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SUMMARY

Evolution often follows similar trajectories in replicate populations, suggesting that it may be predictable.
However, populations are naturally embedded in multispecies communities, and the extent to which evolu-
tion is contingent on the specific species interacting with the focal population is still largely unexplored. Here,
we study adaptations in strains of 11 different species, experimentally evolved both in isolation and in various
pairwise co-cultures. Although partner-specific effects are detectable, evolution was mostly shared between
strains evolved with different partners; similar changes occurred in strains’ growth abilities, in community
properties, and in about half of the repeatedly mutated genes. This pattern persisted even in species pre-
adapted to the abiotic conditions. These findings indicate that evolution may not always depend strongly
on the biotic environment, making predictions regarding coevolutionary dynamics less challenging than pre-
viously thought. A record of this paper’s transparent peer review process is included in the supplemental in-

formation.

INTRODUCTION

The degree to which evolution is predictable is a core question in
evolutionary biology."? Evolution experiments involving repli-
cate bacterial populations have demonstrated that evolution
can be predictable, as a high degree of parallelism is often
observed: mutations in the same genes are repeatedly selected,
and similar changes in phenotypes occur across independent
populations.®>™® Naturally, when populations evolve in distinct en-
vironments, evolutionary outcomes are expected to differ.® But it
is challenging to anticipate which changes in environmental con-
ditions would cause major shifts in evolution that would require
updating the predictions and would lead to only subtle modifica-
tions. Although it was demonstrated that distinct evolutionary
outcomes can emerge due to even subtle changes in the abiotic
environment,”'? it is still not clear whether differences in the bi-
otic environment would typically cause similar shifts.

Variations in the biotic environment may have evolutionary im-
plications because such variations can have pronounced
ecological and physiological effects. The presence of an inter-
acting species could lead to the extinction of an otherwise pros-
perous population,’’"'? to massive shifts in gene expression,'®
and to substantial changes in the chemical environment.'*'®
Such effects are expected to change evolutionary outcomes
by altering selection pressures'® and population sizes'” or by
creating eco-evolutionary feedback loops.'®'? Although expec-
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tations of this nature are often grounded on strong theoretical
foundations,?® we still lack comprehensive empirical evidence
for the typical degree to which evolutionary outcomes depend
on the biotic environment.

Coevolution’s capacity to induce notable shifts in evolutionary
outcomes was illustrated in a few experimental studies; howev-
er, it is still not clear whether these are the rule or the exception.
For example, species lacking the ability to synthesize reciprocal
essential metabolites have coevolved to cross-feed®'; Bacillus
subtilis, which evolved with the black mold fungus Aspergillus
niger, has evolved to better invade the mold’s niche but did
not evolve the same capacity when it evolved without it°%; and
Escherichia coli strains that evolved with the predator Myxococ-
cus xanthus have acquired a different set of mutations than that
of their equivalents that evolved alone.? These and other exam-
ples where evolution was highly partner specific,”*>° typically
involved a strong and highly defined interaction that is driven
mostly by a specific mechanism (with the notable exception re-
ported by Lawrence et al.?%).

However, in experimental systems that studied adaptations in
communities of the same guild, biotic-context-specific effects
are often less pronounced, at least for some of the species
involved.””*? For example, in a recent study, strains of 5 species
that were coevolved did not differ from those that evolved sepa-
rately in either the growth rates within the community, the
assembled community productivity, or in invader fitness.*”
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Figure 1. Overview of the experimental design
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(A) We evolved ancestral strains of each of 11 species for ~400 generations, either alone (monoculture) or in different pairwise co-cultures.

(B) We measured changes that occurred during the evolution experiment by comparing several parameters of the evolved strains with those of their ancestors:
community composition (fractions of the species in co-culture), interactions (growth in co-culture vs. growth alone), mutations, growth rate (median per-capita
growth rate in exponential phase), and carrying capacity (ODgqo after 48 h growth).

Similarly, selection targets of Stenotrophomonas sp. strains that
were coevolved within a five-species polyculture were similar to
those that evolved alone but different from those that were
gained when eco-evolutionary feedback was not permitted.*°
Hence, it is still not evident how strongly the presence of an inter-
acting species typically affects evolutionary outcomes.

In order to understand how strongly evolutionary outcomes
depend on the presence of specific partners, we study changes
that occurred in 11 bacterial species that were either evolved
alone (monoculture) or within different co-cultures for ~400 gen-
erations®® (Figure 1A). We measure how these strains evolved
phenotypically (growth rate and carrying capacity; Figure 1B)
and genotypically, and how co-cultures composed of these
strains changed in composition and in interspecies interactions
(Figure 1B). We then compare the parallelism (Figure 2A) be-
tween strains that evolved in the same evolutionary treatment
(same partner or alone; Figures S23B and S23C) to that of strains
that evolved in different evolutionary treatments (different biotic
partners, or alone vs. with biotic partner; Figures S23B and
S23C). Throughout the study, we refer to treatment as the
absence of any partner or the presence of a specific species dur-
ing evolution. We find that parallelism is consistently higher
within evolutionary treatments than between treatments, sug-
gesting that the presence of a biotic partner has affected evolu-
tionary outcomes. However, the magnitude of partner-specific
effects was generally low—only between 2% and 7% of the

change varied between evolutionary treatments, suggesting
that adaptations were only weakly dependent on the biotic
context. This was also the case when ecological interactions
were strong, and ancestral species were pre-adapted to the
abiotic environment. These findings indicate that many predic-
tions based on one set of biotic conditions could remain accu-
rate even when these conditions change.

RESULTS

In order to assess the dependence of evolution on the presence of
other species, each of 11 species (Table S1) was evolved alone
(monoculture) and in 2-5 different pairwise co-cultures, with an
average of 4 evolutionary treatments per species (including mono-
culture and unique pairwise co-cultures, Table S3). Cultures were
propagated for ~400 generations in M9 minimal media supple-
mented with three carbon sources —acetate, serine, and galactur-
onic acid®® (STAR Methods). After evolution, we re-isolated strains
and measured the properties of the evolved strains and commu-
nities. Note that only pairs of strains that survived the full duration
of the experiment, both when grown separately and in co-culture,
were included in this study (>85% of the pairs that were included
in the experiment coexist at generation ~400°%). In most cases
(79%), the ancestral species were negatively affected by the
presence of their partner, reaching an average of 35%

abundance in coculture  _ P
(logp gbundence incocultve . _ 4 5)  of their monoculture

