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Abstract

Positive species interactions underlie the functioning of ecosystems. Given their importance, it is crucial
to understand the stability of positive interactions over evolutionary timescales, in both constant and
fluctuating environments; e.g. environments interrupted with periods of competition. We addressed this
guestion using a two-species microbial system in which we modulated interactions according to the
nutrient provided. We evolved in parallel four experimental replicates of species growing in isolation or
together in consortia for 200 generations in both a constant and fluctuating environment with daily
changes between commensalism and competition. We sequenced full genomes of single clones isolated
at different time points during the experiment. We found that the two species co-existed over 200
generations in the constant commensal environment. In contrast, in the fluctuating environment, co-
existence broke down when one of the species went extinct in two out of four cases. We showed that
extinction was highly deterministic: when we replayed the evolution experiment from an intermediate
timepoint we repeatably reproduced species extinction. We further show that these dynamics were
driven by adaptive mutations in a small set of genes. In conclusion, in a fluctuating environment, rapid

evolution destabilizes the long-term stability of positive pairwise interactions.

Keywords: Eco-evolutionary dynamics; temporal fluctuations; experimental evolution of communities;

Acinetobacter johnsonii; Pseudomonas putida
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Introduction
Positive interactions — mutualisms and commensalisms — underlie the functioning of virtually every
ecosystem on Earth (1, 2). One example of such positive interactions is the mutualism between
microscopic algae and corals, which supports the diversity and stability of coral reefs (3). More broadly,
mutualistic and commensal interactions in microbial communities underlie the biogeochemical cycling
of elements on Earth (4). Thus, ecosystem functioning relies on the stability of positive interactions.
Nevertheless, positive interactions may be destabilized by environmental change; e.g. changes
associated to human activities (5—7). Warmer ocean temperatures caused by climate change shifts the
corral-microalgae symbiosis into parasitism (8). Nitrogen pollution selects for less cooperative rhizobium
disrupting the legume-rhizobium mutualism (6). These two examples involve stresses affecting particular
pair of species and their beneficial influence on each other; i.e. positive pairwise interactions. Given that
we are losing such valuable partnerships in nature, it is pressing that we better understand the factors
that destabilize positive pairwise interactions and lead to their breakdown.

Positive pairwise interactions may break down due to: 1) interactions changing from mutualism
or commensalism into competition or parasitism, 2) interactions evolving towards neutralism and 3)
species going extinct (9). Both ecological and evolutionary factors have been identified as major drivers
destabilizing interactions (9). Ecological changes such as alterations in nutrient availability can shift
interactions from positive to negative (10, 11). Interactions can also shift from positive to negative due
to rapid evolution (12, 13). Although we understand some aspects of how ecological and evolutionary
factors break positive pairwise interactions, we lack a general understanding on how these factors
influence the long-term stability of these interactions. For example, how resilient are positive
interactions when species evolve and adapt to new environments? And, how resilient are positive

interactions when, in addition to evolutionary change, they are interrupted with periods in which
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interactions become negative? More generally, how stable are interactions over evolutionary timescales
in fluctuating environments?

Some of these questions have been addressed by studies of coexistence in variable
environments. Environmental fluctuations have been long recognized as a mechanism that can promote
coexistence (14), but only recently, evolution has been incorporated into coexistence theory (15-17).
Coexistence models in variable environment show that high rates of adaptive evolution may lead to
coexistence breakdown (16). In other words, rapid evolution destabilizes pairwise interactions that were
otherwise stable in fluctuating environments. However, these theoretical predictions are based on
negative interactions -e.g. competition, predation and parasitism. It is unclear if we can expect the same
outcomes for positive interactions. Moreover, these theoretical predictions are not well supported by
experiments showing that adaptation -although slower in fluctuating environments - does not lead to
coexistence breakdown (18, 19).

Another important aspect that has not been fully explored is the genetics of adaptation of
interacting species. There is a rich body of theoretical and empirical work on the genetics of adaptation
of single species in both constant and fluctuating environments. In a constant environment, the first
step of adaptation in an asexual population is characterized by the fixation of the first beneficial
mutation that succeeds at escaping clonal interference and genetic drift (20). Instead, in a fluctuating
environment, the fate of a mutation depends on 1) its averaged fitness effect across environments and
2) the rate of environmental fluctuations (21). Even though these studies have provided us with a good
understanding on the genetics of adaptation to multiple environments, they have focused on single
species. Thus, we do not know the role that other species play in shaping these adaptive dynamics. In
other words, what is the relative contribution of abiotic vs biotic factors shaping evolutionary
trajectories? Do species mostly adapt to their physical environment or to their interactions with other

species? Answering these questions is relevant because if biotic factors are important evolutionary



86  forces, evolutionary responses might differ from those expected from single species. In such case,

87  evolution should be studied in a community context (22, 23).

