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The evolution of reduced facilitation in a four-species
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Abstract

Microbial evolution is typically studied in mono-cultures or in communities of competing
species. But microbes do not always compete and how positive inter-species interactions
drive evolution is less clear: Initially facilitative communities may either evolve increased
mutualism, increased reliance on certain species according to the Black Queen Hypothesis
(BQH), or weaker interactions and resource specialization. To distinguish between these
outcomes, we evolved four species for 44 weeks either alone or together in a toxic pollutant.
These species initially facilitated each other, promoting each other’s survival and pollutant
degradation. After evolution, two species (Microbacterium liquefaciens and Ochrobactrum
anthropi) that initially relied fully on others to survive continued to do so, with no evidence for
increased mutualism. Instead, Agrobacterium tumefaciens and Comamonas testosteroni
(Ct) whose ancestors interacted positively, evolved in community to interact more neutrally
and grew less well than when they had evolved alone, suggesting that the community limited
their adaptation. We detected several gene loss events in Ct when evolving with others, but
these events did not increase its reliance on other species, contrary to expectations under
the BQH. We hypothesize instead that these gene loss events are a consequence of resource
specialization. Finally, co-evolved communities degraded the pollutant worse than their an-
cestors. Together, our results support the evolution of weakened interactions and resource
specialization, similar to what has been observed in competitive communities.

Keywords: evolution, bacterial community, facilitation, Black Queen Hypothesis, specializa-

tion, community function
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Introduction

How natural and engineered microbial communities function depends on ecological interac-
tions between their member species. As species adapt to one another and to their environ-
ment, these interactions may change, and as a consequence, the overall functioning of the
community.” Being able to predict these evolutionary changes may help to intervene and drive
a community towards a desirable function. One could imagine, for example, predicting how the
gut microbiome would respond to an intervention against inflammatory bowel disease, or how
a community in a microbial bioremediation system could be controlled to evolve toward a more

stable, efficient state2°,

Evolutionary prediction and control relies on understanding how selection acts on interactions
between species. One way to study how these inter-species interactions evolve is to perform
experimental evolution by passaging multi-species communities over sequential batch cultures
or in chemostats over long time-periods, and following ecological changes in the relative abun-
dances of different species as well as phenotypic and genotypic changes in each community
member. Prior studies using this approach have found that microbes can rapidly adapt to both
biotic and abiotic factors®'®, but being embedded within a community can limit adaption to
abiotic factors®"-'5, In terms of inter-species interactions, bacterial communities that initially

1976 or positive interactions®. This evo-

displayed negative interactions evolved towards neutra
lutionary response is intuitive, as species can be expected to reduce resource competition and
niche overlap'>"'® and may adapt to use resources generated by other species®1%1619 Ac-
cordingly, species evolving in isolation tend to extend their niches in absence of competition

and compete when reintroduced into the community context®13.

In contrast, studies that have experimentally evolved communities beginning with positive or
facilitative interactions mostly contain only two species or two strains of the same species, often
with strong dependencies on one another'®2%-26 This may be because microbial isolates tend
to compete with one another when co-cultured in the lab?’, meaning that a synthetic community
assembled in the lab is unlikely to spontaneously display several positive inter-species interac-
tions. We expect three different outcomes compared to initially competitive communities (Fig.
1): First, if positive interactions are constant and bi-directional over many generations, this
might select for each species to increase its positive effect on the other, resulting in mutual-

ism2829, Second, species evolving together might evolve to exploit resources that are provided
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by others, resulting in stable co-existence because the providing species itself depends on the
resource. As proposed by the Black Queen Hypothesis3®3! a common consequence of the re-
liance on public goods produced by others is that the receiving species are selected to lose

2132 Third, positive interactions can weaken, particularly if

genes for costly product pathways
the cooperative traits are costly, resulting in reduced reliance of species on one another33. If
each species grows independently, one might expect species to evolve to each specialize on a

different resource, thereby exploiting available niches more efficiently®.

Ancestral evolve alone evolve together
(control) e.g. e.g.
ot 7 days — 7 days
sterile —> sterile —
MWEF x44 MWEF x44
<« <«
transfer 1% transfer 1%
H1: More/stronger H2: Black Queen H3: Weaker interactions
positive interactions Hypothesis (specialization)

+
RS @ O
+
o L © @
Figure 1: Experiment and hypotheses. Top: An ancestral community with facilitative interac-
tions was evolved in MWF using serial transfers every 7 days for 44 weeks. Different species
combinations were explored with species evolving either alone or in a community. Bottom:
Hypotheses for how interactions in the community might evolve, assuming that they continue
to coexist. H1: More/stronger positive or mutualistic (bi-directional positive) interactions. H2:
According to the BQH, few species would provide the public goods for others that would lose

the ability to produce them and possibly exploit the producing species. H3: Each species spe-
cializes on a different environmental niche, resulting in weaker inter-species interactions.

In our previous work 34, we studied a community composed of four bacterial species (Agrobac-
terium tumefaciens (At), Comamonas testosteroni (Ct), Microbacterium liquefaciens (Ml) and
Ochrobactrum anthropi (Oa)) and showed that facilitation was more prevalent when the com-
munity was grown in a toxic environment, in agreement with the Stress Gradient Hypothesis®®.
The toxic environment in question is an emulsion of machine oils used in the manufacturing
industry called Metal Working Fluids (MWF), which the four species were capable of degrading
when together. They are not known to have a common evolutionary history and were isolated
from distinct MWF samples3%37. This community represents a tractable model system for ex-

ploring how the abiotic and biotic environment shapes the evolution of positive inter-specific

3
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interactions and how they relate to community function, in this case, MWF bioremediation.

In this study, the four bacterial species were grown in MWF and left to evolve either in isolation or
together in communities (Fig. 1, top)®'3. We quantified bacterial growth and MWF degradation
efficiency, and identified genomic changes. By the end of the experiment, positive interactions
had declined between the two species evolving together that were able to grow on their own, but
not for those that still relied on others to survive and grow. The species evolved in isolation were
more productive than those evolved in community and tended to compete with one another
when co-cultured. We found little evidence to support the Black Queen Hypothesis, as the
species that experienced gene loss events did not increase their reliance on others to grow.
Gene loss may instead be a signature of resource specialisation. These results suggest that
evolving communities that begin with positive interspecies interactions can evolve similarly to
those that begin with negative interactions. In our system, interactions weakened whenever
dependencies disappeared, possibly due to niche partitioning, and the evolution of individual

species was constrained by coexisting species.

Results

Replicate microcosms for each species combination behaved similarly and con-

verged to even communities

Our central question is how facilitative inter-species interactions drive evolution within a micro-
bial community. We addressed this question using experimental evolution of four species either
together in groups of 3 or 4 species, or alone as a control. The choice to include this particular
3-species combination was based on preliminary data suggesting that Oa may affect commu-
nity dynamics. While this intuition was confirmed, we do not compare the 3- and 4-species

communities explicitly, but nevertheless include all combinations in our data set.

Over the first few weeks, population sizes experienced large fluctuations, which were less pro-
nounced when species were evolving together. When evolving alone, Ml and Oa went extinct
after the first transfer (data not shown), which was unsurprising as they do not grow alone in
MWF unless the other species are present34. When evolving alone, At only persisted in 2 out of
5 lines (henceforth CAt for “combination” At), while Ct survived in all 5 microcosms (henceforth

CCt). The population sizes of both species dropped initially, but stabilized after about 6 and 11
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transfers, respectively (Fig. 2B-C). When species were evolving together, population sizes sta-
bilized after about 4 transfers in the 3-species community (CAtCtML, Fig. 2D) and 22 transfers
in the 4-species community (CAtCtMIOa, Fig. 2E), with the exception of Ml that went extinct in

2 out of 5 microcosms in the four-species community.