Cell Systems 15, 930-940, October 16, 2024 931




- ¢ CellPress Cell Systems

A
. B (I)wz'thin q)between
I. Parallelism;; = ®;; =1 ’

i +0j+e i i
IT. Specificity = Buinin — ® 5 A3 & A3
- OPECLJICILY = Pwithin between 7’ ’
Ancestor < I Ancestor ¢ I
-, I , I
e T
Overall change Distance Error b . e
(distance from between (SD of technical . =
ancestor) strains replicates) 6j 5j
j i
Evolution of composition
B C
Difference from ancestor Parallelism
0.8 ! 1.0 o3
r=0.80 : = = Qi 4
p=1.1e-03 T o YR § p=3.0e-02 %
: e g ! § C
[ 1 e Q
2 - 04@ + B W
o) .y 4 Iél "
=2 Lo E L
+= 10— _ 0 ___. J P
5 00 %j‘gb £ 05 "}"—%_‘ —
> ! 4 |
§ | g ; 2‘0.4 o
L // i § //' ‘g 0.2
o : 2 3
! & —0—1 5 0.01-¢
0817 | 0.04 ./
-0.8 0.0 0.8 0.0 0.5 1.0
Evolved alone Within treatments (®yithin)
Evolution of interactions
D E .
Difference from ancestor 10 Parallelism Spemes
31 r=o079 T~ 002 Pf
—: - Q
P 1.1e-05 g 2025_ PCh
- B 2 Ea
O
R B s T € | gooo Ab
[0] (%]
g 5,5l Pa
B £ 057 = IN72
2 -3 ; 3 ? Pv
[¢) ¢ = 4 .
i 2 s c y Pci
& Q S
2 p=1.26-01 Sm
-6 P g O IN63
0.01.” O Fj
-6 -3 0.0 0.5 1.0
Evolved alone Within treatments (®yjthin)

Figure 2. Evolution of co-culture properties is similar regardless of the presence of coevolving species
(A) Parallelism is defined as the fraction of the overall change that is shared between two strains. Specificity is defined as the mean parallelism of strains, or pairs of
strains, that evolved independently in the same treatment, minus the parallelism of strains that evolved independently in different treatments.

(legend continued on next page)
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population size in co-culture (Figures S1 and S2). In the other 21%
of cases, the ancestral species were facilitated by the presence of
their partner, reaching on average an abundance of 300%
(log, 2bundance in cocultire . 4 §) that of their growth alone. Thus,
our experimental system includes strains that evolved within a va-
riety of different co-cultures, with partners that affected them both

positively and negatively.

Co-culture properties and species traits are mostly
shared between evolutionary treatments

The composition of most co-cultures changed substantially
during the experiment.*® Such changes could occur due to spe-
cies adapting to each other’s presence or due to each species
adapting to the abiotic conditions. To distinguish these alterna-
tives, we compared the composition (that is, the fractions of a
species in a co-culture after ~60 generations) of co-cultures of
strains that were coevolved together with the composition of
co-cultures of strains that were each evolved separately in
monocultures. The changes that occurred in the composition
of co-cultures of strains derived from the two evolutionary treat-
ments were strongly correlated (Figure 2B, Pearsonr=0.8, p =
0.001; Figure S4), and changes were rarely qualitatively different
(Figure 2B: in 12/13 pairs the same species increased in relative
abundance regardless of evolutionary treatment, binomial p =
0.003; Figure S4).

To quantify the similarity in evolutionary outcomes, we devised
ameasure of parallelism (®), which corresponds to the fraction of
the total amount of evolutionary change in a trait’s value, or a co-
culture property, which is shared between independently
evolved strains or pairs of strains (Figure 2A; STAR Methods;
see supplemental information section “parallelism quantifica-
tion” for detailed information about the calculation). This mea-
sure ranges between 0 and 1, where 0 means that strains
evolved in exactly opposing directions and 1 means that trait
values are identical between independently evolved strains.
For community composition, parallelism is quantified per co-cul-
ture using the relative fraction of species within it, whereas for
other traits, parallelism is quantified per species. Parallelism in
the evolution of community composition tended to be higher
within than between treatments. Because we computed paral-

¢ CellP’ress

lelism in community composition separately for each species
pairs, this indicates that composition varied depending on
whether a pair of strains coevolved together or whether each
evolved separately, thus suggesting that some shifts in compo-
sition were due to species adapting to each other (Figure 2C,
one-sided paired Wilcoxon test p = 0.03). However, parallelism
was also high between treatments; the median co-culture shared
0.75 (median ®y;in = 0.75) of the change within treatment and
0.71 of the change between treatments (median ®perveen =
0.71; Figure 2C). We devised a second measure, specificity
score (Pyitnin — DPpetween), Which quantifies the extent to which
evolution within treatments is more similar than between treat-
ments (Figure 2A; STAR Methods; supplemental information
section “parallelism quantification”). Across all pairs, the median
specificity score of the change in community composition was
0.04, indicating that most changes could not be attributed to
the effect of species on each other but was rather due to adap-
tations to the abiotic environment (Figure 2B inset, combined
permutation tests p value across all pairs for the hypothesis
that differences are smaller within groups, p = 0.1).

To further study how co-culture properties are typically
affected by coevolution, we measured changes in species inter-
actions following both coevolution and separate evolution in
monoculture. Theoretical studies predict that coevolution can
affect species interactions through various mechanisms, such
as changing the extent of niche overlap and the intensity of inter-
ference competition or cross-feeding,®**® depending on the
mechanism of interaction and environmental conditions. Howev-
er, interactions could also evolve through adaptations to abiotic
factors that also occur in the absence of the interaction (e.g., due
to better utilization of the supplied nutrients). We find that the
strength of interactions (quantified as the log, ratio between a
species abundance in a specific co-culture and its abundance
when grown alone) evolved substantially in many pairs during
the experiment (Figures 2D and S5). However, evolution of inter-
actions was only weakly dependent on coevolution. Changes in
interactions were strongly correlated between pairs of strains
that evolved separately and together (Figure 2D, Pearson r =
0.79, p = 10~ %) and the direction of change typically did not differ
between them (Figure 2D, 17/22 of the interactions changed to
the same direction regardless of evolutionary treatment,

(B) Change in the composition of pairs of strains that evolved together, against the change in composition after they evolved separately in monocultures. Change
in composition is measured as the fraction of a species in the evolved co-culture minus its fraction in the ancestral co-culture. Each circle represents a unique and
initially identical pair of species, and the circle centers and error bars represent the mean and the standard error of 2-6 independently evolved co-cultures
(Table S3).