88 In this study we used a two-species system to start addressing some these questions. The two
89 species, Acinetobacter johnsonii and Pseudomonas putida, interact through the use of resources in the
90 external environment (12). When grown in an environment limited by citrate, they compete for it, while
91  when grown in an environment limited by benzyl alcohol, P. putida cross-feeds on the benzoate

92 excreted by A. johnsonii. In a previous study, we showed that this cross-feeding interaction was stable
93 over ecological timescales, i.e. over 6 days or approximately 40 generations (24). In this study, we

94  explored the stability of such commensal interaction over evolutionary timescales in a constant

95 environment and in a fluctuating environment imposing ecological changes between positive and

96 negative interactions (i.e. daily switches from benzyl alcohol to citrate). We observed that species

97 coexisted over evolutionary timescales in a constant environment, but coexistence broke down in two
98 out of four cases in the fluctuating environment. We further show that these dynamics were driven by

99  evolutionary changes.

100 Materials and Methods

101  Strains and growth conditions

102 We used a previously characterized consortium of Acinetobacter johnsonii strain C6 and

103  Pseudomonas putida stain KT2440 (12, 24, 25).

104 Strains were grown in FAB minimal medium (1 mM MgCl;, 0.1 mM CaCl,, 0.003 mM FeCls, 15
105 MM (NH4)2S04, 33mM NazHPO,, 22 mM KH2PO4, and 50 mM NacCl) supplemented with either 0.6 mM
106 benzyl alcohol or 1 mM citrate. All solutions were filter-sterilized using filters that were washed with one

107 liter of ddH,0 to remove traces of carbon in the filters. We grew the cultures in 40 ml glass vials with
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screw caps containing TFE-lined silicone septa. Vials and screw caps were treated to eliminate any trace

of assimilable organic carbon (24).

Evolution experiment

We performed our evolution experiment by daily transferring our strains: 1) into FAB medium
supplemented with benzyl alcohol, referred as constant benzyl alcohol environment; 2) into FAB
medium supplemented with citrate, referred as constant citrate environment and 3) by switching daily
between FAB medium supplemented with citrate and FAB medium supplemented with benzyl alcohol,
referred as fluctuating environment. In total we evolved 36 experimental lines (Figure S1): four
replicated co-cultures in each of the three conditions, referred as consortia (i.e. a total of 12 consortia)
and four replicated monocultures of each species in each of the three conditions, referred as
populations (i.e., a total of 24 populations). We evolved these experimental lines in parallel for 30 days
(~200 generations).

To start the experimental lines, we streaked A. johnsonii and P. putida onto Lysogeny Broth (LB)
agar plates supplemented with streptomycin (64 pg/ml) and gentamicin (10 ug/ml), respectively. We
then picked four single colonies from each LB agar plate and grew them separately in 3 ml of LB broth
supplemented with antibiotics. We incubated the cultures for ~16 hours at 30°C with constant shaking
(220 rpm). Part of the overnight culture was used to prepare the ancestors’ glycerol stocks (20%
glycerol) and part was used to launch the experimental lines. To launch the experimental lines, we spun
down 1 ml of the overnight culture and washed it three times with FAB medium without carbon source
to remove LB and antibiotics. Washed cells were diluted 10,000-fold into 10ml fresh FAB medium
supplemented with the desired carbon source and incubated for one day at 26°C and shaken at 150
rpm. These acclimated cultures were then diluted 100-fold into 10 ml fresh FAB medium supplemented

with the desired carbon source to start the monocultures or were mixed at a 1:1 volumetric ratio and
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diluted 100-fold into 10 ml media to start the co-cultures. Initial population size were approximately 10°
cells per species. Monocultures and co-cultures were propagated by daily transfers of 0.1 ml of culture
into 9.9 ml of fresh medium - approximately 6.64 generations (log, 100) of binary fission per day - for 30
days. At the end of each day, population densities of A. johnsonii and P. putida from one of the
replicates (replicate #2) were estimated by plating cultures on LB agar with streptomycin (64 pg/ml) and
gentamicin (10 pg/ml), respectively.

Population samples of all 36 lines were frozen weekly and used to prepare the populations’
glycerol stocks (20%). In addition, we prepared glycerol stocks from single clones isolated at the end
experiment. Briefly, we plated the populations in LB agar plates supplemented with antibiotics. We then
picked one random colony from each plate and inoculated each colony in 3 ml of liquid LB for 16 h at
26°C with continuous shaking (150 rpm) and resuspended this overnight culture in glycerol. We stored

the glycerol stocks (20%) at -80°C for further analyses; i.e. genome sequencing and growth curves.

Genome sequencing and variant calling

We sequenced the genomes of single clones isolated from: 1) eight ancestors; 2) 36
experimental lines at the end of the experiment, i.e. at generation 200 and 3) consortia grown in the
fluctuating environment at generation 92.