CAt: At evolved alone B o CCt: Ct evolved alone
107
10°
E 10°
T
O 10*
102 - Detection limit 102 1
— At — Ct
1 1
] ] ] ] ] T T T T T
1 11 22 33 44 1 11 22 33 44
Transfer Transfer
CAtCtMI: D CAtCtMIOa:
3 species evolved together 4 species evolved together

Transfer Transfer

Figure 2: Population sizes over time. Experiments were started with each species in batch
mono-culture or co-cultures of three and four species. Every week, we serially transferred cul-
tures by diluting them 180-fold in fresh MWF for 44 weeks. Before each transfer, species abun-
dances were quantified by selective plating. Each species combination (abbreviated as “C”
followed by the species combination inoculated at the start, e.g. CAtCtML) initially consisted of
5 microcosm replicates (culture tubes). CFU/ml counts from selective plates are shown for all
combinations: At evolved alone (green), where 3 microcosms dropped below the detection limit
(at 102 CFU/ml and is indicated with a grey horizontal line) and were discontinued (A), Ct evolved
alone (blue) (B), At, Ct and Ml evolved together (C) and At, Ct, Ml and Oa evolved together (D).
In this species combination, Ml dropped below the detection limit in three microcosms, but
recovered in one.

In all microcosms where species did not go extinct, the population dynamics in replicate mi-
crocosms of the same species combination were similar. By transfer 44, communities were
quite even, with relatively small differences in population sizes between species that evolved
together (Fig. 2D, E), as expected based on similar studies’®. The total population sizes in
the two co-evolving communities did not increase over time (as observed in?"38, e.g.), suggest-

ing that species did not evolve to increase their own or other species’ yield'®. In fact, fitting
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a linear model to the total population size in evolving communities (CAtCtML and CAtCtMILOa)
showed a small yet significant decrease over transfers (slope=—4.2 x 105, P< 107°). Species
that evolved alone instead showed no significant change (CAt: P=0.21) or increased over time
(CCt: slope=1.4 x 10°, P< 10~1%). Species that survived until the end of the experiment went

through approximately 300 generations (Table S1).

Positive species interactions weakened when evolving together

We first explored whether interactions between the evolved species differed from the ancestral
ones. We focused on the four species that evolved together (CAtCtMIOa), and to represent the
most abundant, genotypically-distinct sub-populations of each evolved bacteria, mixed equal
proportions of ten isolates of each species coming from transfer 44 of the same replicate mi-
crocosms (Fig. 3A (ii)). We used these mixes, as we detected some within-species phenotypic
diversity in growth and degradation (Fig. S1, Fig. S2), but obtained similar results using only
one isolate per species, suggesting that growth patterns are consistent across approaches (Fig.
S3, Fig. S5). From now on, when referring to species in these evolved cultures, we mean these

isolate mixes.

Using these isolate mixes, we measured the inter-species interactions in one microcosm where
four species evolved together (CAtCtMIOa, replicate microcosm 3, arbitrarily selected among
microcosms where all four species were present at transfer 44). We incubated each species in
mono-culture or in pairwise co-cultures with each of the other species from the same microcosm
over 12 days (Fig. 3B). In mono-culture, contrary to its ancestor (Fig. S4), At was able to survive
and grow in MWF alone. Both ancestral and evolved Ct were able to survive and grow in MWF
(Fig. S3C), but the area under the growth curve (AUC) of evolved Ct was significantly lower
across different assays (Fig. S5, Fig. S6B). Finally, Ml and Oa from all microcosms were still

unable to grow alone (Fig. S8).

By comparing the AUCs of mono-cultures with pair-wise co-cultures, we were able to reconstruct
an interaction network (Fig. 3B), as previously done for the ancestral network in Piccardi et al.34.
Ml and Oa continued to rely on Ct for survival, but we found no evidence for increased mutualism
between Ml and Ct (Fig. S9). Unlike the ancestral community, evolved At promoted the survival
and growth of Ml and Oa, while it no longer benefited from evolved Ct. The appearance of

positive interactions towards the two species that could not grow alone was expected because At
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Figure 3: Inter-species interactions. (A) Growth assay experimental design. (i) Glycerol stock
of ancestral isolate was grown alone for 3 hours to exponential phase, then washed and resus-
pended in MWF. (ii) Ten isolates of the same species from transfer 44 of a given species combi-
nation and microcosm replicate were randomly picked and grown alone 3 hours to exponential
phase, then washed, resuspended and mixed in equal proportions in MWF. (iii) Microcosms from
transfer 44 were diluted 190-fold in fresh MWF. We only did this for CAt and CCt (evolved alone),
as we couldn’t separate species from one another in CAtCtMl and CAtCtMIOa. (B) Inter-species
interaction network in ancestral species (adapted from34) versus species evolved together in a
community of four for 44 transfers (CAtCtMLlOa, microcosm 3) during 12-day growth assays. (C)
Interactions based on AUC between At and Ct evolved together (first column, CAtCtMIOa) or
evolved alone (2nd and 3rd column, CAt and CCt, protocols ii and iii from panel A) during 8-day
growth assays. For growth assays for CAtCtMIOa (first column) we only co-cultured isolates that
had evolved together in the same microcosm, and analyzed all microcosms, with microcosm
3 carried out 3 times (n=7). Matching mono-cultures were done in parallel. For the 2nd col-
umn, we mono-cultured CAt.M1 x 3, CAt.M2 x4 (n=7), CCt.M1-2 x3 each and CCt.M3-5 x2 each
(n=12). We co-cultured all possible combinations of microcosms that had evolved alone (CAt.M1
+ CCt.M1, CAt.M1 + CCt.M2, etc.) with CAt.M2 + CCt.M1 and CAt.M2 + CCt.M2 carried out twice
(n=12). For the 3rd column, we only tested four combinations: CAt.M1 + CCt.M1 (twice), CAt.M1
+ CCt.M2, CAt.M2 + CCt.M1 and CAt.M2 + CCt.M2 (n=5). Dots show means and black bars stan-
dard deviations of the AUCs, thick horizontal lines show the means of the dots. Significance
was calculated using a generalized linear model taking into account microcosm and biological
replicate.

7
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could now grow independently34. The lack of competition between the two independent species
(At and Ct) was however unexpected, as our intuition from previous work was that autonomous

species should compete3*. This motivated us to explore this relationship further.

To understand whether the weakened interaction between At and Ct was consistent across all
five microcosms where the species had evolved together (CAtCtMLlOa), we compared the growth
of evolved At and Ct isolates from the same microcosms in mono- and pair-wise co-cultures.
We found that the AUC, the maximal CFU/mL difference between two consecutive days of each
species (a proxy for growth rate), and the maximum population size of At, did not differ signifi-
cantly when co-cultured with Ct from the same evolved microcosm (linear model with biological
replicate as a random effect; AUC: P = 0.65, Fig. 3C, left column; maximal CFU/mL differ-
ence between two consecutive days: P = 0.37, Fig. S7B, left column; maximum population
size: P = 0.56, Fig. S7C, left column). Instead, Ct had a significantly greater maximal growth
rate when co-cultured with At from the same evolved microcosm, but its AUC and its maximum
population size did not differ significantly (linear model with biological replicate as a random
effect; AUC: P = 0.1275, Fig. 3C, left column; maximal CFU/mL difference between two consec-
utive days: P = 0.0265, Fig. S7B, left column; maximum population size: P = 0.123, Fig. S7C,
left column). In other words, taking into account all microcosms and several ways to measure

interactions, At and Ct no longer interacted significantly.

