as the maximum yeast cell density during the growth cycle, which is 
usually achieved on day 2.

We measured r and K for all 59 sampled mutants (Supplementary 
Figs. 20 and 21 and Methods) and found that many mutations sig-
nificantly affected either one or both traits (Fig. 4a). We found a nega-
tive correlation between the effects of mutations on r and K (Pearson 
R = −0.38, 95% CI −0.59 to −0.13, two-sided permutation P = 0.004; 
Fig. 4a), indicating a commonly observed trade-off between growth 
rate and nutrient utilization efficiency58–65. In particular, we found 
16 C mutants and 4 A mutants having a significantly higher K and a 
significantly lower r than the ancestor (FDR 18%), an observation that 
is rare in experimental evolution studies60 where selection usually 
favours higher r (refs. 55,59,66–69). However, theory suggests that high-K/
low-r mutations can be favoured in the presence of an r–K trade-off 
in populations near starvation56,57. We confirmed that 60% (12/20) of 
our significant high-K/low-r mutants can in fact invade the ancestral 
yeast population in simulations of a logistic growth model (Supple-
mentary Information, Section 5.2, and Supplementary Fig. 22). While 
this model demonstrates the plausibility of selection favouring high-K/
low-r mutants, it does not capture all the important complexities of 
our system. To test whether r and K are under selection in our A and C 
conditions, we next examined the correlation between these traits and 
competitive fitness among all 59 assayed mutants.

We found that neither r nor K is significantly correlated with fitness 
in the A condition (Supplementary Information, Section 5.3, Extended 
Data Figs. 9b and 10a and Supplementary Table 4). As a result, the A 
mutants have r and K values that are indistinguishable from the ances-
tor (average ∆r = 2 ± 1.9%, P = 0.27; average ∆K = 3 ± 2.4%; P = 0.29; n = 31, 
permutation test). These observations suggest that other traits that 
we have not measured must be more important for fitness in the A 
condition than either r or K.

In contrast, fitness in the C condition is positively correlated with 
K (Fig. 4b, R = 0.51, 95% CI 0.29–0.68, P < 10–4) and negatively corre-
lated with r (Extended Data Fig. 9a; Pearson’s R = −0.51, 95% CI −0.68 

to −0.29, P < 10−4), consistent with the observed r–K trade-off. Both 
traits together explain 37% of variation in competitive fitness in the C 
condition. Interestingly, a negative correlation between fitness and r 
persists even after controlling for K (Supplementary Table 4), suggest-
ing that other unmeasured traits that exhibit a trade-off with r must 
also be important for fitness in the C condition. Regardless, C mutants 
reach K values on average 12.7% higher than the ancestor (P = 4 × 10−4, 
permutation test) and 9.5% higher than A mutants (95% CI 2.6–16.3%, 
P = 0.03). A typical C mutant also has a significantly lower r than both 
the ancestor (average ∆r = −8.7 ± 2.3%, P = 0.001) and a typical A mutant 
(∆r = −11%, 95% CI −17.0% to −5.1%, P = 7 × 10−4). These observations sug-
gest that nutrient efficiency is an important component of fitness in 
the C condition and that high-K/low-r yeast mutants are favoured by 
selection in the presence of the alga.

We next asked whether higher-K mutants achieve higher yields. We 
might expect a strong positive correlation between these quantities 
because, all else being equal, mutants that reach higher density in the 
middle of the growth cycle owing to their higher carrying capacity are 
more likely to maintain higher density at the end of the growth cycle. 
However, we found no correlation between K and YYA (Extended Data 
Fig. 10c), which suggests that adaptive mutations must affect other 
unmeasured traits that are more important than K for yield in the 
absence of the alga. In contrast, we found that K and YYC were posi-
tively correlated (Fig. 4c), suggesting that higher nutrient efficiency is 
important for achieving higher yields in the community with the alga.

Our observations suggest a plausible model for how adaptive 
evolution can favour mutualism enhancement in the absence of 
partner-fidelity feedbacks: ecological interactions with the alga inten-
sify selection for yeast mutants that use resources more efficiently (that 
is, those that reach higher K even at the expense of reduced r); once 
these mutants spread in the yeast population, they support higher 
yields of both members of the community. Whether mutualistic part-
ners generally induce selection for lower r and/or higher K, and whether 
such selection consistently leads to increased yields of both species, 
remains an open question.