Single clones were revived from glycerol stocks in 3 ml of LB media and grown overnight at 30°C
with constant shaking (220 rpm). We used 1 ml of this overnight culture and isolated the genomic DNA
using the Wizard Genomic DNA Purification Kit (Promega). Eurofins Genomics LLC prepared the libraries
for sequencing (DNA fragmentation, adapter ligation, amplification and size selection) and sequenced
genomes using lllumina technology (paired end, read length: 2 x 150 bp, MiSeq; Eurofins Genomics
Europe Shared Services GmbH). All of the sequences can be accessed at the NCBI Sequence Read

Archive (http://www.ncbi.nlm.nih.gov/sra) under Bioproject ID number PRINA623337.
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We used these data to do genome re-sequencing (Genetic Diversity Center, ETH Zirich). First,
we controlled for the quality of the raw lllumina sequences with FastQC (version 0.11.4). We did a
variant calling analysis using the breseq pipeline (version 0.30.1) and the utility program GDtools (26).
The sequence reads from each clone — from both the ancestors and the evolved lines — were aligned to
the reference genomes of Pseudomonas putida KT2440 (reference NC_002947;
https://www.ncbi.nlm.nih.gov/nuccore/NC_002947) and Acinetobacter johnsonii isolate C6 (reference
FUUYO01.1; https://www.ncbi.nlm.nih.gov/nuccore/FUUY00000000.1/). We used the following
parameters for calling genetic changes: polymorphism-prediction; max-displayed-reads 300. We
identified mutations that occurred de-novo during the evolution experiment by pairwise comparison
between an evolved clone and its respective ancestral clone. De-novo mutations were those mutations

that were uniquely observed in the evolved clone and not in the ancestral clone.

Selection and Enrichment statistical tests
We identified genes under selection based on the observed genetic parallelism. We assumed that it
would be highly unlikely that the same gene would be mutated in several independently evolved lines

unless these mutations had been enriched by selection. Therefore, to identify genes under positive

e~ A)x .

x!

selection we estimated the strength of parallelism based on a Poisson distribution: p(X = x) =

total observed mutations

with 1 equal to the X size of the target gene in bp. The reported p-values in

genome size in bp
Table 1 were estimated from the Poisson cumulative expectation, P(x >= observed, 1), using the ppois
function in R (version 3.2.3).

We used the Enrichment analysis tool from Panther (pantherdb.org) version 14.1 for the
statistical over-representation test (27). Genes involved in a particular cellular function were over-

represented based on a small and significant P value obtained from Fisher’s exact test indicating that is
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unlikely that the number of genes involved in that particular cellular function occurred randomly as

determined by a reference gene list from P. aeruginosa.

Growth curves

We did growth curve experiments to characterize maximum growth rate in exponential phase,
Umax, and yield, Y, defined as the amount of biomass produced per unit of resource of single clones
grown in isolation. Bacteria were acclimated to their assay condition as previously described for the
beginning of the serial dilution experiment. We transferred 2l of the saturated culture intro 198l of
fresh media dispensed in each of the wells of the 96-wells plate. To avoid evaporation, we covered the
plates with a lid, which we sealed with silicon grease. We incubated the plates at 30°C with constant
shaking inside a photospectrometer (Eon™, BioTek™), whose lowest detection limit was 0.003. OD
measurements were acquired every 5 minutes for 24 hours. We replicated the experiments three times
(technical replicates) and fitted pmaxand Y from these three growth curves using Matlab (version
R2017a, Mathworks). We then compared these parameters in a pair-wise fashion between the ancestor
and the evolved clone using a two-tailed t-test. Due to the large temporal variability between
experiments, we compared the growth measurements for the ancestor and the evolve clone derived

from the same day/experiment (i.e. temporal replicates).

Results

Coexistence is stable over evolutionary timescales in a constant but not in a fluctuating environment
We explored if species coexisted over evolutionary timescales, both in constant and fluctuating
environments (Figure S1). In a constant citrate environment, in all four consortia, P. putida drove A.
johnsonii to extinction after one week (Figure 1 A), which was expected from their ecological dynamics

(24). In contrast, in a constant benzyl alcohol environment, the two species coexisted for 200
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generations in all four consortia (Figure 1 B). A. johnsonii maintained high population densities
throughout the experiment, despite a steep drop in densities at day 16 followed by recovery (Figure 1
B). At day 30, the average population density across replicates of A. johnsonii was 4.0 x 10’ CFU mL* +
4.3 x 10° CFU mL? (mean * standard error of the mean). P. putida coexisted with A. johnsonii and
reached approximately 2.7 x 10° CFU mL*+ 3.8 x 10* CFU mL?. P. putida densities in co-culture were
one order of magnitude higher than in monoculture (Figure S2) indicating that the positive effect that A.
johnsonii has on P. putida’s was maintained for 200 generations. Thus, cross-feeding interactions were
stable over evolutionary timescales in a constant environment. To summarize, in constant environments
replicated communities converged into the same outcome: either competitive exclusion or coexistence.