Species that evolved alone tended to interact negatively

We wondered whether the reduction in positive interactions between At and Ct when evolved
together was simply the result of adaptation to the harsh MWF conditions. We compared the
growth of At and Ct that had evolved alone when grown in mono- and pair-wise co-cultures
(Fig. 3C, middle column). Both species inhibited each other’s growth, where the AUC (linear
model with biological replicate as a random effect, Ct — At P = 0.015, At — Ct P = 0.01)
and maximal population size (Ct — At P = 0.004, At — Ct P = 0.049) (Fig. S7A, C) of the
co-cultures were lower than the mono-cultures. Although the effect sizes do not appear large
on the plot, they are non-negligible (e.g. AUCs of At and Ct were reduced by 22.8% and 40.5%
on average, respectively). Overall, this suggests that the evolutionary response of At and Ct is

different whether they evolve alone or in the community context.

One explanation for the competitive interactions may be that the isolates we used for these
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assays had a particularly high fitness within their populations. To test whether our results were
biased in this way, we transferred the entire populations of At and Ct from two microcosms
each where they had evolved alone directly into mono- or co-culture assays (Fig. 3A (iii)). At
still inhibited the growth of Ct (linear model with biological replicate as a random effect, At
— Ct P = 0.045) (Fig. 3C, right column), suggesting that there was likely nothing particular
about the 10 isolates. In sum, the positive interactions between At and Ct in the ancestral
strains switched toward more neutral interaction when evolving together, and competition when

evolving alone.

Species evolved alone were more productive than those evolved together

A possible explanation for why species that evolved alone compete with one another in co-
culture, is that evolving alone allows them to increase their niche coverage, resulting in com-
petition with future invaders into its environment. If instead, a focal species is already sharing
the environment with other species with which it does not compete, their presence may prevent
the focal species from expanding its niche thereby limiting competitive interactions from aris-
ing over evolutionary time-scales. While niche partitioning is difficult to quantify in a complex
chemical environment like MWF, we predicted that if species that evolved alone cover more
niche space, they should grow faster or to a larger population size compared to their counter-
parts that evolved with others. Consistent with this prediction, the AUC of At and Ct that had
evolved alone was significantly higher than their counterparts that had evolved in community
(linear model with biological replicate as a random effect, At P = 0.001, Ct P < 0.001), even
when they were grown in co-culture (linear model with biological replicate as a random effect,
At P < 0.001, Ct P < 0.0036, Fig. 3C, S1, S108). While these results do not prove that evolving
alone led to greater niche expansion (they may simply have evolved higher yield), they match
observations from previous studies®%'? showing that adaptations to increase productivity are

limited when species are evolving with others.

Ecological context influences genomic changes.

Given the differences between Ct and At that had evolved alone or together, we next wondered
whether we could find corresponding genomic variations and determine when they emerged. To
this end, we extracted and sequenced the DNA of all microcosm populations every 11 transfers

and reconstructed their evolutionary trajectories (see Methods). Because we lack statistical

9
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power for At (it only survived in 2 microcosms when evolving alone), we focused on Ct.

We observed distinct patterns for Ct evolved alone or together with other species (Fig. 4).
When evolved with other species (CAtCtMl and CAtCtMLlOa), Ct accumulated a higher number
of variants compared to when it was evolving alone (CCt, Kruskal-Wallis chi-squared = 6.818, P
= 0.009, Fig. 4B left), resulting in a higher total allele frequency (Fig. S13). But many variants
did not fix and remained at intermediate frequencies (Fig. 4A center and right). Instead, when
evolved alone, a significantly higher number and proportion of variants fixed (number: Kruskal-
Wallis chi-squared = 4.165, P = 0.041; proportion: Kruskal-Wallis chi-squared = 4.819, P = 0.028,
Fig. 4B center). This suggests suggests hard sweeps when evolving alone and soft sweeps when
evolving in community, which can be explained by the strong drop in population size early on
in the experiment when alone compared to in community (Fig. 2B versus C and D).
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Figure 4: Genomic changes. (A) Variant frequency trajectories in all Ct populations. Each
dot/line represents a different variant at a different location. (B) Number of variants found in
each Ct population at transfer 44 (left, matches data in panel A), proportion of variants that
reached fixation (center, matches data in panel A), and de-novo long-read assembly lengths
based on PacBio sequencing of selected isolates from transfer 44 (right). The dashed line
represents the assembly length of the ancestor. (C) Mutated genes with protein annotation
that were found in at least two Ct populations. The grey shade indicates the frequency of the
mutated allele.

Given that ecological context affected allele frequencies and fixation rates, we expected variant
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targets to also depend on the presence or absence of other community members. We annotated
the variants and filtered for genes that were mutated in at least 2 microcosms (Fig. 4C). One
gene (acuC), which codes for a histone deacetylase, was mutated exclusively in CCt (in all 5 mi-
crocosms). Mutations to seven genes were exclusive to combinations CAtCtMl and CAtCtMLlOa
(2 genes were affected in all 1® microcosms), and two genes were mutated and almost com-
pletely fixed in all microcosms across all species combinations, likely related to adaptation to

MWEF.

In Ct coming from one particular microcosm (T44.CAtCtMLOa,M2), we observed that 3 out of 10
isolates were able to grow alone at two-fold higher MWF concentrations and had no measurable
lag time, while the remaining 7 grew more characteristically for this species (Fig. S1, S2). We
whole-genome sequenced one isolate from each subpopulation and identified a mutation in
ntrB (coding for a Histidine kinase) in the more resistant strain. We confirmed that this variant
was present but not fixed in the metagenomic sequencing data of that population. The resistant
isolate also had a large deletion (Fig. S15C), which we discuss below. Why this more resistant

variant did not fix, and whether the wildtype-like variant is acting as a cheater is unclear.

No evidence for Black Queen dynamics in our system

The Black Queen Hypothesis3®3'" (BQH) predicts that if several species in a community are
contributing to a public good, all but one species should lose this trait, leading to gene loss in
evolving communities. In our system, environmental detoxification can act as a public good.
Although we do not know which genes are involved, we explored whether gene loss occurred
preferentially for species evolved together compared to alone by long-read sequencing whole
genomes of isolates from all microcosms at transfer 44 (see Methods). After assembling full
Ct and At genomes, we found that two Ct isolates from CAtCtMlOa were over a 100k base-
pairs shorter than the reference genome. We mapped these to the reference strain and found
an identical deletion of 145k base pairs including 31 genes (see Fig. S15). We doubt that
these deletions are due to increased dependence on other species in the community, as the
BQH would predict, as these two isolates grew similarly in isolation to the ones without the
deletion (Fig. S1). Indeed, one of these isolates was the strain that was resistant to higher MWF
concentrations described above and grew better than the other isolates (Fig. S1, S2). For At we

observed a large deletion in one isolate from CAtCtML, but nothing striking for Ml and Oa (Fig.

1
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26  S13B). Despite these observations, we lack statistical power to conclude anything general. We
27 also used the assemblies to check if any sequences from other species were integrated in the

28 genomes, however, no transfer events were detected.