Finally, similarly to our analysis of ecological parallelism, we asked 
whether the presence of the alga alters the probability of trait paral-
lelism, which we define as the probability that both r and K would be 
affected in the same direction in two randomly sampled mutants (Meth-
ods). We find that the probability of trait parallelism is 30.7 ± 1.7% for 
the A mutants, which is not significantly different from 25% expected 
under the uniform null model (P = 0.47, two-sided χ2 test, χ2 = 0.53, 
df = 1). In contrast, the probability of trait parallelism is 46.3 ± 4.8% 
for the C mutants, which significantly exceeds 25% (P = 0.009, χ2 = 6.7, 
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df = 1), suggesting that evolution in the presence of the alga becomes 
more repeatable not only at the ecological level, as shown in the previ-
ous section, but also at the level of underlying life-history traits.

In summary, our results show that interactions with alga shift natu-
ral selection on yeast to favour mutants that increase K and decrease 
r, which in turn leads to increased yields of both species in the com-
munity. The shift in selection imposed by the alga makes evolution 
more repeatable both at the level of life-history traits and even more 
so at the ecological level.

Discussion
We characterized early adaptation in the experimental yeast–alga com-
munity and made three main observations. First, we found that yeast 
has access to adaptive mutations that are not only genetically diverse 
but also have diverse ecological effects. Second, even though there 
are no measurable fitness trade-offs for yeast between growing alone 
or with the alga, the presence of the alga modifies the fitness benefits 
provided by many mutations. This shift in selection pressures is suf-
ficient to change the set of mutations that contend for fixation in yeast 
and thereby to alter the course of its evolution. Third, mutations that 
are strongly favoured by selection in the presence versus absence of the 
alga have different ecological consequences. Specifically, the presence 
of the alga shifts selection on yeast to favour mutations that enhance 
the yeast–alga mutualism (as measured by the yield of both species at 
the end of the growth cycle), making evolution at the ecological level 
more repeatable.

Insofar as our yeast–alga community is representative of other 
ecological communities, our results suggest that (1) organisms have 
access to a variety of adaptive mutations with diverse ecological conse-
quences and (2) ecological perturbations, such as removal or addition 
of species, can change the fitness effects of many of these mutations, 
thereby altering future outcomes of evolution not only at the genetic 
but also at the ecological level. As a result, the eco-evolutionary dynam-
ics of multi-species communities are probably historically contingent 
on both prior evolution70 and ecology71. Thus, we might expect that 
ecological communities would generically have the potential to embark 
on a variety of divergent eco-evolutionary trajectories and approach 
different ecological attractors. For example, mutations that are ben-
eficial to yeast in our community can either increase or decrease the 
yields of both species suggesting that our community has the potential 
to evolve either towards stronger mutualism or towards mutualism 
breakdown, with probabilities of these outcomes being dependent on 
whether yeast previously evolved in the presence or absence of the alga.

Given this potential for ecological and evolutionary historical 
contingency, one might expect a priori that replicate communities 
would often diverge towards different ecological states. However, 
recent laboratory studies have found that replicate communities tend 
to evolve towards similar ecological states with notable repeatabil-
ity13,15,16,20,21,24,25,72–76. Our results show that, while yeast has access to a set 
of adaptive mutations that are quite diverse in terms of their ecological 
effects, natural selection acting on yeast growing in the community 
strongly favours a biased subset of these mutations, namely, those 
that produce higher yields of both yeast and alga. When viewed in the 
context of these prior observations, our findings suggest that eco-
logical interactions may limit the space of the most likely evolutionary 
trajectories. In our system in particular, the presence of the alga modi-
fies the effects of mutations in yeast in such a way that yeast evolution 
becomes more repeatable at the ecological level, at least over the short 
term. In other words, ecological interactions may canalize evolution. 
Whether such canalization is a general feature of evolution in a com-
munity context remains to be determined.

In our competitive mutualistic community, canalization appears 
to occur in the direction of enhanced mutualism in the sense that the 
presence of the alga shifts selection on yeast in favour of mutations 
that benefit both species. There are no demonstrated mechanisms that 