In contrast, in the fluctuating environment replicated communities diverged into two
evolutionary outcomes. In two cases, coexistence broke down, while in the other two cases species
coexisted until the end of the experiment (Figure 1). In consortia #1 and #2, A. johnsonii went extinct
after 18 and 19 days, respectively. In contrast, in consortia #3 and #4, A. johnsonii coexisted with P.
putida until the end of the experiment and reached a final population density of 5.6 x 10* CFU mL*and
5.0 x 10* CFU mL?, respectively. To asses if fluctuations in carbon sources alone could lead to the
extinction of A. johnsonii, we evolved A. johnsonii in isolation in a fluctuating environment. In all four
monocultures, in the fluctuating condition, A. johnsonii stably persisted during the entire experiment
(Figure S3), suggesting there was something specific about the interaction between A. johnsonii and P.
putida that caused the extinction of A. johnsonii in co-cultures.

A key question in evolutionary biology is the extent to which extinctions are stochastic or
deterministic events (28, 29). On the one hand, A. johnsonii’s extinction may have been caused by
random demographic fluctuations, occasionally resulting in populations that are so small that they are
unable to overcome the serial dilution regime. On the other hand, determinist changes in organismal

features — such as adaptive mutations in either A. johnsonii or P. putida — may have determined whether
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or not A. johnsonii went to extinction. For example, P. putida could have mutated to attach to A.
johnsonii to better extract benzoate (i.e. evolution of parasitism; 12). Another possibility is that A.
johnsonii accumulated deleterious mutations leading to its collapse (29). In this case, once such
mutations have risen to large enough frequency, population dynamics become deterministic and
extinction becomes a predictable event. We assessed if extinction was a random or deterministic
outcome. To do so, we replayed the evolution experiment from an intermediate time-point and
qguantified the frequency in which A. johnsonii goes extinct. We revived frozen population samples from
each consortium at day 14 (~ 92 generations) and transferred the populations for six days in a
fluctuating environment, with six replicates per consortium. In all six replicates derived from consortium
#1, A. johnsonii's densities dropped close to extinction after six days (Figure 2). For consortium #2, A.
johnsonii went extinct after five days in five out of six cases. In contrast, in consortia #3 and #4, A.
johnsonii sustained an intermediate population density and reached a final population density of
approximately 6.1 x 10* CFU mL*+ 2.2 x 10* CFU mL and 4.1 x 10° CFU mL+ 2.3 x 10° CFU mL* for all
six replicates, respectively. In conclusion, when we replayed the evolution experiment from an
intermediate time-point we saw the extinction of A. johnsonii in consortia #1 and 2 but not in consortia
#3 and 4, which is consistent with the original evolution experiment. Therefore, in our experimental

setting, extinction was deterministic.

Species show signs of adaptive evolution after 200 generations

Based on this reproducible outcome we hypothesized that genetic changes occurring as early as
92 generations underlay these dynamics. Before exploring if these early genetic changes in fact
occurred, we first characterized the genetic changes accumulated during the entire length of the
experiment, i.e. 200 generations. In particular we looked for signs of adaptation. To do so, we

sequenced the genome of a single clone isolated from each of the 36 experimental lines at generation
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200 and identify all de novo mutations relative to their respective ancestral genome (see Material and
Methods).

On average each clone accumulated two mutations after 200 generations (Table S1). Each clone
had on average 1.3 point mutations, 0.5 short insertions and deletions, and 0.2 large deletions (>30 bp).
Importantly, the point mutations displayed a strong signal of adaptive evolution: over all 42 genomes,
the ratio of non-synonymous to synonymous mutations was 3.9, and most of the mutations occurred in
open reading frames (Table S1). Moreover, many mutations were shared among replicate lines, e.g. in
some cases, the exact same non-synonymous point mutation was shared among two or more lines
(Table S1). More generally, mutations targeting the same gene were found in parallel across lines and
conditions for each species (Table 1). This strong convergence observed at the gene level is consistent
with previous studies showing that the gene level is the appropriate level to assess convergence (30).
For P. putida, the most commonly mutated gene was the gac$S gene transcribing the sensor protein GacS
(mutations in 9 out of 24 lines). Mutations affecting regulation of motility were also commonly found
across lines of P. putida (GO:2000147; test for statistical over-representation, P = 1.31 x 10%; see
Material and Methods). In the case of A. johnsonii, 15 of the 20 lines of had mutations in the oatA gene.
The targeting of 15 different mutations to one gene suggests the oatA gene was under strong selection
given that the probability of observing 15 random mutations in a target gene of 1926 bp is extremely
low (P =9*1038). The oatA gene encodes the O-acetyltransferase, OatA. OatA from other bacterial
species has been reported to modify the bacterial cell wall, for example, to prevent the antibacterial
activity of lysozymes (31). It is unclear what the function of OatA is in our experimental conditions but
given the observed parallelism (Table 1), we hypothesized these mutations were adaptive.