(C) Parallelism in the evolution of composition within treatment (parallelism between pairs of strains that either evolved alone or coevolved) against the parallelism
between treatments (parallelism between pairs of strains that evolved alone to strains that coevolved). Circles on the 1:1 line correspond to pairs that did not differ
depending on treatment, and circles below the line correspond to ones whose compositional changes were more similar. Circles and error bars indicate the mean
and the standard error of each unique pair of species. Insets show the distribution specificity scores for each parameter, and the number above is the median
score across all unique pairs of species. Higher specificity scores indicate that the parallelism within treatments was higher than between treatments.

(D) Change in the effect of one species on another’s growth (one-sided interaction) after they evolved together, against the change after evolving separately in
monocultures. One-sided interaction is measured as the log, ratio between the abundance of the affected species in co-culture and its abundance when grown
alone. Change is quantified as the one-sided interaction in the evolved co-culture minus the one-sided interaction in the ancestral co-culture. Each circle
represents the interaction in a unique pair of species, and the circle center and error bars represent the mean and the standard error of 2-5 independently evolved
co-cultures (Table S3). Circle color indicates the affected species.

(E) Parallelism in the evolution of interactions within treatment (parallelism between pairs of strains that either evolved alone or coevolved) against the parallelism
between treatments (parallelism between pairs of strains that evolved alone to strains that coevolved). Circles and error bars indicate the mean and the standard
error of each unique pair of species. Insets show the distribution specificity scores for each parameter, and the number above is the median score across all
unique pairs of species. Text in (B) and (C) indicates the Pearson r and associated p, text in (D) and (E) indicate the p value of a one-sided Wilcoxon test. (B and C)
Data from experiment Ec1; (D and E) data from experiments Ec2-5 (STAR Methods).

Cell Systems 15, 930-940, October 16, 2024 933



¢ CellPress

binomial test p = 0.01; Figure S5). Furthermore, although paral-
lelism was typically higher within treatments (one-sided paired
Wilcoxon test p = 0.1, median &y, = 0.71, median
Dpetween = 0.64, Figure S5), evolutionary treatment only ac-
counted for 0.02 of the change in interaction (median specificity
score, Figure 2E, combined permutation tests p value across all
pairs for the hypothesis that differences are smaller within
groups, p = 0.22). Overall, in line with changes in composition,
although some of the change in interactions can be linked to spe-
cies adapting to one another, most of it occurs regardless of
whether the interacting strains were coevolved or whether
each evolved separately in monoculture.

Next, we wanted to understand how coevolving with different
partners affected the evolution of a species’ ability to grow in
monoculture. For this purpose, we measured the growth rate
and carrying capacity of multiple strains that evolved in multiple
treatments (evolved alone or in co-cultures with different part-
ners). For both parameters, changes that occurred during evolu-
tion in monoculture were strongly correlated with those that
occurred during coevolution (Figures S6A and S6B, growth
rate: Pearson r = 0.63, p = 0.052; carrying capacity: Pearson
r=0.98,p =2+ 10"7). Despite this trend, we note a case where
evolution of growth abilities was distinct between evolutionary
treatments: Pf’s population size increased by a factor of ~16
when it evolved alone, but rarely showed a similar increase
when coevolved (Figure S7, permutation test p value after Bon-
ferroni correction, p = 0.06). This might be related to the fact that
the ancestral Pf grows poorly alone and often benefits from the
presence of another species (Figures S1 and S2), possibly
through cross-feeding of essential metabolites; although
evolving the ability to produce these nutrients might be favored
in monoculture, it might not be as favorable in co-culture, thus
maintaining coevolved strains more dependent on their partners.
Overall, similar to the trends shown in co-culture properties,
parallelism was consistently higher within evolutionary treatment
(Figures S6C-S6F, one-sided paired Wilcoxon test p = 0.053),
but most of the change in growth parameters is shared between
treatments (Figure S6F, median specificity score = 0.02, com-
bined permutation tests p value across all species for the hy-
pothesis that differences are smaller within groups, p = 0.006),
suggesting that the evolution of growth abilities was only weakly
affected by coevolution.

Genetic parallelism is high between evolutionary
treatments

Although the evolution of co-culture properties and growth abil-
ities was mostly shared between strains that underwent different
evolutionary treatments, we wanted to understand whether
similar trends are seen also at the genomic level. This might
hint to whether the similarity in phenotypes arose due to similar
selection pressures or due to other mechanisms. For this pur-
pose, we sequenced the genomes of 143 evolved strains of 6
different species (Ab, Pa, Pch, Pf, Ea, and Sm), which evolved
alone or with different partners, and identified mutations (STAR
Methods). Most species had between 1 and 3 mutations per
strain, except Sm, which had an average of 33.2 (+2.6) mutations
per strain and is likely a hypermutator (Figure 3A). This is sup-
ported by the fact that we identified a 6-bp deletion in mutL, a
DNA mismatch repair gene, in the ancestral Sm strain. In non-hy-
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permutators, strains that evolved in a co-culture tended to accu-
mulate less mutations than strains that evolved alone, support-
ing the notion that coevolution might constrain evolution®®3"+*%
(Figure 3A, 4/5 species with less mutations on average, one-
sided Wilcoxon p = 0.06). Non-synonymous SNPs were the
most abundant mutation type in 4/6 species (Figure S8), consis-
tent with adaptive evolution. In Pa, small indels were slightly
more abundant than non-synonymous SNPs, and Ab accumu-
lated mostly small indels and SNPs in intergenic regions. We
also identified large deletions in all species except Sm
(Figure S8).

We focus our genomics analysis on gene-level parallelism; for
each pair of strains, gene-level parallelism indicates the propor-
tion of genes that were mutated in both strains relative to the total
number of mutations (equivalent to the commonly used Dice
similarity7; STAR Methods; supplemental information section
“parallelism quantification”). Within evolutionary treatments,
two strains shared, on average, between 0.06 (Sm, hypermuta-
tor) and 0.25 (Pch) of the mutated genes (median ®ymin =
0.18, Figures 3B and S9), comparable with other studies.”®
Parallelism was consistently lower between treatments (median
Dpetween = 0.08, Figure 3B, one-sided paired Wilcoxon test p =
0.015), suggesting that selection forces varied when species
evolved with different partners. However, the median specificity
score across species was 0.07 (Figure 3B inset, combined per-
mutation tests p value across all species for the hypothesis
that differences are smaller within groups, p = 7 * 10~ ®), demon-
strating that although partner-specific effects were present and
detectable, many genomic changes were not affected by the
presence of another species.