29 As it seemed plausible that 44 weeks were too short for structural changes to occur systemat-
250 ically, we next explored whether point mutations in regulatory regions might have instead led
251 to down-regulation in gene expression in evolved communities. We extracted and sequenced
252 RNA from isolates of all microcosms of Ct and At at transfer 44 as well as their ancestors. As
253 the quality of RNA from At samples was low, we focused on Ct. Contrary to the prediction of the
24 BQH, we found no significant difference in the normalized expression levels from the isolates
25 of CAtCtML and CAtCtMLOa that had evolved in community, while several genes in isolates that
256 had evolved alone (CCt) were significantly down-regulated when compared to the ancestor (Fig.
257 S13C-E, Table S2). The only mutation present uniquely and repeatedly in CCt was in the acuC

x8  gene, which is expected to affect gene expression.

0 At degrades MWF better after evolving alone but not in community

260 Next, we investigated whether the decline in positive inter-specific interactions over the 44
21 transfers was associated with a shift in MWF degradation efficiency (as in Rivett et al.’®). If,
%2 for example, co-evolved species have indeed reduced their niche overlap and diverged in their
263 resource use, we might expect greater overall MWF degradation. On the other hand, Ct that
264 evolved in the community grew slower than its ancestor, which may lead to worse degradation,

25 as it is one of the main degraders in the community34.

%6 Over the 44 transfers (Fig. 5A), Ct and the two evolved communities reduced their degradation
%7 efficiency, such that at the end, they degraded less than their ancestral counterparts (%COD on
28 day 7, isolates from transfer 1vs. 44 in Ct evolved alone, CAtCtMl and CAtCtMIOa, respectively:
20 paired t-tests, t = —5.7165, P < 0.01; ¢t = —14.641, P < 0.001; t = —18.131, P < 107%). In
270 contrast, the two microcosms in which At evolved alone degraded significantly better than their
2n1 - ancestral counterpart (%COD on day 7, isolates from transfer 1vs. 44 in mono-evolved At: linear
o2 model, t = —20.91, P < 1075, Fig. 5A) and even compared to all other microcosms (%COD on
a3 transfer 44, day 7, comparing At with Ct and the 3- and 4-species communities, respectively:
o linear model, ¢ = 10.85, P < 0.001; linear model, t = 10.35, P < 0.001; linear model, t = 8.274,
a5 P < 0.001, Fig. 5A).
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Figure 5: Degradation efficiency. (A) Remaining pollutant, measured as chemical oxygen de-
mand (COD, g/L) as a percentage of the COD of an abiotic control for each microcosm before
each transfer in all four species combinations (lower implies greater degradation). (B) Compar-
ison of the degradation efficiency of At and Ct ancestral, evolved alone or together with others,
where the Area Above the degradation Curve over 8 days is shown (higher AAC implies greater
degradation, unit is sum of percentages). (C) Prediction of an additive model of the sum of
degradation efficiencies of individual species is plotted against degradation efficiency of the
co-cultures of mono- versus co-evolved species. Points lying above (or below) the dashed line
degrade more (or less) efficiently than predicted by the additive model. Each small number as-
sociated with a datapoint indicates a given species combination (e.g. CAt.M1 + CCt.M1). Certain
numbers have both a circle and a triangle, which are biological replicates of the same species
combination. A list of which number corresponds to which combination can be found in Dataset
1.

Knowing that At was a member of the two evolved communities, we wondered why the degrada-
tion efficiency of the communities was worse than At evolved alone. Did the community mem-
bers inhibit the degradation efficiency of At or did it not evolve improved degradation? We find
evidence to support the latter: when grown alone, At from the evolved community degraded
less efficiently than when it had evolved alone (%AAC, assays with 10 isolates and 1% trans-
fer, respectively: linear model with biological replicate as random factor, t = 3.590, P < 0.01;
t = 5.373, P < 0.01, Fig. 5B). This mirrors our earlier observation that At that had evolved alone

grew to greater population sizes than when evolved in community (Fig. 3C, S1, S10, compare

At mono-cultures). These data suggest that other species may have constrained the evolution
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of At, preventing it from evolving greater degradation efficiency by occupying some niches that
it could instead fill when evolving alone. If the species that evolved together with At are filling

the available niches, might they complement At's ability to degrade MWF?

Species evolved together degrade MWF synergistically

Following our observation that At evolved in community does not degrade as much as when
it evolved alone, we wondered whether the species evolving together with At - notably Ct -
could improve its degradation efficiency. By applying an additive null model to degradation ef-
ficiency, we compared the combined degradation of the two mono-cultures of these two species
to degradation in their corresponding co-cultures %'6-3439 (Fig. 5C). Although there were some
differences between experimental repeats with different sub-samples of the evolved popula-
tions, overall, we found that At and Ct that had evolved in the same microcosms had small
positive effects on each other's degradation efficiency (statistical analysis in Fig. S11). For the
species that had evolved alone, depending on which isolates we used for the assays, we found
that in some cases the two species significantly reduced each other's degradation efficiency
(Fig. S11). Together, this supports the hypothesis that co-evolving species do not overlap much
in their niches and can therefore synergistically degrade MWF. Instead, Ct that had evolved
alone seems to interfere with the degradation ability of At that had evolved alone, which sug-
gests that the potential of At to expand its niches and increase its own degradation efficiency

may have been limited when it evolved in the community context.

Discussion

Our main goal was to establish how interactions within a facilitative community might change
as species evolved together. Would interactions become more mutualistic, would one species
becomes parasitized by the others to produce all the public goods (as per the BQH) or would
they evolve to specialize or even compete (Fig. 1)? Similar experiments with initially competi-
tive communities found that interactions weaken as their members co-evolve to specialize on
different resources®891316.48 1n our 44-week long evolution experiment, species that relied
heavily on others to survive in MWF continued to do so, but with no evidence of strengthened
mutualism. Instead, one species At, that evolved to grow independently in MWF weakened its

positive interaction with the other independent species, Ct. When we evolved each of those two
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species alone, they competed when put back together.

Our interpretation of this outcome - while well aware that alternative explanations exist - is that
in the community, At and Ct experienced weak selection to expand into occupied niches and
compete with other residents, driving them to specialize on more available resources (H3 in
Fig. 1), analogous to character displacement in Darwin’s finches#'-#3. Instead, when evolving
alone, they may have become generalists by expanding into available niches because no other
species were occupying them'2. The presence of other species may then have constrained the
evolutionary potential of At and Ct (similar to results reported by Hall et al. ). Evidence for this
is that after evolving alone, isolates of these two species grew significantly better than those
that had evolved in community. Indeed, At evolving alone was the only condition where degra-
dation improved over the course of the experiment and largely surpassed the degradation ability
of the community, even though the community includes At. In follow-up experiments reported
elsewhere we also found that new, non-resident species were more likely to invade the ances-
tral compared to the evolved community#4, suggesting that the community members evolved
to cover the available niche space. An alternative initial hypothesis was that positive interac-
tions might increase, leading to the evolution of mutualism (H1 in Fig. 1) because mutants that
overproduce public goods should be favored as they promote the growth of species that “help”
them?829_ This outcome can result in increased community productivity??>*°, increased aggre-
gation between cooperating strains?%232% and/or loss of independent growth?'. By comparing
the ancestral and evolved interaction networks (Fig. 3), the bi-directional interactions between
Ct and M![ were a candidate for this. However, we found no significant increase in the strength
of their positive interactions, at least in this one microcosm (Fig. S9). Second, the number of
positive interactions may increase if species generate new niches, which others can evolve to
occupy®2446_While it may appear that there are more positive interactions in the evolved com-
munity (Fig. 3), the positive effects of At on Ml and Oa were already observed in the ancestors
growing under conditions where At survives3#, and are not newly evolved traits. In addition, if
stronger positive interactions had evolved, we would expect overall community productivity to
go up because resource use becomes more efficient®38. While we do find some synergy in
MWF degradation, the co-evolved co-cultures still degrade less than At evolved alone, and total

population sizes even decreased over the evolutionary experiment.