To better understand the nature of this putative adaptive benefit, we analyzed whether strains
with these mutations would show increased growth when grown in isolation, without their partner. We

characterized the growth of single clones in benzyl alcohol or benzoate, as well as in citrate, and
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compared it to the growth of the ancestor. We did growth curves in triplicates for each clone in each
carbon source and estimated the maximum growth rate in exponential phase, timax, and the amount of
biomass produced per unit of resource, i.e. the yield, Y (Table S2).

Overall, evolved clones increased both their growth rates and their yields on both benzyl alcohol
and citrate compared to the ancestor (Figure 3, Figure S4). That being said, A. johnsonii’s clones evolved
in the fluctuating environment did not improved as much as clones evolved in constant environments,
and, in some cases, grew significantly worse than the ancestor (Table S2, Figure S4). In contrast, P.
putida clones evolved in constant citrate and in the fluctuating environment grew significantly better
than the ancestor. Importantly, some of the evolved clones had only one mutation (e.g. on the oatA or
gacS gene; Table S1), therefore the grow improvement observed can be directly attributed to the effect
of the mutation.

In summary, based on the type of mutations observed, their parallelism and their link to growth
improvements, it is likely that half of the mutations observed at generation 200 are adaptive. To confirm
if these and other mutations are indeed adaptive future experiments would require inserting single

mutations into the ancestral background and measure their fitness effects.

Early adaptation of P. putida influences A. johnsonii’s evolutionary trajectory

We established that clones acquired adaptive mutations after 200 generations of evolution in
constant and fluctuating environments. Based on this rapid evolution we tested if mutations appeared
as early as 92 generations in the fluctuating environment and if this adaptation could have been
associated with the extinction or persistence of A. johnsonii. We characterized the first steps of
adaptation by sequencing the genome of single clones isolated from the consortia evolved in the

fluctuating environment at generation 92; i.e. before the extinction of A. johnsonii.
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In all four consortia, P. putida accumulated one or more mutations at generation 92 (Table S2).
Interestingly, these mutations targeted the same genes and functions mutated in clones isolated from
generation 200 and evolved under different conditions. For example, clones isolated from generation 92
had mutations on either the uvrY or the gacS gene; the exception being the clone from consortium#3
which had a unique mutation not observed in any other line or condition. In addition, P. putida’s clones
from generation 92 grew better than the ancestor: both the maximum growth rate and the yield were
on average 1.9-fold that of the ancestor in benzoate and 1.8-fold that of the ancestor in citrate.

In the case of A. johnsonii, clones isolated at generation 92 from consortia #1 and #2 — in which
A. johnsonii went later on extinct — did not have mutations and were identical to the ancestor (Table S1).
Accordingly, clones grew as well as the ancestor (Figure 3, Table S2). In contrast, clones from consortia
#3 and #4 — in which A. johnsonii persisted until the end of the evolution experiment — had one or two
mutations. These mutations targeted the epsL gene coding the putative sugar transferase EpsL and the
hyaD gene transcribing the hyaluronan synthase and were only observed in the co-cultures evolving in
the fluctuating environment (Table 1). One caveat of our experimental design is that we only sequenced
one clone per time point; thus, we do not know if these mutations were representative of the entire
population. That said, we observed the exact same mutation at generation 92 and at generation 200
(Table S1). If these mutations were in low frequency in the population, e.g. at 1%, the probability of
randomly sampling the same mutation twice is very low (P=0.01). Thus, it is likely these mutations were
already at high frequency in the population or that they reached high frequency by generation 200. In
either case, the fact that we observed these mutations both at generations 92 and 200 suggest that the
mutations were numerically well-established in the population.

Intriguingly, clones carrying these mutations did not have significant growth improvements
when A. johnsonii was growing in isolation on benzyl alcohol or on citrate (Figure 3, Figure S4, Table S2).

Despite not knowing their specific function or phenotypic effects, we posit that these mutations
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prevented the extinction of A. johnsonii, potentially by modulating the interaction that A. johnsonii has
with P. putida.

Taken together, we hypothesize that P. putida’s adaptation to a fluctuating environment could
have exerted an additional selective pressure on A. johnsonii and this indirect effect could have led to
the extinction of A. johnsonii. To test this hypothesis, we used a mathematical model that we previously
developed and that accurately predicted community dynamics from single-species behavior (i.e. growth
essays; (24). This mathematical model explicitly modelled the changes in resources and the bacterial
growth. The model was informed by growth and microbial activities measured in single-species
experiments; i.e. growth curves and metabolite analysis of monocultures. The five parameters used to
parametrize our model were: 1) the maximum growth rate, 2) the maximum resource uptake rate, 3)
the half-saturation constant, 4) the duration of the lag phase and 5) the benzoate excretion rate. In our
current study, we implemented this model to test eco-evolutionary dynamics (e.g. dynamics observed in
Figure 1 C). We parametrized the model using the growth curves of the ancestor and of the clone of P.
putida at generation 92 and 200 from consortium #2. We contrasted two scenarios: 1) a co-culture of
both ancestors in a fluctuating environment and 2) a co-culture of A. johnsonii’s ancestor with the
evolved clone of P. putida (see Material and Methods). Our model was able to capture the extinction of
A. johnsonii (Figure S5), although the speed at which extinction occurred was not the same as in the
evolution experiment (Figure 1). A. johnsonii’s extinction occurred after 28 and 22 days in competition
with a clone from generations 92 and 200, respectively (Figure S5). These results show that, in principle,
the growth improvement of one species can indirectly affect a second species and drive it to extinction.
In conclusion, early adaptation of P. putida could have played a decisive role in causing extinction of A.