Next, we wanted to identify specific genes that were differently
mutated between strains that evolved with a specific partner. To
achieve this, we focused solely on genes that were mutated
more than expected by chance, which we refer to as parallelly
mutated genes (Figure 3C; STAR Methods). 49% of the parallelly
mutated genes were mutated in more than one evolutionary
treatment (Figures 3C and S10 show the results applying a
different criterion, which accounts for the fact that a bias toward
genes that are mutated across treatments could arise), implying
that the selection for these mutations was not solely due to the
presence or absence of a specific species. However, some
genes were mutated predominantly or exclusively in a specific
evolutionary treatment (Figure 3C; Table S5). For example, Sm
had non-synonymous mutations in the gene coding for pyruvate
kinase (pykA) in 6/9 strains that were evolved with Pf, but was not
mutated in this gene in any of the 14 strains that evolved without
Pf (Boschloo testp =4 x 10~ 4, all p values mentioned in this sec-
tion remain significant after Benjamini-Hochberg false discovery
rate [FDR] correction with a 5% true hypothesis rate). Alterna-
tively, mutations in D-erythrose-4-phosphate dehydrogenase
(epd), an intermediate in the Calvin cycle and the pentose phos-
phate pathway, were mutated in 6/8 Sm strains that evolved with
Pch and only in 1/15 in all other treatments (Boschloo test p =
1% 10~%). In addition, 4/6 Ea strains that evolved with Pf were
mutated in a noncoding region upstream of the gene coding
for mannonate dehydratase, possibly affecting its regulation,
whereas none of the 17 strains that evolved without Pf were
mutated in this region (Boschloo test p = 8 x 10~ #). Other candi-
date partner-specific affected genes are listed in Table S5.
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Figure 3. Many parallelly mutated genes are
mutated in multiple treatments

(A) Mean number of mutations per strain of species
when evolved alone vs. when evolved in co-cul-
ture. Squares indicate the mean number across all
strains of the same species that evolved in co-
culture (grand mean), and circles indicate strains
that evolved with a specific partner (treatment
mean). Error bars denote the standard error of the
mean of 3-9 strains (Table S3). Full circles indicate
species that were significantly more parallel within
treatments than between treatments, at a
threshold of p < 0.05, in a permutation test after
Bonferroni correction.
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Overall, although mutations in some genes appear to be contin-
gent on the presence of a specific partner, many seem to be
linked to adaptations to the abiotic environment.

Pre-adaptation to the abiotic context does not increase
partner specificity

We hypothesized that the strong parallelism observed across
evolutionary treatments may arise due to maladaptation of the
ancestral strains to the abiotic environment. This could occur
as many early adaptations are likely to be less fine-grained and
associated with traits unaffected by specific interactions,
contributing to high fitness across different treatments.*® For
example, if a high proportion of the available mutations could
confer adaptation to the temperature, shaking conditions, or
acidity, these would probably be adaptive regardless of the pres-

NN

e & pre-adapted to the experimental condi-
tions (Figure 4A). We re-isolated 11
strains (one from each species) that
were evolved alone for ~400 generations
and used these as pre-adapted ancestors
in the second experiment (analyzed
strains are listed in Table S4 and Figure S3 shows initial interspe-
cies interactions). Similar to the first experiment, these pre-
adapted ancestors were propagated either as monoculture or
in co-culture for ~400 generations.

As expected, the rate of adaptation of pre-adapted strains and
co-cultures was lower than that of their naive ancestors. Previ-
ous long-term evolution experiments had demonstrated that
evolutionary changes in a constant environment could continue
for tens of thousands of generations but that the rate of adapta-
tion decreases with time.“° Consistent with these findings, in our
experiments, growth abilities increased rapidly during the pre-
adaptation period and continued to increase, albeit at a slower
pace, during the second evolution experiment (Figure S19B,
7/11 species increased less in growth rate, one-sided Wilcoxon
p = 0.23; 9/11 species increased less in carrying capacity,
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Figure 4. Pre-adaptation does not increase
partner specificity

(A) Pre-adapted strains are strains that were
evolved alone for ~400 generations and re-iso-
lated before being co-cultured. 17 pairs of pre-
adapted strains were co-cultured for an additional
~400 generations (STAR Methods).

(B) Distribution of specificity scores for naive (or-
ange boxes) and pre-adapted (blue boxes) strains
and co-cultures. Boxes indicate the quartiles and
whiskers are expanded to include values no further
than 1.5x interquartile range. Circles are specific
species (colored) or co-cultures (black).
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cally slightly less parallel, both within
and between treatments (Figure S20,
one-sided Wilcoxon test p = 0.01, median
decrease in parallelism 0.07), suggesting
that pre-adapted strains experienced
lower selective pressures than their naive
counterparts. Yet, evolution was mostly
shared between strains that evolved with
different partners, even after pre-adapta-
tion in all the measured traits and co-cul-
ture properties (Figures S11-S17), and
specificity score did not change signifi-
cantly in the pre-adapted strains and re-
mained between 0 and 0.05 (Figures 4B
and S26). These results suggest that the
fact that similar evolutionary changes

[ Naive
I Pre-adapted

=

Specificity score

:
i

occurred across evolutionary treatment
is unlikely to be primarily due to maladap-
tation of the ancestral strains to the
abiotic experimental conditions.

DISCUSSION

Growth Composition  Interactions
Species

O A OF O IN72

O Ea IN63 © Pa

Pch O Pf
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one-sided Wilcoxon p = 0.02). Furthermore, pre-adapted strains
tended to accumulate less mutations than their naive equivalents
(Figure S19, 4/5 species had less mutations, one-sided Wilcoxon
p = 0.22). Even though pre-adapted pairs were not previously
exposed to their biotic partner, the rate of change in composition
was also reduced (Figures S18 and S19, 9/14 pairs changed less
in composition, one-sided Wilcoxon p = 0.03). This result further
supports the notion that most changes that occurred in compo-
sition of naive pairs were caused by adaptation to abiotic condi-
tions and not to the biotic partner. Finally, the decreased evolu-
tionary rates had strengthened our expectations that
adaptations toward specific partners would be more pro-
nounced in the pre-adapted pairs.

However, we found that evolution was also highly parallel be-
tween treatments after strains were pre-adapted to the abiotic
conditions. Evolution after the pre-adaptation period was typi-
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Mutations The aim of this study was to empirically

test how parallel evolutionary outcomes
are when species evolve with or without
different biotic partners. We found that
although partner-specific effects exist,
these typically constitute a relatively small
fraction of the overall evolutionary change (Figures 4B and S26).
At the genomic level, partner specificity tended to be higher than
in community properties and growth parameters, implying that
similar phenomenological changes could arise through different
molecular mechanisms. These results demonstrate that, at least
in some scenarios, evolutionary outcomes could be well pre-
dicted without accounting for the effects of specific biotic part-
ners, making predictions less challenging than previously
thought. This includes predictions regarding individual species
as well as properties of the community. Although here we test
only pairs of species, we have previously shown that evolu-
tionary changes in composition of trios are typically consistent
with those that occur in pairs,*® suggesting these results may
also apply to more diverse communities. However, extending
these results to different systems still requires a better under-
standing of why partner-specific effects were typically weak in
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Figure 5. When should species evolution be sensitive to the pres-
ence of biotic partners?