The other question was whether we would find support for the Black Queen Hypothesis3® (H2 in
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Fig. 1): if several species in the ancestral community provide a “service”, others should evolve
to lose it, manifesting itself in gene loss for species evolving together3®4’. What constitutes
a “service” in our context is not clear mechanistically, but At and Ct do facilitate the other two
species by detoxifying the environment34. If they were initially achieving this in overlapping
ways, the two species might evolve to specialize on degrading different toxins. This would
predict greater gene loss or reduced gene expression in the species evolved together compared
to those evolved alone, and greater reliance on one another for survival. We found little evidence
in support of this prediction: two Ct isolates that had evolved in community experienced large
deletions, but these isolates grew similarly alone to others without the deletion, and at least one

of them was even more resistant to MWF compared to a strain that had evolved alone.

These findings made us realize that the evolution of resource specialization within a community
predicts similar patterns of gene loss to the BQH, as the ability to use certain resources that
are already taken up by others becomes superfluous (Fig. S16). Given that our data generally
support niche specialization rather than increased reliance on other species (at least for the two
species we focused on), the deletions we see may be more in line with specialization rather than
the BQH, but additional work would be needed to test this idea. In other words, we suggest that
the BQH and specialization are two similar processes that we expect to drive genomic changes
when species evolve in community. By itself then, gene loss alone should not be taken as

evidence supporting the BQH.

Why the bacteria evolved to degrade less in all conditions except for At evolving alone, is an
important open question when optimizing microbial community function. One possibility is
that in the communities and when Ct was alone, selection favored the emergence of cheaters
that grew faster but contributed less to MWF degradation, which may have increased the death
rate, explaining the lack of increase in total population size®#?. Alternatively, cells might have
evolved to resist the toxins without secreting toxin-degrading enzymes, for example by thicken-
ing the cell wall or using efflux pumps®°®-22. This would make resistance into a “private good”
and reduce MWF degradation. Third, the community constrained the evolution of At, explain-
ing why its degradation did not improve when evolving in the community. Regardless of the
mechanism, our results suggest that the problem of loss of community function needs to be
addressed in future studies. Otherwise, single species like At might be better suited compared

to communities, at least for this particular function of MWF degradation.
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A final interesting question in community evolution concerns predictability: Do parallel micro-
cosms evolving under the same condition resemble one another? Previous evolutionary experi-
ments using communities found bimodal or trimodal outcomes in final relative abundances %354,
We observed striking parallel ecological dynamics between microcosms, whereby relative abun-
dances converged by week 44, despite the occasional extinction of Ml. Oa appeared to play
a destabilizing role, as population sizes of all species fluctuated more strongly in CAtCtMLlOa
compared to CAtCtMl before converging (Fig. 2C, D). As in other such experiments 92826 e
also observed some parallelism in genomic evolution, where several mutations and deletions
occurred in parallel lines of the same experimental condition, at least in Ct. While it is tempting
to speculate on the effects these mutations might have, we prefer to leave mechanistic analyses

to future work where we would build the appropriate mutants.

One of the weaknesses of our system is that chemical analysis is challenging, meaning that we
lack a mechanistic understanding of pollutant degradation or the interactions between species.
We are therefore blind to how resources are being partitioned, what lies behind the positive in-
teractions, the consequences of genomic changes, or why degradation efficiency dropped over
time in evolving communities. Another difficulty was our inability to generalize, as the commu-
nity only includes four species, and each followed a different evolutionary trajectory. Running
similar experiments using communities with more species in a simpler chemical environment

could help to test our hypotheses further.

Our experiments present a case study of how four species can evolve in a toxic environment,
showing that for species pairs whose dependencies were facultative, interactions weakened
over time. Positively interacting species are therefore not necessarily expected to evolve to-
wards mutualism??, and can instead evolve similarly to competitive communities. From an
applied perspective, community function dropped over time as the species evolved, suggesting
that to maintain function, new strategies are needed. Finally, parallels can be drawn to evolu-
tion in other toxic environments, such as those containing antibiotics, a phenomenon that has
classically been studied in single species in isolation®°. Being able to predict and control the

evolution of microbial communities would be impactful in many such contexts.
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Methods and Materials

Bacterial species and culture conditions

The ancestral species used in this study were Agrobacterium tumefaciens str. MWFOO1, Coma-
monas testosteroni str. MWFOO1, Microbacterium liquefaciens str. MWFOO1, and Ochrobactrum
anthropi str. MWFO®1. More details on these strains can be found in Piccardi et al.3* and their
genome sequences on NCBI (Accession: PRINA991498). Note that Microbacterium liquefa-
ciens was previously referred to as Microbacterium saperdae but a more recent classification

has led us to refer to it differently.

All experiments were performed in 30@ml batch cultures in glass tubes containing 0.5% (v/v)
Castrol Hysol™ XF MWF (acquired in 2016) diluted in water with added salts and metal traces

L 34

(see Piccardi et a for detailed recipe). Cultures were incubated at 28°C, shaken at 200

rom.

Evolution experiment

All the experiments (initially 6 treatments: 4 mono-cultures, 1 3-species co-culture, 1 4-species
co-culture) were conducted simultaneously in 5 microcosm replicates to give 30 experimental

cultures in addition to 3 sterile controls (Fig. 6).

Combination | Color code and full species names Number of microcosms
Transfer 0 — Transfer 44
CAt i A. tumefaciens 5 —» 2
CCt i C. testosteroni 5 —» 5
CAtCtMmI i i @ A. tumefaciens + C. testosteroni + M. liquefaciens 5 —p» 5
CAtCtMIOa i i @ i A. tumefaciens + C. testosteroni + M. liquefaciens + O. anthropi 5 —p 5
CMI U M. liquefaciens 5 —» 0
COa i O. anthropi 5 —» 0

Figure 6: Evolved species combinations.

All tubes were incubated at 28°C, shaken at 200 rpm for a total of 7 days. Each week for a total
of 44 weeks, 29.7 mL of fresh MWF medium was prepared and 300 L of the week-old culture
transferred into it. Before each transfer, population sizes (CFU/mL) were quantified using serial

dilution and selective plating and CODs (pollution load) were quantified using Macherey Nagel
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15 g/L COD tube tests (see Piccardi et al.3* for detailed recipe). A sterile tube containing MWF
but no bacteria was always used as a control for the COD measurement. Every week, 1mL of
the bacterial cultures was harvested for each treatment, spun down at 18,000 rcf for 5 minutes,
resuspended in glycerol 25% (diluted in PBS) and stocked at -808°C for future analyses (e.g. DNA
extraction). All 5 replicate populations of M. liquifaciens, O. anthropi and 3 replicate populations
of A. tumefaciens in mono-culture went extinct, and these microcosms were discarded after 10

weeks.

At the end of the experiments (after transfer 44), we collected 10 individual isolates of each
species from each population for further analysis by plating populations on selective media
and randomly picking 10 colonies. These colonies were then grown overnight in TSB at 28°C,
shaken at 200 rpm, spun down at 19,000 rcf for 5 minutes, resuspended in glycerol 25% (diluted

in PBS) and stocked at -88°C.