johnsonii.
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Discussion

We have shown that in a constant environment, a cross-feeding interaction between two species is
stable over evolutionary timescales despite species changing through adaptation. In contrast, in a
fluctuating environment, in which cross-feeding periodically switches to competition, coexistence
sometimes breaks down. We have shown that extinction is highly deterministic: we repeatably
reproduce species extinction when we replay the evolution experiment from an intermediate time-
point. We hypothesize that early adaptation of one of the species affects the other species and drives it

to extinction, unless this second species evolves to counteract this effect.

The nature of the environment is important to predict how stable are species interactions over
evolutionary timescales

Although we understand some aspects of the factors that control the long-term stability of positive
interactions, most evolutionary studies on positive pairwise interactions have focused on well-
established mutualistic interactions between species that have been co-evolving for tens of thousands
to many millions of years (32, 33). Instead, here we have focused on the long-term stability of a newly
established positive pairwise interaction, which is more dynamic in respect of its environments; i.e. it
changes from positive to negative according to the culture conditions. A previous experimental
evolution study showed that a newly established mutualistic interaction between a bacterium and an
archaeon was stable for thousands of generations in a constant environment despite species evolving
(34). Interestingly, interactions were less stable during the first 300 generations (two out 24 co-cultures
went extinctic) suggesting the first step of adaptation might be relatively unstable (35). Similarly, in our
study we have shown that despite a period of erratic growth (Figure 1 B), evolution does not break
down the cross-feeding interaction between A. johnsonii and P. putida in a constant benzyl alcohol

environment. This was not the case in another study, in which P. putida evolved to exploit A. johnsonii,
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leading to commensalism breakdown (12). The main difference between this previous study and our
study is a lack of spatial structure in our environment. Spatial structure is necessary for the selection of
mutants that physically attach to the surface of A. johnsonii’s microcolonies (12, 36). Thus, spatial
structure is an important driver for the evolution of species interactions (37, 38).

The evolution of species interactions is not only shaped by spatial structure but also by temporal
structure. In a fluctuating environment, starting from an ecologically stable consortium, evolution can
destabilize species interactions leading to the extinction of one of the community members (Figure 1).
Interestingly, extinction is only one of the two evolutionary outcomes — two out of four co-cultures
show stable co-existence. This observation agrees with previous theoretical predictions anticipating the
collapse of coexistence in variable environments when evolution is rapid (16). That said, more
experimental studies on the evolution of positive species interactions are needed to confirm if this is a
general trend (39). Future directions to confirm if this is a general trend may require studies in variable
environments that are not so predictable as in our study, such as environments that change
stochastically or in environments with several stresses acting together, which may reflect better nature
(40, 41).

In summary, rapid evolution may lead to coexistence breakdown in a fluctuating environment.
This is not the case in the constant environment in which all four replicates converge into a single
community composition. Thus, the environmental context — e.g. spatial and temporal structure —is

important to predict the evolution of species interactions.

Adaptation to abiotic and not biotic conditions prevails in our experimental system
In natural environments it is difficult to disentangle the relative contribution of abiotic and biotic
factors to adaptation. This limitation can be overcome by studying adaptation in the laboratory. One

advantage of the laboratory setting, besides the well-controlled environment, is that it is possible to do
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evolution experiments in monocultures and co-cultures, controlling for the effect of biotic interactions
(42).

In our study, we evolved our strains in monoculture and co-cultures and concluded that A.
johnsonii and P. putida mostly adapted to the abiotic conditions; i.e. adaptation to the medium. This
conclusion is based on two lines of evidence. First, the mutations showing high level of parallelism —i.e.
putative adaptive mutations — are observed both in monoculture and co-cultures (Table 1). Second,
these same mutations are observed in all three conditions: constant benzyl alcohol, constant citrate and
fluctuating environment. It is likely that some these mutations are adaptation to features of the culture
conditions other than just the carbon source. For example, mutations inactivating the flagellar
machinery - observed in all conditions - have been reported to be an adaptation to shaking culture
conditions through the energy saved by reducing flagella motility (43). Interestingly, P. putida grows
better in both benzoate and citrate, regardless of the carbon source in which it was evolved (Figure 3,
Figure S4). This is surprising given that specialization to one carbon source has often been observed to
be associated with fitness trade-offs in other carbon sources (44—46) but see (47), which is not observed
in our study. In conclusion, both species predominantly adapted to abiotic conditions of the culture
conditions. Assuming that the relative importance of abiotic vs biotic factors shaping evolutionary
trajectories depends on the strength of species interactions (48), we can infer that the strength of the
commensal interaction is weak. Consistent with this conjecture, we observe that P. putida is not strictly
dependent on A. johnsonii for growing in benzyl alcohol.