We propose that the degree to which evolutionary outcomes depend on
community composition is contingent on both the strength of biotic selection
pressures relative to that of abiotic pressures and the similarity between inter-
and intraspecies interactions. Stronger interactions and higher population
sizes increase the strength of biotic pressures, whereas environmental stress
increases the strength of abiotic pressures. The similarity between inter- and
intraspecies interactions is expected to increase with metabolic similarity
between the interacting species.

our system and which conditions are expected to promote stron-
ger partner-specific effects.

The degree of similarity in evolutionary outcomes between
different conditions likely depends mainly on the similarity of
the selective forces imposed by those conditions (Figure 5). In
the context of the evolution of communities, we expect the sim-
ilarity of selective forces to be influenced by the balance between
the strength of selection exerted by biotic interactions and by
common abiotic factors—the stronger the selection imposed
by the biotic interactions, the more evolution will be contingent
on the presence of specific species. Indeed, strong evolutionary
partner-specific effects have been demonstrated for strongly in-
teracting species, such as predator-prey, mutualistic, or host-
pathogen pairs.”>*"*? Furthermore, the impact of biotic interac-
tions on selection is likely to increase with population density, as
higher densities enhance both the frequency of encounters be-
tween individuals and their collective influence on the environ-
ment. Conversely, we expect evolution to be less partner spe-
cific when biotic interactions are weak or when species are
poorly adapted to their abiotic environment.

Nevertheless, both adaptation to the abiotic environment and
interaction strength are unlikely explanations for weak partner
specificity of evolution in our system. An ~400-generation pre-
adaptation period did not increase partner specificity (Figure 4B),
and some of the strongest interactions resulted in weak or unde-
tectable partner-specific effects. For example, mutated genes of
Pf strains that evolved with Ea were not distinct from those that
occurred in Pf strains that evolved alone, despite the fact that Pf
increases its population size by 8-fold when it grows in a co-cul-
ture with Sm (Figures 3C, S2, and S9; specificity score = 0.02).
Similarly, the population size of pre-adapted Pf when grown

¢ CellP’ress

with Pv is ~2% of its population size in monoculture, yet mutated
genes were not distinguishable between these conditions (Fig-
ure S17, specificity score = —0.05). Furthermore, we find no cor-
relation between interaction strength and partner-specific ef-
fects at any of the measured levels (mutations, evolution of
interaction, composition, and growth abilities; Figure S21).

Another factor that can influence the extent to which biotic
partners affect selective forces is the degree of similarity be-
tween inter- and intraspecies interactions (Figure 5). If these in-
teractions are similar to each other, individuals within the com-
munity may experience selective forces that are largely
independent of the presence of specific species, even when
interspecific interactions are strong. In contrast with predator-
prey and host-parasite, where inter- and intraspecific interac-
tions are distinct, species within the same guild can potentially
have strong, yet similar, inter- and intraspecific interactions.
For example, if two species utilize resources similarly and
secrete similar metabolites, selection forces experienced by in-
dividuals might not differ, regardless of their co-occurrence.

However, we also find it unlikely that similar inter- and intra-
specific interactions are the main cause of the weak partner-spe-
cific effects in our system. Our experiment includes species of
different orders (Pseudomonadales, Enterobacteriales, Flavo-
bacteriales, and Mycobacteriales), which typically have distinct
metabolic strategies,”® yet their evolutionary effects on each
other were often small. For example, despite the fact that Enter-
obacteriales are commonly acidifiers while Pseudomonadales
tend to respirate,*>** and that Ea (Enterobacteriales) is strongly
inhibited by Pf (Pseudomonadales, effect of Pf on Ea = —1.4),
mutated genes were similar between Ea strains that evolved
alone and those that evolved with Pf (specificity score = 0.05,
Figures S2 and S9). Under the assumption that phylogenetic dis-
tance could serve as a proxy for metabolic dissimilarity, we
correlated species’ phylogenetic distances with the specificity
of their evolutionary effects but found no such correlation (Fig-
ure S22). However, it should be noted that phylogeny is not al-
ways well correlated with metabolic preference,”” thus further
work, such as measuring species’ metabolic activities, would
be needed in order to determine whether similarity between in-
ter- and intraspecies interaction is a major cause for the low part-
ner specificity in our experiments. Supporting the notion that
strong and distinct interspecies interaction could result in similar
selection pressures, a recent study found a strong correlation
between the fitness advantage conferred by multiple adaptive
mutations in Saccharomyces cerevisiae when it grows alone
and when the yeast grows with the alga Chlamydomonas rein-
hardtii,*® despite the fact that these species interacted through
obligatory reciprocal nitrogen and carbon exchange.*’

We speculate that the weak partner-specific effects in our sys-
tem are mainly due to the growth-dilution dynamics of our exper-
imental system, which could diminish the role of biotic factors in
shaping adaptations. Populations in our experiments were prop-
agated using growth-dilution cycles, as commonly done in many
evolution experiments.48 In such a scenario, mutations that arise
early in the cycle have a higher fixation probability,*® and muta-
tions that give benefit at the end of the cycle by increasing yield
are not directly under selection.®® At the beginning of each cycle,
cell densities are low and selection forces that depend on biotic
interaction are likely only notable after cultures reach high
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densities toward the end of the cycle. However, because most
cell divisions were completed by then, beneficial mutations
that affect traits related to the interaction could confer a smaller
advantage than those that are beneficial earlier in the cycle due
to an “early-bird” effect.>’*> Such dynamics could be further
complicated by mechanisms that cause interspecific interac-
tions to change over the course of the growth cycle, such as di-
auxic growth. Further work is needed in order to understand how
growth dynamics affect the partner specificity of evolution.