Bioinformatic analysis

Ancestral lineage sequencing and annotation. DNA coming from each ancestral species
was sequenced using a combination of Illumina (MiSeq) and PacBio (RSII). PacBio raw data
for each genome sequencing was assembled using canu v. 2.2%6 and polished with racon v.
1.5.0.%7 The assembly was further corrected using the Illumina data with polypolish v. 8.5.8.58

The assemblies were then annotated using bakta v. 1.2.4.59

DNA extraction and sequencing. To extract DNA from the frozen populations for Illumina
sequencing, we defrosted the populations from the T-1 transfer (e.g. to sequence transfer 22,
we defrosted transfer 21), washed and resuspended the cells in 1ml of PBS and inoculated 300
pLlinto 29.7 mL of fresh MWF medium. After 1week, we collected 15mL of each sample, split into
1.5mL Eppendorf tubes and spun down at 10’000rpm for 10 minutes. The bi-phasic supernatant
was carefully discarded. Pellets coming from the same sample were resuspended in PBS and
pooled together into one single 1.5mL Eppendorf tube. Cells were precipitated and resuspended
in PBS twice, to remove any remaining MWF. A negative control was included in the process
and followed the same procedure as the samples. To extract DNA from isolates for PacBio
sequencing, we grew the previously frozen isolates overnight in TSB at 28°C, shaken at 200

rpm, and spun them down at 19,000 rcf for 5 minutes.

The resulting pelleted cells were incubated in 150 ul of lysozyme solution for 3@ minutes at

19


https://doi.org/10.1101/2024.02.22.581583
http://creativecommons.org/licenses/by/4.0/

454

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

481

482

483

484

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.22.581583; this version posted February 26, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

37°C. After this incubation period, 5 ul of RNAse solution (5mg/ml) was added. The RNAse
treatment was performed for 3® more minutes at the same temperature. The lysozyme action
creates pores in the cell wall of the cells, allowing the RNAse to degrade any possible remaining
RNA in the sample. After this second incubation period, 600 ul of lysis buffer was added to the
sample. The lysis buffer solution contains 9.34mL of TE buffer (PH 8), 6004l of SDS 10%, 60l
of Proteinase K and 2l of B-mercaptoethanol. Cell lysis was performed for 1 hour at 56°C. Once
the cell suspension became transparent, 700ul ( 1v/v) of Phenol-Chlorophorm-Isoamylalcohol
(PCI, 25:24:1) was added to the tube. Samples were mixed by inversion for 1 minute and left
to rest on ice to allow phase separation. After the phases were clearly visible, the sample was
centrifuged at 13’000 rpm for 15 minutes at 4°C. The resulting clear supernatant was transferred
to a new tube ( 600 ul of volume). PCI cleaning was performed one more time to purify the DNA,
resulting in around 500l of clear liquid containing the suspended DNA. After the DNA cleaning,
50ul of sodium acetate (5M) and 500l of Isopropnol were added to the sample, allowing the
DNA to precipitate. Insoluble DNA was incubated at -89°C for two hours and centrifuged down
at 13’000 rpm for 15 minutes. The alcoholic supernatant was discarded. The precipitated DNA
was washed with 1ml of ethanol 70% (v/v), re-centrifuged at 13’000 rpm for 15 more minutes,
and the supernatant removed. The air dried pellet was then redissolved in 50yl nuclease-free

water, and the concentration and purity were analyzed using Qubit and Nanodrop.

The obtained DNA was sequenced with using the Illumina platform with two different platforms
at the Oxford genomics facilities: Samples from transfer 22 were sequenced using HiSeq4000.
While transfers 11,33,44 were sequenced using NovaSeq. The reason behind the different plat-
form usage was the discontinuation of the former at the selected facility. PacBio sequencing
was performed on individual isolates of each species from transfer 44 (Table x) at the Lausanne

Genomic Technologies Facility using a Sequel II system (SMRT cell 8M).

RNA extraction and sequencing. We grew the previously frozen isolates from transfer 44
(see above) overnight in TSB, washed them in PBS and then inoculated 300 L into 29.7 mL
of fresh MWF medium. After 7 days of growth, the cells were pelleted and the RNA extracted
using the RNeasy PowerSoil Total RNA Kit. The extraction yielded a minimum of 30 ng/ul in 10
ul. The sequencing library was prepared including ribosomal RNA depletion using the Illumina

ZeroPlus library perparation kit and sequenced on a NovaSeq 600 sequencer.

Sequence data processing and analysis. For each Illumina sequencing data-set, an initial
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quality control was performed using FastQC, to evaluate the overall per-position quality, the k-
mer enrichment (which could indicate adapter contamination), and the GC-content (which could
indicate origin admixture).®® Adapters and low quality sequences were removed using trimmo-
matic v. ®.36, using the parameters PE, leading=3, trailing=3, slidingwindow=4:15, minlen=60.°’
The resulting cleaned reads were mapped against the ancestral genome references using min-
imap2 v. 2.22.%2 For sequencing data derived from microcosms with multiple species, the reads
were aligned against all merged ancestral reference genomes with no secondary mapping in
order to avoid cross-mapping. The mapping was filtered to remove distant alignments and low
quality alignments using samtools view with the parameters -f 3 and -q 60.%% Based on the
filtered alignment files, we identified variants with freebayes version 1.3.6 with the parameters
-min-alternate-count 3 -min-alternate-fraction 8.85 -pooled-continuous -haplotype-length ©
-standard-filters.®* Variants outputted by freebayes were then filtered by a minimum popula-
tion frequency of 18% and a minimum Phred quality of 28. A variant was considered fixed if it

exceeded a frequency of 95%.

PacBio whole-genome sequencing data were assembled using canu version 2.2.%6 The resulting
assemblies were polished with racon 1.5.0,% and annotated with bakta v. 1.2.4.%° To investigate
potential intra-species gene transfers, we split the assemblies into 150-mers and taxanomically
classified the 150-mers using using krakken 2.1.2.5765 RNA sequencing data was analyzed using
the RASflow workflow with default parameters wrapping hisat2 2.1.0 as an aligner, htseq-count
0.11.2 for feature counting and edgeR 3.26.0 for differential expression analysis.®® All scripts
and data sets are or will be available at the following DOIs: 10.5281/zenodo.10694070 (data)
and 10.5281/zenodo.10694150 (code).
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= Supplementary tables and figures

Species Combination Number of generations (mean =+ std)
A. tumefaciens CAt (At alone) 307+ 8
C. testosteroni  CCt (Ct alone) 295+ 4
A. tumefaciens CAtCtMI (3 species evolving together) 286 + 1
C. testosteroni  CAtCtML (3 species evolving together) 290 + 3
M. liquefaciens CAtCtML (3 species evolving together) 285 +1
A. tumefaciens CAtCtMIlOa (4 species evolving together) 283 +2
C. testosteroni  CAtCtMIlOa (4 species evolving together) 290 + 2
M. liquefaciens CAtCtMLOa (4 species evolving together) 277 £17
O. anthropi CAtCtMIOa (4 species evolving together) 290 + 2