In contrast, in our system, the strength of the negative interaction is strong and when the
commensal interaction is interrupted with periods of competition, the two surviving lines of A. johnsonii
accumulate mutations not observed in any other conditions (Table 1). Given their specificity, we posit
that these mutations are associated with responses to the presence of P. putida; i.e. biotic adaptation.

However, one limitation of our study is that we do know the mechanistic effects of these mutations. It is
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somewhat puzzling that we do not detect a beneficial effect of these mutations given that they persisted
for 200 generations. Previous theoretical work has shown that in fluctuating environments, selection is
less effective at discriminating between beneficial and neutral or deleterious mutations (21). Therefore,
in theory, it is possible for a neutral or deleterious mutation to achieve fixation. Alternatively, the
beneficial effect of A. johnsonii’s mutations might be expressed exclusively in the presence of P. putida,
which would support our conjecture that these mutations are adaptations to the biotic conditions.
Another limitation of our study is that we do not know how representative are these mutations
in the entire population given that we only sequenced one clone per time point. We hypothesize that
these mutations are well-established in the population given that we observe them both a generation
92 and 200. To confirm this hypothesis whole-population sequencing or whole genome sequencing of
several clones per time point may be required. In conclusion, our predictions about A. johnsonii showing
signs of adaptation to biotic conditions need to be followed by functional studies as well by population

genetic studies.

Extinction was a deterministic outcome of rapid evolution

A current debate in ecology and evolutionary biology is whether extinctions are caused by
stochastic or deterministic factors (28, 29). In our experiment, deterministic factors played a major role
in the extinction of A. johnsonii. We have reached this conclusion based on our replay experiment in
which we could repeatably recreate extinction events when starting from an intermediate time-point.
To our knowledge, highly deterministic extinctions during evolution experiments are rather uncommon.
In a previous experiment in which an E. coli strain evolved the ability to consume citrate and
outcompeted the strain unable to utilize citrate, extinction could not be replayed and was attributed to

stochastic factors (49).
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We postulate that extinction was caused by P. putida’s rapid evolution. In particular, we
hypothesize that P. putida’s adaptation to abiotic conditions indirectly influenced the evolutionary
trajectories of A. johnsonii. This hypothesis is supported with our mathematical simulations which show
that stable coexistence breaks down when inputting growth parameters relevant to adaptation. That
said, extinction occurred faster in our evolution experiment than in our simulations. Therefore, it is
possible that, in addition to indirect effects, direct effects played a role in extinction. For example, P.
putida could have exerted an additional selective pressure on A. johnsonii by evolving feature that
antagonized A. johnsonii. Future directions to confirm that P. putida’s rapid adaptation caused the
extinction of A. johnsonii may require head-to-head competition between clones isolated in the middle
of the experiment; e.g. P. putida isolates from generation 92 could be co-cultures with ancestors of A.
johnsonii to see if P. putida mutants lead to coexistence breakdown.

In conclusion, our study shows that rapid evolution can lead to highly deterministic outcomes in
simple communities. Furthermore, it highlights the need for more experimental studies to further our

understanding on the evolution of positive pairwise interactions in fluctuating environments.
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566  Figures and tables

567 Figure Legends

568  Figure 1. Two-species consortium displays different eco-evolutionary dynamics in different

569  environments. Population density (CFU ml?) trajectories of co-cultures from consortium #2 are shown
570  over 30 days of serial transfers (100-fold dilution) in three environments. Each circle represents the final
571 density of each species after daily cycles of growth; lines connecting circles help visualization and do not

572 have any biological meaning. Densities from the remaining three consortium at day 30 are also plotted
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(sums, stars and squares symbols). A. johnsonii’s extinction was confirmed by plating consortia for five

consecutive days in LB supplemented with streptomycin and confirming zero CFU ml™.

Figure 2. Coexistence and extinction were reproducible when we replayed the evolution experiment
from an intermediate time point. Population density (CFU ml™?) trajectories of six replicates launched
from populations samples frozen at day 14 during the evolution experiment. Each dot represents the
final density of each species after daily cycles of growth; lines connecting dots help visualizing replicates

dynamics (represented by different symbols) and do not have any biological meaning.