It is important to note that distinct evolutionary outcomes
could arise even if selection pressures are identical. The pres-
ence of another species could impact outcomes by introducing
new genetic variation via horizontal gene transfer® or by chang-
ing mutation rates.>*>° The mere change in population size due
to competition or facilitation might also impact evolutionary out-
comes by altering evolutionary rates'’ or by increasing or
decreasing the role of chance in the process.*®

Finally, several experimental decisions should be taken into
account when interpreting our results. First, our experiments
were conducted in a well-shaken minimal medium provided
with three carbon sources (galacturonic acid, acetate, and
serine). It is possible that a richer growth medium, or a spatially
structured environment, would produce more eco-evolutionary
opportunities that could vary with different partners, thus
increasing partner specificity. Second, our experiments include
11 species of 4 orders, mostly from a single class (9/11 Gam-
maproteobacteria), and are thus limited in their phylogenetic
scope. Additional research is needed in order to understand
whether some phylogenetic groups tend to be more evolution-
arily sensitive to the presence of interacting species and which
mechanisms underlie such bias if it exists. Third, our analysis in-
cludes only pairs of species that coexisted throughout the exper-
iment and could grow alone. However, interactions that include
obligatory facilitation or in which one species is driven to extinc-
tion might exert a stronger evolutionary pressure. Lastly, our
strains evolved for a duration of ~400 generations per experi-
ment; further work is needed in order to understand whether
high parallelism would be maintained at longer timescales
when substantial evolutionary changes can accrue. Neverthe-
less, our results demonstrate that the presence of another spe-
cies could often have only a marginal effect on evolutionary tra-
jectories, thus suggesting that evolutionary predictions could be
less complex than commonly thought.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

Klebsiella aerogenes ATCC #13048
Pseudomonas aurantiaca ATCC #33663
Pseudomonas citronellolis ATCC #13674
Pseudomonas veronii ATCC #700474
Pseudomonas chlororaphis ATCC #9446
Pseudomonas fluorescens ATCC #506
Serratia marcescens ATCC #13880
Acinetobacter baylyi ATCC #3330
Bacterial isolates Meroz et al.** Tables S1 and S2

Chemicals, peptides, and recombinant proteins

1000x Trace metal solution Teknova T1001

M9 minimal salts Formedium MMS0102

Critical commercial assays

Bacterial Genomic DNA Kit Norgen biotek corp. 17900

Deposited data

Raw sequencing data This study BioProject PRUNA1080086

Numerical data and analysis code This study https://doi.org/10.5281/zenodo.13742109

Software and algorithms

breseq v. 0.36.1 Deatherage and Barrick®” https://github.com/barricklab/breseq/releases/tag/v0.36.1
Trimmomatic v. 0.39 Bolger et al.*® https://github.com/usadellab/Trimmomatic

pandasv. 1.4.4 pandas https://pandas.pydata.org/pandas-docs/version/1.4/
SciPy v. 1.11.4 SciPy https://docs.scipy.org/doc/scipy/release/1.11.4-notes.html
scikit-learn v. 1.3.0 scikit-learn https://scikit-learn.org/1.3/index.html

statsmodels v. 0.14.0 statsmodels https://www.statsmodels.org/stable/index.html

EXPERIMENTAL MODEL DETAILS

Strains and co-cultures
The set of 11 species used in this study includes environmental isolates and strains from the ATCC collection (Table S1). These spe-
cies, and all species combinations used in this study are a subset of a larger collection that was used in Meroz et al.*®

METHOD DETAILS

For an easier understanding of the methods used in this work, and considering the data in this study was produced in several sepa-
rate experiments, we explicitly specify the relevant experiments for each method by noting the relevant experiment numbers at each
section, denoted as ['Experiment ID’]. This notation is also used in the figure captions.

Growth media

All evolution experiments, co-culturing experiments, and growth assays were conducted in M9 minimal salts media containing 1X M9
salts, 2 mM MgS04, 0.1 mM CaCl2, 1X trace metal solution (Teknova), supplemented with 3 mM galacturonic acid (Sigma), 6.1 mM
Serine (Sigma), and 9.1 mM sodium acetate as carbon sources, which correspond to 16.67 mM carbon atoms for each compound
and 50 mM carbon atoms overall.
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Batch culture growth procedure

All evolution experiments and co-culturing experiments were conducted in batch culture with periodic dilutions. In each growth cycle,
cultures were grown in 96-well plates (flat bottom) containing 200ul M9 media and were shaken at 900rpm for 48h at 28°C and then
diluted by a factor of 1500 into fresh media. ODggo Was measured at the end of each growth cycle.

Evolution experiments [Experiments Ev1-2]

Two evolution experiments were conducted following the same protocol. In each experiment cultures were propagated for 38 dilu-
tion-growth cycles (see ‘Batch culture growth procedure’), which correspond to ~400 generations. Community composition was
determined in each experiment once every few cycles (see ‘Quantifying community composition’); at transfers 0,2, 5, 7, 10, 14,
19, 30, 38 in the first experiment, and at transfers 0, 4, 7, 10, 14, 20, 29, 39 at the second experiment. At the end of the experiments
cultures were mixed with 50% glycerol and frozen at -80°C in 96-deep well plates.

The first experiment (Experiment Ev1) was conducted with strains that were not previously exposed to the experimental conditions,
and are thus regarded as ‘naive’ strains. Data from this experiment was previously published,* and included 5 species and 21 unique
co-cultures were not analyzed in this study due to technical considerations. The second experiment (Experiment Ev2) was initiated
with 11 strains (one of each species) that evolved alone in the first experiment. To initiate both experiments, frozen strains were
streaked on NB agar plates, and single colonies were inoculated into falcon tubes containing 3ml nutrient broth. After 24h growth,
cultures were diluted to ODgoo=1072, and co-cultures were mixed in equal volumes.

We added two naive pairs (Ea-Pa and Pci-IN63), identical to those used in the first experiment to the second experiment in order to
verify that the two experiments are comparable. These produced very similar trajectories across the two experiments, therefore veri-
fying that differences between the experiments are due to strains evolutionary history, and not due to technical issues (Figure S28).

Re-isolations

In order to study how strains changed in growth abilities and in species interactions during the evolution experiments, we re-isolated
strains that evolved in co-culture, and strains that evolved alone. While re-isolating coevolved strains was necessary in order to study
the species separately, re-isolating strains that evolved alone was done so these would be comparable to the coevolved strains. For
re-isolations, frozen stocks of the ~400 generations-evolved cultures were inoculated into 96-deepwell plates (1ml, Thermo-scien-
tific #260251) containing 500ul M9 using a sterilized 96-pin replicator and incubated at 28°C, shaken at 900rpm. After 48h cultures
were diluted and plated on Nutrient Agar plates (5 g/L peptone BD difco, BD Bioscience; 3 g/L yeast extract BD difco, BD Bioscience,
15 g/L agar Bacto, BD Bioscience). Plates were left at room temperature until colonies were detectable and distinguishable (2-
4 days). For each strain, 4-8 colonies were picked using a sterile loop, and streaked separately on agar plates to confirm isolation.
After colonies were visible, a single colony of each of the 4-8 re-streaked colonies were pooled together in 500ul Nutrient Broth in 96
deep-well plates and grew for 24h at 28°C shaken at 900 rpm. Re-isolated strains were then mixed with 50% glycerol and kept
at -80°C.