would directly favour such enhanced mutualism in our community, but 
our results suggest another plausible scenario for how it can evolve. 
Mutations in yeast favoured in the presence of the alga tend to increase 
yeast’s carrying capacity in our medium and reduce its growth rate. 
Increased carrying capacity could provide the competitive advantage 
necessary for such mutants to spread. Once these mutations dominate, 
increased K and/or decreased r could enhance cooperation or reduce 
competition with the alga. Specifically, increased K implies that there 
are more yeast cells to generate CO2, which stimulates algal growth. 
Reduction in r could also benefit the alga via the ‘competitive restraint’ 
mechanism77 in which slower-growing yeast compete less for the initial 
supply of ammonium and thereby offer the alga an opportunity to 
grow more and supply more ammonium during the latter portions of 
the growth cycle. However, competition for the initial ammonium can 
probably not be reduced to zero solely by mutations in yeast because 
yeast lacks the molecular machinery for metabolizing the only other 
nitrogen source, nitrite. Therefore, a single mutation or even a few 
mutations cannot alleviate yeast’s basic requirement for ammonium. 
Furthermore, traits other than r and K most certainly contribute to 
both fitness and yield. Thus, additional experiments will be needed 
to determine how adaptive mutations in yeast modify the competitive 
and cooperative phases of the growth cycle to provide an evolutionary 
advantage and increase the yields of both species.

How the presence of the alga amplifies the fitness advantage of 
high-K mutants is currently unclear. An analysis of the genetic and 
biochemical basis of yeast adaptation may help us answer this ques-
tion and assess how general the ecological mechanisms of mutualism 
enhancement might be. However, one challenge is that many muta-
tions driving adaptation in yeast are large chromosomal amplifica-
tions and deletions, and it is unclear which amplified/deleted genes 
actually cause the fitness gains and changes in the ecologically rel-
evant traits. At this point, we can only speculate on this subject. For 
example, it is known that ChrXIV-3n amplifications are adaptive under 
ammonium limitation, possibly driven by the copy number of the gene 
MEP2, which encodes a high-affinity ammonium transporter78. We 
suspect that these adaptations are particularly beneficial to yeast in 
the C condition because the alga provides a continuous but low flux of 
ammonia. Another interesting example are mutations in genes HEM1, 
HEM2 and HEM3, which provide much larger fitness benefits in the C 
condition compared with the A condition (Supplementary Data 4) pos-
sibly because they shift the metabolic balance towards fermentation 
at higher concentrations of dissolved oxygen produced by the alga 
(Supplementary Information, Section 6). Elucidating these and other 
mechanisms of physiological adaptation in our competitive mutualistic 
systems is the subject of future work.

To conclude, our results suggest that microbial adaptation in the 
community context is driven by many mutations that are genetically 
and phenotypically diverse and have diverse ecological consequences. 
Changes in the ecological milieu, such as loss of some species or inva-
sions by others, may not necessarily alter which mutations are benefi-
cial to community members, but only quantitatively shift their fitness 
benefits. Such relatively subtle changes may nevertheless be sufficient 
for altering and canalizing evolutionary trajectories.

Methods
BLT experiment and data analysis
Strains. We used C. reinhardtii strain CC1690. The barcoded library 
of the diploid yeast S. cerevisiae strain GSY6699 (ref. 40) was kindly 
provided by Prof. Gavin Sherlock. This is a diploid, prototrophic strain 
derived from the BY genetic background, homozygous throughout 
the genome, except for locus YBR209W, where one copy of a DNA 
barcode was integrated37. Our starting library consists of about 5 × 105 
clones that carry unique DNA barcodes at this locus and are otherwise 
genetically identical (for a discussion of pre-existing polymorphisms, 
see Supplementary Information, Sections 1.3 and 3).
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Growth conditions. Both yeast monocultures and yeast–alga com-
munities were cultured in a defined minimal medium33 (‘CYM medium’) 
supplemented with 2% dextrose, 10 mM KNO2 and 0.5 mM NH4Cl, which 
we thereafter refer to as ‘growth medium’. All cultures were grown in 
10 ml of growth medium in 50 ml flasks (Fisher Sci #FS2650050) capped 
with 50 ml plastic beakers (VWR #414004-145) at room temperature 
(21 °C) on a platform shaker with 70 foot-candles of constant light 
(three Feit Electric #73985 suspended approximately 24 inches above 
the platform shaker) shaking at 125 r.p.m., unless noted otherwise.

BLT pre-cultures. Before the BLT experiment, yeast and alga were 
pre-cultured in 50 ml of growth medium in 250 ml delong baffled flasks 
(PYREX #C4446250) for 2 and 10 days, respectively. Alga pre-cultures 
were started from colonies. Pre-cultures of barcoded yeast libraries 
were started from frozen stocks by transferring 500 µl into 50 ml of 
the growth medium.