Table S1: Number of generations per species averaged over microcosms in which that species
survived until transfer 44. The number of generations n was computed for each microcosm and
each transfer as n = logio(b/B)/log10(2), where b is the CFU/ml at the beginning of a transfer
(CFU/mLl of the previous transfer divided by 100) and B the CFU/ml at the end of that same
transfer. We then summed n over all transfers and took the average over all microcosms of that

species in a given combination.
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Figure S1: Growth curves of A. tumefaciens and C. testosteroni isolates from transfer 44. (A)
Ten isolates of A. tumefaciens evolved alone from microcosm 1. (B) Two biological replicates
of two of the isolates of A. tumefaciens shown in panel A to verify their growth differences.
(C) Ten isolates of A. tumefaciens when evolved together with others (CAtCtMIOa, microcosm
3). (D) Ten isolates of C. testosteroni evolved alone from microcosm 1. (E) Nine isolates of
C. testosteroni when evolved together with others (CAtCtMLlOa, microcosm 2). This suggests
some intra-species variability, which we investigate further in Fig. S2. (F) Ten isolates of C.
testosteroni when evolved together with others (CAtCtMIOa, microcosm 3). (G) Ten isolates of
M. liquefaciens when evolved together with others (CAtCtMLlOa, microcosm 3). (H) Ten isolates
of O. anthropi when evolved together with others (CAtCtMLOa, microcosm 3).
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A Ct isolates from B Ct isolates from C Ct isolates from
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Figure S2: Growth curves of C. testosteroni isolates from transfer 44 in increasing concentra-
tions of MWF over 8 days. All other experiments in this study were done at MWF concentration
0.5%. (A) Four isolates of C. testosteroni evolved alone, from microcosm 1. (B) Six isolates of
C. testosteroni when evolved together with others (CAtCtMLOa) from microcosm 2. Here we see
that some isolates are able to grow at higher MWF concentrations than we used in our experi-
ment (8.5%) (C) Four isolates of C. testosteroni when evolved together with others (CAtCtMLOa)
from microcosm 3.

29


https://doi.org/10.1101/2024.02.22.581583
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.22.581583; this version posted February 26, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

A
EXPERIMENTAL - . . .
DESIGN Culture origin Plating Initiate experiment Growth assay
3hrs
colony 1 - 20 ul
Y A .
Transfer 44 3hrs
ii) 10 isolates Comb. AICtMIOa ==p <> | ==p colony 2 B =—p 20yl = pellet  =— @
Microcosm 3 o
° 3hrs
\ colony 10 B - 20 ul ,
B 1010 C 1010
10°] /""‘"‘ 10°]
;\E) 10° — At g 10° LT — Ct
ey — At(Ct) ey — Ct(At)
(@) == At(MI) (@) - - Ct(MI)
1021 At(Oa) 10% Ct(Oa)
14 14
T T T T T T T T T T T T T T
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time (day) Time (day)
100 E 1010
1081
— ’-"_,-——— —
€ 10° %Q’QF_ M IS — Oa
5 .*;;;:-.-n.:;.. _ MI(At) 5 _ Oa(At)
L 101 U o
©] -=- MI(Ct) O - - Oa(Ct)
1021 Mi(Oa) Oa(Ml)
14
T T T T T T T
0 2 4 6 8 10 12
Time (day)
F
1010
8 ML & [ Positive
$ Negative
o 108 .
= [} o
- -v * <0.05
g I L ]  <0.01
(B ° e < 0.01
6 | ——
10 T T T T T T T T T T T T -7 T T T
o= ®W ©ZS8© =857 0°© _exrZE o1
28585528558 8528% -
I OO0 ==%S o) _

Figure S3: Comparison of co-evolved microcosm 3 mono- and pairwise co-cultures. (A) Ten
evolved isolates of the same species were randomly picked and grown alone 3 hours to expo-
nential phase, then washed, resuspended and mixed in equal proportions in MWF. (B=E) Popu-
lation size quantified in colony-forming units per milliliter over time for mono-cultures (in color)
and pairwise co-cultures (in black; co-culture partner indicated in brackets). In the co-cultures,
each species could be quantified separately by selective plating. Each panel shows the data
for 1 species: (B) A. tumefaciens (At), (C) C. testosteroni (Ct), (D) M. liquefaciens (Ml) and (E) O.
anthropi (Oa). (F) AUC in B=E. Dashed lines indicate the mean of the mono-cultures, shown in
color. Statistical significance and interaction strengths data are shown in Dataset S1.
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Figure S4: Comparison of ancestral mono- and pairwise co-cultures, adapted from34. (A) Glyc-
erol stock of ancestral isolate was grown alone 3 hours to exponential phase, then washed and
resuspended in MWF. (B=E) Population size quantified in colony-forming units per milliliter over
time for mono-cultures (in color) and pairwise co-cultures (in black; co-culture partner indicated
in brackets). In the cocultures, each species could be quantified separately by selective plating.
Each panel shows the data for 1 species: (B) A. tumefaciens (At), (C) C. testosteroni (Ct), (D) M.
liquefaciens (ML) and (E) O. anthropi (Oa). (F) AUC in B=E. Dashed lines indicate the mean of
the mono-cultures, shown in color.
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Figure S5: Comparison

of co-evolved microcosm 3 mono- and pairwise co-cultures. (A) One

evolved isolate of each species was randomly picked and grown alone 3 hours to exponential
phase, then washed, resuspended and mixed in equal proportions in MWF. (B=E) Population
size quantified in colony-forming units per milliliter over time for mono-cultures (in color) and
pairwise co-cultures (in black; co-culture partner indicated in brackets). In the co-cultures,
each species could be quantified separately by selective plating. Each panel shows the data
for 1 species: (B) A. tumefaciens (At), (C) C. testosteroni (Ct), (D) M. liquefaciens (Ml) and (E) O.
anthropi (Oa). (F) AUC in B=E. Dashed lines indicate the mean of the mono-cultures, shown in
color. Statistical significance and interaction strengths data are shown in Dataset S2.
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Figure S6: AUC comparison of ancestral species and those evolved in CAtCtMLlOa, microcosm
3, including mono- and co-cultures treatments for (A) A. tumefaciens, (B) C. testosteroni, (C) M.
liquefaciens, and (D) O. anthropi. Evoled strains were co-culured with isolates from the same
microcosm and ancestral strains were co-cultured with other ancestors.
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Figure S7: Interactions based on maximum growth rate and maximum population size. A) Pro-
tocols for growth assays, matching those in Fig. 3A. (B-C) Interactions between A. tumefaciens
and C. testosteroni based on maximum growth rate quantified as the maximal CFU/ml differ-
ence between two consecutive days (B) or maximum population size (C), either evolved together

(first column, CAtCtMLOa) or evolved alone (2nd and 3rd column, CAt and CCt, protocols i and
ii from panel A) during 8-day growth assays. Other details are as in Fig. 3C.