Short ecological experiment for determining the composition of evolved co-cultures [Experiment Ec1]

Community composition was defined as the fraction of species in a co-culture after ~50 generations of co-culturing. This experiment
included two evolutionary treatments for each co-culture: i. co-culture composed of strains evolved separately, ii. co-culture
composed of strains evolved together. We used 2-5 independently evolved co-cultures for each evolutionary treatment (evolutionary
replicates, Tables S3 and S4). That is, co-cultures that were identical in the beginning of the evolution experiment, but evolved in
different wells for ~400 generations. Each evolutionary replicate was grown in 3 technical replicates for the duration of this ~50 gen-
eration experiment.

In order to initiate this experiment we inoculated coevolved co-cultures and separately evolved monocultures into 96-deepwell
plates containing 500ul M9 using a sterilized 96-pin replicator. Note that these were inoculated from frozen stocks prepared directly
from the evolution experiment (Experiment Ev1), rather than from reisolated strains. Plates were incubated at 28°C and were shaken
at 900 rpm. After 24h, separately evolved monocultures were co-inoculated by taking 100ul of each species and mixing. Both co-
evolved and separately evolved co-cultures were diluted by a factor of 1000, and were subjected to 5 dilution-growth cycles. In addi-
tion to determining the composition at the end of the experiment (see ‘quantifying community composition’), it was also determined
right after the co-inoculation in order to confirm the presence of both species. If one of the species did not appear in both measure-
ments, the culture was removed from further analysis. The compositions of coevolved pairs in this experiment (Experiment Ec1)
correlated well with the compositions in the evolutionary experiment (Experiment Ev1, Ev2) at generation ~400, suggesting compo-
sition is heritable and reproducible (Pearson r = 0.9, p-value = 107", Figure S29).

Short ecological experiments for determining the interactions of evolved co-cultures [Experiments Ec2-5]

We quantify the effect one species has on another species growth measured as the logs, ratio of the abundance of a species in co-
culture and its abundance when grown alone log, (2bundance in co—cuitire ) \\/hjjg interactions are composed of the reciprocal effect
species have on each other, we analyze the effects separately and refer to these effects as interactions for simplicity. To measure
interactions we grew co-cultures and monocultures for 5 dilution-growth cycles, and measured the composition (see ‘Quantifying
community composition’) of the co-cultures and ODggg of monocultures. The abundance of a species was then quantified as its frac-

tion multiplied by its ODggg. For each pair, 1-5 evolutionary replicates were tested (Tables S3 and S4), i.e., different replicates of the
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same ancestral strains that underwent the same evolutionary treatment. For each evolutionary replicate, three technical replicates
were used.

Isolated strains were transferred using a 96-pin replicator directly from their frozen glycerol stocks into a 96-well plate containing
200 pL nutrient broth and were propagated for 24 hours at 28 °C shaken at 900 rpm. The pairs were then mixed at equal volumes and
all cultures were diluted by 107 into 200 pL of the M9 media, in 96-well plates.

Four separate experiments were conducted in order to measure interactions in this study, since measuring such a large number of
interactions in a single experiment is technically challenging. Some interactions were assayed in multiple experiments to check for
consistency across experiments, but we only use data from one experiment for each unique pair of species. This was done in order to
avoid a bias that can emerge due to differences between experiments. We chose which experiment to use for each pair based on two
criteria: (i) The experiment includes all treatments for the pair (ancestor, coevolved, evolved separately); (i) If more than one exper-
iment includes all treatments, we chose the experiment with the higher total number of evolutionary replicates. The interactions of
ancestral strains that were measured in these Experiments (Ec2-5) were correlated with their interactions extracted from the evolu-
tion experiments (Ev1-2), demonstrating that interactions are reproducible (Pearson r = 0.86, p = 7*107'3, Figure S31).

Quantifying community composition

Community composition was measured during the evolution experiments and in co-culturing experiments (Experiments Ec1-5) to
determine composition and interactions of evolved pairs. Composition was determined by plating and counting colonies, which
were distinct in morphology for each species.®® For that, cultures were diluted in 0.86g/L NaCl solution, by a factor of between
107-2.5*10% and 100pl were plated on Nutrient Agar plates and spread using glass beads. The exact dilution factor varied between
experiments in order to reach a large but countable number of colonies of between 20-200. Plates were incubated at room temper-
ature for two-three days and at least 20 colonies were counted manually.

Quantifying growth parameters [Experiment Gr1]

Isolated strains were transferred using a 96-pin replicator directly from their frozen glycerol stocks into a 96-well plate containing
200uL M9 media and were incubated at 28°C shaken at 900 rpm. After 48h, cultures were diluted by a factor of 1000 to fresh media,
and split into 2 technical replicates each, such that technical replicates grow in separate plates. The optical density was then
measured using 6 automated plate readers (3 Epoch2 microplate reader - BioTek and 3 Synergy microplate reader - BioTek) simul-
taneously. Plates were incubated at 28 °C with a 1 °C gradient to avoid condensation on the lid, and were shaken at 250 cpm. ODggg
was measured every 5 min.

Growth curves were smoothed by a moving average with a window of 50 minutes. Exponential growth phases were determined
manually by inspecting each growth curve separately. Growth rates were quantified by calculating the median log, difference be-
tween sequential measurements within the exponential growth phase. Carrying capacities were defined as the optical density after
48h of growth. Carrying capacities of re-isolated strains that evolved in monocultures (Experiment Gr1) are correlated with these
strains’ optical densities during the evolutionary experiments (Figure S30; Experiments Ev1-2, Pearson r = 0.9, p-value = 5*102?),
demonstrating growth abilities are reproducible.

DNA extraction and genome sequencing

We sequenced genomes of strains of 6 species to identify mutations that arose during the experiments. We chose these specific
species since they had the best annotated genomes. The ancestors (both naive and pre-adapted) were sequenced using a combi-
nation of long-reads (Nanopore) and short reads (llumina), and reads were assembled and used as reference genomes. Evolved
strains were sequenced using short-reads only. For each species and each evolutionary replicate that was analyzed, we sequenced
a single variant as detailed below.