BLT initiation and propagation. We conducted five replicate BLT 
experiments for each of two treatments, yeast alone (the A condition) 
and yeast + alga community (the C condition). Each BLT experiment in 
the A condition was initiated from 100 µl of the yeast pre-culture. Each 
community BLT experiment was initiated from 100 µL of the 1:1 (v/v) 
yeast and alga mixture. Cultures were grown for 5 days before being 
diluted 1:100 for the next growth cycle (100 µl into 10 ml fresh medium). 
A total of 17 growth/dilution cycles were completed.

Culture preservation. Glycerol stocks were taken of the yeast 
pre-culture and yeast + alga inoculum mixtures, as well as at the end 
of every odd growth cycle. Separate stocks were stored for DNA extrac-
tion and cell isolation purposes with two replicates each, for a total of 
four stocks per culture per timepoint. Cell isolation stocks were created 
by aliquoting 1.5 ml of culture into 500 µl of 80% glycerol, mixing by 
vortex and storing at −70 °C. DNA stocks were created by removing 
the supernatant of the remaining 7 ml of culture via centrifugation 
and resuspending in 2 ml of 20% glycerol (80% glycerol diluted with 
1× PBS), which was then stored as two separate 1 ml stocks at −70 °C.

Sequencing and analysis. DNA was isolated and the amplicon 
sequencing libraries of the barcode locus were prepared using stand-
ard methods (Supplementary Information, Section 1.3). The analysis of 
barcode data is described in Supplementary Information, Section 1.4.

Competitive fitness assays
We selected cycle 9 to isolate adapted mutants because the estimated 
fraction of adapted lineages in our evolving populations was large, 
but each adapted lineage was still at a low frequency (Extended Data 
Figs. 2 and 3). Specifically, 92% of a typical population in the A condi-
tion consisted of adapted lineages, with the median frequency of an 
individual adapted lineage being 9 × 10−5 (approximately nine cells 
per lineage at the bottleneck), and 73% of a typical population in the C 
condition consisted of adapted lineages, with the median frequency 
of an individual adapted lineage being 7 × 10−5 (approximately seven 
cells per lineage at the bottleneck).

Isolation of random clones. To isolate adapted clones, frozen stocks 
of the yeast A and C populations from cycle 9 were thawed, plated onto 
standard 100 mm Petri dishes with CYM + 1% agarose at a dilution of 
approximately 100 cells per dish, and incubated at 30 °C for 3 days 
(the alga does not grow at 30 °C). Eighty-eight random colonies were 
isolated from each population, that is, a total of 440 clones from the 
A and C condition each. Eight additional clones from each population 
were collected at cycle 17 and are present in the pools described below, 
but they are not included in any of the analyses presented in this study. 
Each colony was transferred into a well of a 96-well plate (Corning 
3370) with 200 µl of CYM medium and incubated for 2 days at 30 °C. 

Then, 50 µl of 80% glycerol was added to each well, and the plate was 
stored at −70 °C.

Barcode genotyping. The DNA barcodes of all isolated clones were 
identified by sequencing, using the Sudoku method79,80. Specifically, 
10 µl of each clone was pooled into 10 ‘population’ pools (one pool 
for each source population), 8 ‘row’ pools and 12 ‘column’ pools. DNA 
barcodes in each pool were amplified and sequenced as described in 
Supplementary Information, Section 1.3. We expect that a given com-
bination of row, column and population pools would have a single bar-
code in common, defining the isolate in the corresponding well of the 
appropriate plate. We determined all barcodes present in the intersec-
tion of each combinations of row, column and population pool. If only a 
single barcode is identified in the intersection, the corresponding well 
is assigned that barcode identity. If multiple barcodes or no barcode 
are identified, the associated clone is removed from further analysis.

Competition assay experiment. To conduct the competitive fitness 
assays, we pooled clones into three pools (N, A and C; Supplementary 
Information, Section 2) and pre-cultured each pool separately in the 
growth medium for 2 days. We also pre-cultured the alga for 10 days, 
starting from colonies. We then combined A, C and N pools in a 1:1:18 
ratio. We carried out three replicate competitions in the A and C condi-
tions each. To this end, we inoculated each replicate with 100 µl of the 
combined A/C/N pool. In addition, the three C-condition replicates 
were inoculated with 100 µl of the alga pre-culture (∼106 cells ml−1). All 
replicates were propagated in conditions identical to the BLT experi-
ment for a total of five growth cycles. Glycerol stocks were made at the 
end of each growth cycle after the dilution step by centrifuging the 
culture, removing spent medium and resuspending the pellet in 2 ml 
of 20% glycerol + PBS. Two 1 ml aliquots of this glycerol suspension 
were stored at −70 °C. One of these aliquots was collected for DNA 
extraction and barcode sequencing (for methodological details, see 
Supplementary Information, Section 1.3).