Figure 3. Evolved clones tended to grow better than the ancestor in all carbon sources. Summary of
the growth fold-changes (evolved clones vs ancestor) from two parameters, the maximum growth rate
(1) and yield (Y) estimated from growth curves in benzyl alcohol (BA), benzoate (Ben) and citrate. The
column in the left lists all the experimental lines from which single clones were isolated; i.e. three
environments, constant Citrate (cstCi), constant Benzyl Alcohol (cstBA), fluctuating (Flu), in monoculture
(mono) and co-culture (co). Red colors indicate lower average growth and green colors higher average

growth. Data can be found in Table S2.

Table 1. Parallel mutations are commonly observed across experimental conditions. ‘Target’ refers to
the most commonly mutated gene or function. ‘Mut’ refers to the number of mutations observed across
lines. ‘P-value’ testing whether the number of mutations in a gene is random (Poisson cumulative
expectation). ‘Frequency across replicates’ in different conditions (cstBA = constant Benzyl Alcohol; cstCi
= constant Citrate; Flu = fluctuating environment; mono = monoculture; co = co-culture). Frequencies
reflect how replicable are mutations across replicates: 1 = mutation in 4 out of 4 replicates; 0.75 = 3 out

of 4; 0.5 =2 out of 4; 0.25 = 1 out of 4; 0 = 0 out of 4.

26



597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

Species Target Product/Function | Mut | P-value Frequency across replicates
cstBA cstBA | cstCi cstCi Flu Flu
mono | co mono | co mono | co
A. johnsonii | oatA O-acetyltransferase | 15 1*104° 1 1 0.75 - 1 0
OatA (0/2)
P. putida gacS Sensor protein GacS | 9 5%102 0.25 0 0.75 0.5 0.25 0.5
P. putida flagellum* | Flagellar 7 3*10Y 0.25 0 0.25 0.25 0.75 0.25
components
P. putida fleQ Transcriptional 5 3*101 0.25 0.25 0 0.25 0.25 0.25
regulator
FleQ/cyclic-di-GMP

*flagellum: genes related motility (GO:2000147); mutations in flgH (5), fliQ (1), flhB (1). P-value shown was calculated for figH.

Supplementary Information

Figure S1. Design of the evolution experiment design. We started from four independent clones (i.e.
four ancestors) and acclimated them in each of the three environments before initiating the evolution
experiment. We mixed the acclimated cultures from each species at a ratio of 1:1 to initialize co-cultures

(i.e. consortia) or evolved each species in monoculture (i.e. populations).

Figure S2. The positive effect of A. johnsonii on P. putida’s growth in a constant benzyl alcohol
environment is maintained over evolutionary timescales. Overall, P. putida density from replicate #2 in
the constant benzyl alcohol environment is 13 times higher in co-culture than in monoculture (1.7*10°
area under the curve for the monoculture vs 2.2*107 area under the curve for the co-culture). The area

under the curve was estimated with the function trapz (Matlab version R2017a).

Figure S3. Monocultures persist over the entire evolution experiment regardless of the environment.
Population density (CFU ml?) trajectories of A. johnsonii and P. putida’s population from replicate #2 are
shown over 30 days of serial transfers (100-fold dilution) in three environments. Each circle represents
the final density of each species after daily cycles of growth; lines connecting circles help visualization
and do not have any biological meaning. Densities from the remaining populations at day 30 are also

plotted (sums, stars and squares symbols).
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Figure S4. Evolved clones tended to grow significantly better than the ancestor in all carbon sources.
Summary of the growth improvement in benzyl alcohol (BA), benzoate (Ben) and citrate. We used the
same abbreviations as Figure 3. Statistical significance (P-values) were obtained from two-tailed t-tests
over means. Red colors are associated to significant lower growth and green colors to significant higher
growth. The asterisks represent significant growth improvement or reduction, with three asterisks
denoting P < 0.001, two asterisks denoting 0.001 < P < 0.01, one asterisk denoting 0.01 < P < 0.05 and a

dot denoting 0.05 < P < 0.1. Data can be found in Table S2.

Figure S5. Mathematical model predicts the extinction of A. johnsonii’s ancestor when competing
against evolved clones of P. putida. The results derived from the mathematical model are plotted when
simulating co-cultures of A. johnsonii’s ancestor (Aj) from consortium#2 against P. putida’s ancestor (Pp;
top panel), a clone from generation 92 (middle panel) and from generation 200 (lower panel) from
consortium #2 over 30 days. We used the parameters in Table S3 to run de model. Each line corresponds

to the connection between the final densities of each species after daily cycles of growth.

Table S1. Mutations identified in 58 genomes using breseq. Parallel mutations (i.e. mutations were

shared among replicate lines) are color-coded.

Table S2. Phenotypic characterization and growth comparison with the ancestors. For each of the 58
clones, the mean maximum growth rate and yield was obtained from three technical replicates. Two-
tailed t-tests were performed over means from the same temporal replicate (i.e. same plate-reader

experiment).
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639  Table S3. Parameters’ values used in the mathematical model. The parameters, the maximum growth
640  rate (Umax), the maximum uptake rate (V) and the half-saturation constant (K) where estimated as in Ref.

641  (24).
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