A single colony of each strain was picked from NB agar plates and incubated overnight at 28°C in 3ml NB. Genomic DNA was ex-
tracted from each sample with the Bacterial Genomic DNA Kit (NORGEN Biotek, #17900) according to the manufacturer’s instruc-
tions. Library preparation, sequencing, demultiplexing, quality control, and adapter trimming was performed by SeqCenter (PA, USA,
https://www.seqcenter.com/). The libraries for lllumina sequencing were constructed according to standard protocols using the II-
lumina DNA prep kit and IDT 10 bp UDI indices (lllumina, San Diego, CA, USA). The samples were sequenced on an lllumina NextSeq
2000. Demultiplexing, quality control, and adapter trimming were performed with bcl-convert. Average coverage for short reads was
121 with a standard deviation of 40. Nanopore samples (long reads) were prepared for sequencing using Oxford Nanopore’s
“Genomic DNA by Ligation” kit (SQK-LSK109) and protocol. All samples were run on Nanopore R9 flow cells (R9.4.1) on a
MinlON. Hybrid assembly of the lllumina and Nanopore reads was performed with Unicycler and assembly annotation was performed
with Prokka.

Mutations Calling
Sequences were trimmed using Trimmomatic®® (version 0.39), using a sliding-window approach. Reads were clipped when the
average quality score was <20 in a 5-20-bp window and to a minimum length of 25 bp. Mutations were identified by comparing
evolved strains to their ancestors using breseq v. 0.36.1°” with default parameters.

Mutations that appeared in more than one independent evolving populations in exactly the same position and had the exact same
nucleotide change (SNPs or indels) were inspected manually to avoid a bias that could occur due to limitations of the sequencing
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procedure and variant calling algorithm. If we found a reason to suspect that this mutation was incorrectly assigned it was filtered out.
In Table S6, we list each exact sequence mutation, describing our decision on whether to filter it out and providing the rationale
behind our choice. Nonetheless, we demonstrate that our key results remain qualitatively consistent with different mutation-filtering
choices (Figure S33).

Quantifying parallelism

Parallelism is calculated for each of the following traits or community properties: community composition (fraction of species in co-
culture, calculated per pair), interaction (log-ratio of the abundance of a species in co-culture and in monoculture, calculated per-
species in each co-culture), growth parameters (carrying capacity and growth rate, calculated per species), and gene-level paral-
lelism (similarity in genetic evolution, see next section, calculated per species). Growth parameters were combined in the main
text for compactness, however, result are consistent when quantifying parallelism for each trait separately, as shown in Figure S6.
For each strain trait (e.g., growth rate or fraction in the community), the degree of parallelism () between two strains (j, j) that share a
common ancestor is calculated as:

5;/'+€

@ =1 9
! (6,‘+6j)+6

where ¢;, §; are the Euclidean distances of the trait values of strains i and j from their common ancestor, ¢; is the Euclidean distance
between the two strains, and ¢ is the estimated measurement error of this trait. For each trait, ¢ is calculated as the standard error of
the mean of the measured trait values across technical replicates. The Specificity score is defined as the mean difference between
parallelism within groups, to the parallelism between groups (Puithin — Pretween)- Additional information regarding the measures of
parallelism and specificity could be found in supplemental information section “parallelism quantification” where Figure S23 de-
scribes the quantifications, Figures S24 and S25 show that key results do not differ if distances, rather than parallelism were

used, and Figure S27 show the correlation in Specificity scores between different traits.

Gene-level parallelism
We quantify the gene-level parallelism between independently evolved strains as a measure for their similarity in molecular evolution.
Parallelism is quantified in the same manner as parallelism in traits or co-culture properties (¢; = 1 — m‘i’ﬁ) albeit distances (¢;, 0,
dj) are measured as Hamming distances rather then Euclidean, and e is not estimated and set to 0. Therefore, d; and ¢; are the number
of genes mutated in strains i and j, and §; is the number of genes that were mutated in one of the strains but not in the other. This
measure of parallelism is equivalent to the Dice similarity coefficient which is commonly used as a measure of gene-level parallelism’
(supplemental information section “parallelism quantification”). In this analysis we exclude synonyms SNP’s and mutations in inter-
genic regions further than 150 bp upstream to any gene, following other studies.”>°

Many of the strains in our dataset include large deletions that affect multiple genes (Figures S7 and S15), and might hold adaptive
information. To avoid losing this information, we include large deletions in gene-level parallelism calculations. However, these are
used conservatively such that each mutational event is included only once even if it affected multiple genes. For example, if two
strains include a large deletion where the same two genes were deleted, these would be counted once and would receive the
same score as two strains that had one mutated gene in common. Similarly, if one strain had a point mutation in two genes, and
another a deletion that included both genes, these would be regarded as one shared mutation. Nevertheless, the qualitative results
remain similar when multiple-gene deletions are excluded from the analysis (Figure S32).

Parallelly mutated genes

We identify parallelly-mutated genes by calculating the G-score for goodness of fit between the observed and expected number of
mutations for each gene, following ref°°. Mutated genes include genes that had a non-synonymous SNP, an indel, were included in a
large deletion, or were 150 downstream to a intergenic mutation. The expected number of mutations in a gene was calculated as
Ei = Ntota,&, were L; is length of the gene, L, is the length of the genome, and Ny is the number of mutations in all strains

of a species. The G-score is then calculated as G; = 2N,len ’g—’ Parallelly mutated genes were then defined as the genes with the
5% largest G-scores (exceeding 20.7).

Handling technical replicates

Three technical replicates were used for measurements of interactions (Experiments Ec2-5) and community composition (Experi-
ment Ec1), and two technical replicates were used for growth measurements (Experiments Gr1). In each of these cases, technical
replicates correspond to strains or co-cultures that evolved in a specific well in the evolutionary experiments (Experiments Ev1-2),
and were replicated and split into separate wells in subsequent experiments. Technical replicates were averaged before subsequent
analysis, and estimates of the mean and standard errors were calculated using these averaged values, such that they were based on
independently evolved strains or co-cultures.
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Permutation tests

We conducted permutation tests for the hypothesis that parallelism is higher within treatments than between treatments for each of
the measured features (composition, interactions, growth, mutations). For that, we used the Specificity score (®yitnin — Pbetween) 8S
the test statistic for each species, interaction, or co-culture. Distinct permutations were generated by sampling the treatment labels
without replacement, while ensuring that each label permutation is only sampled once. We included all distinct permutations if there
were less than 2,000 such permutations, or 2,000 randomly selected permutations if there were more. For each permutation, we
calculated the Specificity score, and p-values are calculated asp = %, where b is the number of permutations that yield a Spec-
ificity score greater or equal to the original score, and m is the number of sampled permutations.®’ We subsequently applied a Bon-
ferroni correction to account for multiple tests when needed.
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