Competition assay data analysis. Barcodes were identified and 
counted as described in Supplementary Information, Section 1.4. 
The resulting barcode count data were analysed as described previ-
ously38 using software available at https://github.com/barcoding-bfa/
fitness-assay-python. Briefly, the 84 non-adapted barcodes (as defined 
from the BLT analysis) from the N pool were used to estimate the mean 
fitness trajectories and the additive and multiplicative noise param-
eters for each pair of timepoints in each assay38. These estimates were 
used to estimate the fitness of every lineage for each pair of neighbour-
ing timepoints and the noise parameter. The variance of an estimate for 
a given pair of timepoints was calculated as the inverse of the read depth 
at the earlier of the two timepoints + the estimated noise parameter. 
Inverse variance weighting was then used to combine estimates across 
all time point pairs to generate a single fitness and error estimate for 
each lineage in each replicate. Replicate estimates were combined 
using further inverse variance weighting to generate the final fitness 
estimate for each isolate in the A and C conditions. For each mutant in 
each condition, we also calculated the 95% confidence interval around 
the fitness estimate based on the variability in fitness measurements 
between replicates (assuming that measurement errors are distrib-
uted normally). Fitness estimates are provided on a per growth cycle 
basis. Validation of this analysis procedure and additional statistics are 
described in Supplementary Information, Section 2.

Genome sequencing and analysis
We sequenced full genomes of 219 A mutants, 187 C mutants, 8 
non-adapted evolved isolates and 24 ancestral isolates sampled 
from the inoculum population. DNA was extracted using the YeaStar 
kit Protocol I (Zymo Research #D2002) with in-house produced  
YD Digestion buffer (1% SDS + 50 mM Na2PO4), DNA Wash buffer  
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(80% ethanol + 20 mM NaCl) and Elution Buffer (10 mM Tris–HCl). For 
each sample, 0.2 µl of 25 mg ml−1 RNAse A (Zymo Research #E1008-8) 
and 1 U (0.2 µl of 5 U µl−1 stock solution) of Zymolyase (Zymo Research 
#E1004) were used. Libraries were prepared using the method 
described by Baym et al.81 and sequenced on the Illumina HiSeq4000 
platform. Sequencing services were provided by Novogene and the 
UCSD Institute for Genomic Medicine. Sequencing failed for four A 
mutants and six C mutants, leaving us with 215 A mutants and 181 C 
mutants with sequenced genomes, 8 non-adapted evolved isolates 
and 24 ancestral isolates (a total of 428 clones). For these clones, we 
obtained high-quality genome data (>4× coverage, mean coverage of 
24×). Variant calling, filtering and statistical analysis are described 
in detail in Supplementary Information, Section 3.

Probability of genetic parallelism. We calculate the probability of 
genetic parallelism Pg for a set of mutants as follows. We consider every 
pair of mutants and calculate the proportion that have a mutation in 
at least one common driver locus (including both small variants and 
CNVs). Adapted clones with no mutations at the identified driver loci 
are assumed to have an adaptive mutation at a locus that is not shared 
with any other isolate in the set. To test whether A and C mutants have 
different probabilities of genetic parallelism, we re-shuffle the evolu-
tion treatment label (that is, alone versus community) across all A and 
C mutants and calculate Pg for both resulting groups. We obtain the 
absolute value of the difference in Pg between the two groups, |∆Pg|, in 
1,000 such permutations, and estimate the P value as the fraction of 
permutations where |∆Pg| exceeds the observed difference.

Phenotyping
For all phenotypic measurements, replicate measurements were con-
ducted using distinct samples. In no case was a single sample measured 
repeatedly.

Measurement of ancestral yeast and alga growth. Yeast and alga 
were thawed from frozen stocks (−70 °C for yeast, LN2 storage for 
algae) and grown separately in standard growth conditions for one 
growth cycle. Communities were inoculated by mixing 100 µl of yeast 
with 104 cells of alga into 10 ml of our growth medium and propagated 
for one cycle via 100-fold dilution. On the second growth cycle, each 
culture (yeast alone, alga alone and the community, with six replicates 
each) was characterized daily by colony-forming unit (CFU) counting 
for the yeast, and chlorophyll fluorescence measurements for the alga. 
Each culture was plated onto CYM medium plates (1% agarose) and 
incubated at 30 °C. Colonies were counted to estimate the density of 
yeast in each culture at each timepoint. We estimate alga density by 
measuring chlorophyll b fluorescence. To that end, we transfer 200 µl 
of each culture into a well of a black-wall clear-bottom 96-well plate 
(Corning #3631) and measure fluorescence in a plate reader (Molecu-
lar Devices Spectramax i3x, excitation at 435 nm and observation 
at 670 nm). Chlorophyll fluorescence intensity measurements were 
converted into cell density estimates as described in Supplementary 
Information, Section 5.1.