34


https://doi.org/10.1101/2024.02.22.581583
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.22.581583; this version posted February 26, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

A
EEZF;\IIMENTAL Culture origin Plating Initiate experiment Growth assay
Transfer 44 3hrs
1 isolate Comb. AtCtMIOa ==» > ==p isolate 1 B - 200 4l —p
Microcosm 3
10 individual isolates 10 individual isolates
1010. 1010.
MI Oa
1081 1081
-
E 10°%1 1081
(E) 10*1 10*1
10?1 10?1
1 L T T T T T T T 1 L T T T T T T T
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time (day) Time (day)
B
EEZFGR,\IIMENTAL Culture origin Plating Initiate experiment Growth assay
3hrs
p isolate 1 B — 204\
Transfer 44 3hrs
10 isolates Comb. AtCtMIOa == &> == isolate 2 B —_ 20yl — @
Microcosm X

3hrs
N isolate 10 J\ — 204 7

10 Microcosm 2, isolate mix 10 Microcosm 3, isolate mix 10 Microcosm 5, isolate mix
101 M 1071 M 1071 M
1081 1081 1081
TSE' 10°%1 101 10°1
4 4 4
& 10 10 10
10?1 10?1 10?1
0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 1012
Time (day) Time (day) Time (day)
Microcosm 1, isolate mix Microcosm 2, isolate mix Microcosm 3, isolate mix
10" A 1004 1010
a Oa Oa
1081 1081 1081
5106.6—X 105-\ 10° 1
4 4 | 4
6 10 10 10
10?1 10?1 10?1
1 L T T T T T T T 1 L T T T T T T T 1 L T T T T T T T
0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 1012
Time (day) Time (day) Time (day)
Microcosm 4, isolate mix Microcosm 5, isolate mix
1010 N 1010 B
s Oa s Oa
107 1 107 1
-
§ 10% \k 1081 V\
4 4 ]
& 10 10
1021 1021
1 L T T T T T T T 1 L T T T T T T T
0 2 4 6 8 10 12 0 2 4 6 8 1012
Time (day) Time (day)

Figure S8: Mono-culture growth curves of evolved M. liquefaciens or O anthropi from transfer
44, CAtCtMIOa during 12-day growth assays. Conditions and microcosms are indicated above
each graph. (A) One isolates was randomly picked and grown alone 3 hours to exponential
phase, then washed and resuspended in MWF. Each growth curve represents one of 10 such
isolates. (B) Ten evolved isolates were randomly picked and grown alone 3 hours to exponential
phase, then washed, resuspended as a mixed culture in MWF. Each panel shows triplicates of
isolates the same condition and microcosm.
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Figure S9: Interactions between Ct and ML. (A) Growth of different Ct isolates (ancestral, evolved
alone or evolved with the three others) alone or in co-culture with different Ml isolates (ancestral
or evolved with the three others). (B) Growth of different Ml isolates alone or in co-culture with
different Ct isolates. Community-evolved Ct and M! were isolated from the same microcosm.
Ancestral and community-evolved Ct and Ml all had positive effects on one another, but the
positive effects did not increase between the isolates of the two species coming from the same
microcosm, suggesting that at least in this microcosm, Ct and Ml did not evolve stronger mu-
tualism.
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Figure S10: Inter-group comparison from Fig. 3C. The data show interactions between A. tume-
faciens and C. testosteroni co-evolved (first column) or mono-evolved (second column) during
8-day growth assays. The first row measures the AUC of their growth curves during 8-day growth
assays. The second and third row measure their maximum growth rates and maximum popula-
tion size reached during these growth assays.
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1a) We performed linear regression and calculated the estimated value of the coefficient as well as its standard error (these data
are needed to calculate t-test):

¢ Linear regression, coefficient = 0.091, std error= 0.176, p-value < 0.05 *

¢ Linear regression, coefficient = 1.471, std error= 0.266, p-value < 0.001 ***

¢ Linear regression, coefficient = 0.091, std error= 0.157, p-value < 0.001 ***

1b) Next, we calculated p-value against the null hypothesis HO(slope) = 1:

¢ T-test, t=-5.170, p-value <0.05 *, following Bonferroni correction

¢ T-test, t =1.771, p-value = 0.214, following Bonferroni correction

¢ T-test, t = 3.258, p-value = 0.094, following Bonferroni correction

2) We performed linear model to compare between groups:

¢ vs. ¢ Linear model with biological replicates as random factor, t = 2.418 , p-value = 0.056, following Bonferroni correction

¢ vs. & Linear model with biological replicates as random factor, t = 6.450, p-value = 0.000236 ***, following Bonferroni correction
¢ vs. & Linear model with biological replicates as random factor, t = 0.933, p-value = 0.732, following Bonferroni correction
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1) We calculated p-value against the null hypothesis HO(median) = 1:

® Sign-test, is the median greater than HO(median) = 1 ?, p-value = 0.3437

® Sign-test, is the median lower than HO(median) = 1 ?, p-value = 0.1938

@ Sign-test, is the median lower than HO(median) = 1 ?, p-value = 0.0392 *

2) We performed t-test to compare between groups:

® vs. ® T-test, t=-1.9306, p-value = 0.181, following Bonferroni correction

® vs. @ T-test, t =3.5878, p-value = 0.03028 *, following Bonferroni correction
® vs. @ T-test, t =2.6955, p-value < 0.0392 *, following Bonferroni correction

Figure S11: Results of statistical analysis of the additive null model to degradation efficiency in
Fig. 5C). (A) Linear model. (B) T-test. Co-evolved is from species combination CAtCtMlOa and
mono-evolved from CAt or CCt.
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Figure S12: (A) Variant frequency trajectories in all A. tumefaciens populations. (B) Number of
variants found in each A. tumefaciens population (left). De-novo long-read assembly lengths of
selected isolates. Dashed line represents assembly length of the ancestor (middle). Proportion
of variants that reached fixation (right). (C) Mutated genes with protein annotation that were
found in at least two A. tumefaciens populations. The color indicates the frequency of the
mutated allele.
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Figure S13: (A) Total allele frequency for C. testosteroni. (B) Long-read assembly lengths of
isolates from transfer 44 with the dashed line representing the assembly length of the ancestor
(left). Number of coding sequences per assembly (right). (C) Gene expression for C. testos-
teroni evolved under condtition 2 compared to ancestor. (D) Gene expression for C. testos-
teroni evolved under condtion 3 compared to ancestor. (E) Gene expression for C. testosteroni
evolved under CAtCtMLlOa compared to ancestor.
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Figure S14: Mean Illumina coverage.
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Figure S15: (A) Positions of variants across all frequencies identified from the Illumina data
from the last transfer. (B) Base pairs with zero-coverage when aligning corrected PacBio reads
to the reference genome. (C) PacBio coverage for two Ct isolates of CAtCtMIlOa showing large
deletion (top). Annotation of deleted sequence (bottom).
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Figure S16: BQH and specialization make similar predictions. (A) The BQH predicts that species
evolved together in community should lose traits coding for public goods, like detoxification
genes either by deletions or mutations leading to reduced gene expression. Such losses should
not be observed when evolving alone. Species evolved together should therefore grow signifi-
cantly worse alone and depend on the partner species for survival. (B) The evolution of special-
ization predicts similar trait loss when evolving together and should similarly grow best when
evolved alone, but species evolved in community should not depend on their partners to grow
alone (black arrows on the right). Initially both species can take up both carbon sources but
with a preference for one or the other. After evolution alone, the orange species can take up
both efficiently. Generated using Biorender.

42


https://doi.org/10.1101/2024.02.22.581583
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.22.581583; this version posted February 26, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

Gene ID Gene Product Log2 fold change -Log10P
NHFMJM_02180 Unknown hypothetical protein -2.122160 8.186240
NHFMJM_04460 Unknown hypothetical protein -1.783635 4.657574
NHFMJM_06555 Unknown Putative lipoprotein -2.909484 7.003442
NHFMJM_06560 rpoE RNA polymerase, sigma-24 subunit, ECF subfamily -3.096592 5.238158
NHFMJM_10260 raiA Ribosomal subunit interface protein -3.110503 4.240304
NHFMJM_18275 Unknown 3-demethylubiquinone-9 3-methyltransferase -2.537547 5.694750
NHFMJM_20235 Unknown DUF937 domain-containing protein -1.919700 6.292688
NHFMJM_20240 Unknown Inosine-5’-monophosphate dehydrogenase -2.685720 7.404975

Table S2: Differentially expressed genes in C. testosteroni evolved alone (CCt).
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