Selection of A and C mutants for phenotyping experiments. We 
selected 31 C mutants and 28 A mutants to cover a diversity of mutations 
and fitness values represented among all sampled adaptive mutants 
(Supplementary Data 4). Our reasoning for this non-random sampling 
was that mutants carrying a driver mutation at the same locus would 
have similar phenotypic values. If we selected clones for phenotyping 
randomly, we would have probably not observed more rare pheno-
types. To account for this over-dispersion in the selection of mutants, 
we apply the mutation weighting procedure described below.

Measurement of YYA. To estimate YYA, we inoculated all 60 yeast 
strains (including the ancestor) individually into the standard 

conditions (10 ml of medium in 50 ml flasks) from frozen stocks and 
propagated them for two cycles (10 days). During the third cycle, we 
estimated yeast densities after 5 days of growth by plating and colony 
counting. Correlations between replicate measurements are shown in 
Supplementary Fig. 19a.

Measurements of YYC and AYC. We create mutant communities 
as follows. On day 0, we inoculate 50 ml growth medium (in 250 ml 
non-baffled Erlenmeyer flask) with 1 ml of CC1690 C. reinhardtii stock 
stored in LN2 and incubate for 20 days. On day 20, 100 µl of this culture 
is transferred to standard conditions (10 ml of fresh medium in a 50 ml 
flask). Also on day 20, the 60 yeast strains (including the ancestor) 
are individually inoculated into the standard condition from frozen 
stocks. On day 25, we form the mutant communities by transferring 
100 µl of each yeast culture and 200 µl of the algae culture into fresh 
medium (200 µl of alga were used instead of 100 µl because the den-
sity of algae culture was approximately 50% of that at the initiation of 
the BLT experiment). These mutant communities are grown for one 
cycle in our standard conditions. On day 30, we transfer 100 µl of each 
mutant community into 10 ml fresh medium, as in the BLT experiment. 
We estimate both yeast and alga density on day 35. Yield estimates can 
be found in Supplementary Data 2. Correlations between replicate 
measurements are shown in Supplementary Fig. 19b,c.

Microscopy. To detect potential physical associations between alga 
and yeast mutants, we created mutant communities as described 
above. After 5 days of growth, communities were mounted on glass 
microscope slides (Fisher Scientific 12550143), sealed with Dow Corn-
ing high vacuum grease (Amazon B001UHMNW0) and imaged on a 
light microscope using a 40× objective with DIC. Extended Data Fig. 8 
shows one representative community; the remaining 17 imaged mutant 
communities along with wild-type controls can be found in the Dryad 
data repository.

Mutant growth curve measurements. To estimate the growth param-
eters r and K for individual beneficial mutants, we measured growth 
curves of individual yeast mutants and the ancestor in the A condition. 
To this end, we inoculated all 60 yeast strains (including the ancestor) 
individually into the BLT condition (10 ml of medium in 50 ml flasks) 
from frozen stocks and propagated them for two cycles (10 days). Dur-
ing the third cycle, we estimated yeast densities on days 10, 10.5, 11, 11.5, 
12, 13, 14 and 15 by plating and colony counting. We estimate r as the 
slope of the relationship between log(CFU ml−1) and time (in hours) for 
the three measurements between 12 h and 36 h of growth. We estimate 
K as the maximum observed density (in CFU ml−1). Data are provided in 
Supplementary Data 2. The growth curves are shown in Supplementary 
Fig. 20. Correlations between replicate measurements of r and K are 
shown in Supplementary Fig. 21.

Mutation weighting. Even though not all A or C mutants were pheno-
typed, we would like to make statistical statements about the distri-
bution of phenotypes among all sampled A or C mutants. To this end, 
we associate each of the 59 phenotyped mutants with a single driver 
mutation. Mutants with multiple driver mutations are associated only 
with the most common driver mutation. Mutants with no identified 
driver mutations are associated with a unique unknown mutation. To 
obtain the prevalence of a given phenotypic value among all A or C 
mutants, we weight each measured phenotypic value by the number of 
sequenced A or C mutants with the same driver locus as the phenotyped 
mutant and divide by the total number of phenotyped A or C mutants.

Kernel density estimation. We use kernel density estimate to deter-
mine how likely certain phenotypic trait values would occur among all 
A and/or C mutants. Specifically, we obtain the kernel density estimates 
DA(y,a) and DC(y,a) for the probabilities that a community formed by 
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the ancestral alga and a random A or C mutant, respectively, would 
produce yeast yield y and alga yield a. To estimate DA, we apply the 
kde2d function in R with bandwidth 1 along the x axis and 4/3 along 
the y axis to the mutation-weighted yield data for the A mutants. We 
analogously obtain DC(y,a).

Accounting for measurement errors in statistical tests by permuta-
tion testing. As the measurement errors in our estimates of r, K, yeast 
yield and alga yield are quite large, we use a permutation and resam-
pling procedure to determine the statistical significance in various 
tests involving these variables. We permute isolate labels and resample 
the measurement values associated with each isolate from the normal 
distribution with the mean and the variance estimated for that isolate. 
We carry out 1,000 such simulations in each test. We estimate the 
expected false positive rate as the average fraction of resampled values 
significant at a chosen threshold per simulation. FDR is the average 
number of false positives divided by the number of observed positives.

Permutation tests of Pearson correlation significance are con-
ducted as follows. For each permutation, isolate labels for each variable 
are permuted independently and phenotypic values are resampled 
as above. A randomized correlation coefficient is determined from 
each of the 1,000 permutations, and significance is determined by the 
proportion of randomized R2 values that exceed the observed R2 value.

Ecological and trait parallelism. We quantify the degree of parallel-
ism among a set of mutants with respect to a pair of quantitative traits 
X and Y as follows. Suppose that one randomly picked mutant has trait 
increments ∆Xi and ∆Yi relative to the ancestor and another randomly 
picked mutant has trait increments ∆Xj and ∆Yj. We then estimate the 
probability that both (∆Xi)(∆Xj) ≥ 0 and (∆Yi)(∆Yj) ≥ 0. This measure of 
parallelism emphasizes the direction of change rather than the mag-
nitude. When we compute this measure for the pair of yields of mutant 
communities, in which case X and Y are yeast and alga yields, we refer 
to it as the probability of ecological parallelism. When we compute this 
measure for the life-history traits, in which case X and Y are r and K, we 
refer to it as the probability of trait parallelism.

We obtain these probabilities of parallelism for the A and C 
mutants. We test the significance of the deviation of these probabili-
ties from the expectation of 25% parallelism via a χ2 test. To determine 
the statistical significance of the difference between the probabilities 
of parallelism for the A and C mutants, we resample the phenotypic 
values of each of the 59 mutants from the normal distribution (see 
above) and permute mutant genotype and home-environment labels, 
so that the genotype and label are always associated with each other 
but dissociated from the phenotypic values. We then calculate the 
parallelism probabilities for these permuted and resampled data. We 
estimate the P value by carrying out this permutation and resampling 
procedure 1,000 times.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this article.

Data availability
All raw sequencing data are available on the US National Center for 
Biotechnology Information (NCBI) Sequence Read Archive (SRA) under 
BioProject PRJNA735257. Other input data can be found on Dryad82. 
Strains and other biological materials are available by request to S.K. 
Source data are provided with this paper.

Code availability
The latest version of the barcode counting software BarcodeCounter2 
is available at https://github.com/sandeepvenkataram/BarcodeCoun-
ter2.git. Analysis scripts, including the version of BarcodeCounter2 
used in this study, can be found on Dryad82.
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Extended Data Fig. 1 | Per capita net population change for the ancestral yeast and alga. Same data as in Fig. 1 (n = 6 except yeast alone where n = 4). Data points 
depict mean values ±1 SEM.
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Extended Data Fig. 2 | Frequency trajectories of barcoded lineages in yeast in the A-condition. Each panel shows a BLT replicate population in the A-condition,  
as indicated. Lineage frequencies were measured at every odd cycle. Twenty random adapted lineages are shown in red, and twenty random neutral lineages are shown 
in blue.
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Extended Data Fig. 3 | Frequency trajectories of barcoded lineages in yeast in the C-condition. Each panel shows a BLT replicate population in the C-condition,  
as indicated. Lineage frequencies were measured at every odd cycle. Twenty random adapted lineages are shown in red, and twenty random neutral lineages are shown 
in blue.
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Extended Data Fig. 4 | Distribution of adaptive mutations across the most common driver loci. Driver loci with 5 or more mutations are shown. See Data S3 for the 
full distribution. Colors are the same as in Fig. 2.
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in the A-condition (x-axis). The most common driver loci are shown by points 
(colors are the same as in Fig. 2). The estimated beneficial mutation rate and the 
selection coefficient for each mutation class are given in Table S3. B. Same as A 

but for the C-condition. The mutation rate for each locus is assumed to be the 
same in both conditions, but the selection coefficients vary. C. Black points show 
the number of sequenced clones with a given driver mutation found per replicate 
population in either A- (left) or C-condition (right; n = 5 replicate populations 
per condition). Box and whiskers show the distributions of these numbers found 
in our simulations (mid-line shows the median, boxes show the 25th and 75th 
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Extended Data Fig. 7 | Correlations between competitive fitness and yields. 
Normalization is relative to the ancestor. Error bars represent ±1 SEM. For all 
panels, n = 31 for A-mutants and n = 28 for C-mutants with three replicate fitness 

measurements and two replicate YYC, AYC and YYA measurements. Pearson 
correlation coefficients (R) are reported for each panel, as are P-values calculated 
by a two-tailed permutation test.
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Extended Data Fig. 8 | Representative microscopy image showing lack of physical associations between yeast and algae cells. Mutant culture formed by the 
C-mutant C2 (barcode ID 109098) is shown. Yeast and alga cells are indicated with arrows. Similar observations were made for 17 other mutants (available on Dryad82).
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Extended Data Fig. 9 | Relationship between growth rate, yields and fitness. 
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C-mutants with three replicate fitness measurements and two replicate YYC, AYC 
and Δr measurements. Pearson correlation coefficients (R) are reported for each 
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Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Genome analysis was conducted using the following software packages: bowtie2 (v. 2.3.4.3), GATK (v. 4.0.11.0), ENSEMBL Variant Effect 
Predictor online tool (v. 100), Trimmomatic v. 0.36, DNAclust release 3, biopython v. 1.72, samtools v. 1.9, picardtools v. 2.18.15, bamtools v. 
2.5.1, bcftools v. 1.9, bedtools v. 2.27.1, vcftools v. 0.1.16 and blast v. 2.7.1. DNA barcodes were counted using the software 
BarcodeCounter2, which was developed by author SV for this study (available at https://github.com/sandeepvenkataram/BarcodeCounter2). 

Data analysis Competitive fitness was estimated using the software fitness-assay-python, published in Venkataram et al Cell (2016) and available at https://
github.com/barcoding-bfa/fitness-assay-python. The remaining analysis was conducted using custom software available on datadryad at 
https://doi.org/10.6076/D14K5X.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

All raw sequencing data is available on the US National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) under BioProject PRJNA735257. 
All other raw data (e.g. growth data, variant calls, community yield etc) and analysis scripts can be found on Dryad at https://doi.org/10.6076/D14K5X.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Previous work (Levy et al 2015, Venkataram et al 2016) evolved 1-2 replicate populations and sampled ~200 adapted isolates for genotyping. 
These sample sizes were sufficient for statistical analysis. Consistent with these measurements, we conducted laboratory evolution of 5 
replicate populations of each of two treatments, and isolated ~200 adaptive mutants from each treatment for genotyping and fitness 
measurement. For phenotypic measurement (e.g. yield) our facility had the capacity to grow 80 cultures in parallel in a single batch, and we 
thus selected 40 mutants from each treatment for these measurements.

Data exclusions Some sequenced mutants had insufficient coverage for genotyping, and were thus excluded from further genomic analysis. Additional filters 
included removing mutants that were not adaptive, did not have valid fitness measurement data, or have fitness measurements that were too 
noisy. These mutants were thus excluded from all further analysis. As phenotyping commenced before these analyses were completed, 12 C-
mutants and 9 A-mutants were excluded from our phenotypic analysis.

Replication Evolution experiments were conducted with 5 replicates, and competitive fitness measurements were conducted with 3 replicate cultures for 
each treatment (alone and community). Phenotypic measurements were conducted with 2 replicate cultures for each measurement. 
Measurements of yeast mutants alone (YYA, growth rate, K) were repeated four times, as the initial set of two replicate measurements were 
poorly correlated (R < 0.4). Both of these initial replicates were discarded from all of our analyses.

Randomization Randomization was not relevant for our study as both evolution treatments were instantiated with identical yeast populations (inoculated 
from the same pre-culture).

Blinding Blinding was not relevant for our study as both yeast populations were initially identical. Furthermore, we had no a priori expectation in 
regards to the effect of algae on yeast evolution.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging
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