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Abstract
Rapid within-species evolution can alter community structure, yet the mechanisms underpinning this effect remain unknown.
Populations that rapidly evolve large amounts of phenotypic diversity are likely to interact with more species and have the
largest impact on community structure. However, the evolution of phenotypic diversity is, in turn, influenced by the presence
of other species. Here, we investigate how microbial community structure changes as a consequence of rapidly evolved
within-species diversity using Pseudomonas fluorescens as a focal species. Evolved P. fluorescens populations showed
substantial phenotypic diversification in resource-use (and correlated genomic change) irrespective of whether they were pre-
adapted in isolation or in a community context. Manipulating diversity revealed that more diverse P. fluorescens populations
had the greatest impact on community structure, by suppressing some bacterial taxa, but facilitating others. These findings
suggest that conditions that promote the evolution of high within-population diversity should result in a larger impact on
community structure.

Introduction

It is well documented that evolution can occur over ecolo-
gical timescales [1–3], and the impact of evolutionary
change on ecological processes is likely to be especially
important in microbial communities, where generation
times are short and population sizes are large [4]. Con-
temporary, rapid evolution can alter species interactions [5]
and the evolutionary trajectories of interacting species [6],
which will contribute to community-level changes in

assembly, composition and functioning [7–9]. Despite the
importance of eco-evolutionary dynamics and their impact
on community processes, the mechanisms through which
contemporary evolution alters communities, and how
abiotic and biotic conditions alter the magnitude of these
eco-evolutionary impacts, remains unknown.

Rapid evolutionary diversification into resource specia-
lists (which has been observed both in vitro [10] and in vivo
[5]) could play a key role in driving changes in community
structure and function [11]. Within a trophic level of a
community, a more diversified population is likely to
interact with more species, and hence would be expected to
have a greater impact on community composition [12, 13].
Conditions that promote adaptive diversification could
therefore result in greater consequences of rapid evolution
on community composition.

Competition—both intra- and interspecific—is a key
driver of adaptive diversification. Populations evolving in
the absence of strong interspecific competition have been
shown to diversify to fill available abiotic niches to reduce
intraspecific competition [14, 15]. Consequently, after
mixing with a novel community, populations that have
diversified in the absence of interspecific competition are
likely to experience greater niche-overlap with interspecific
competitors. This would strongly impact community
composition. Interspecific competition can also promote
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adaptive diversification [16], but likely in ways that reduce
niche overlap with interspecific competitors (character dis-
placement) [15, 17], although niche differentiation may be
limited when competition is for essential resources [9].
Thus, populations that diversified in the presence of inter-
specific competitors are expected to have a lesser impact on
the structure of a novel community.

Another factor that may alter the effect of a species on
community composition is within-species coevolution.
Populations of a species which coevolved together are more
likely to have higher intraspecific diversity [18, 19]. As
such, coevolved focal species populations are likely to show
greater niche overlap and interact with more community
members. As a consequence, the effects of diversity—both
positive and negative—on community composition are
likely to be stronger when genotypes are strongly coevolved
[10, 18, 20].

Here, we investigate how the rapid evolution of diversity
in a focal species impacts the structure of a natural micro-
bial community. We build on previous work which
demonstrated adapting Pseudomonas fluorescens to a novel
potting soil environment prior to interacting with the natural
community resulted in major changes in community com-
position[3]: an example of an “evolutionary priority effect”
[8, 21, 22]. Here, we attempted to disentangle various
mechanisms through which pre-adaptation of a focal species
could alter subsequent community composition. We pre-
adapted the soil bacterium Pseudomonas fluorescens to
compost for 6 weeks and then tracked how these pre-
adapted populations affected the natural microbial com-
munity over another 6 weeks. Pre-adaptation was done in

both the presence and absence of the natural microbial
community to examine the importance of interspecific
competition in the evolution of within-species diversity.
When measuring the focal species’ impact on the natural
microbial community, we manipulated (1) pre-adaptation
history (with or without the natural microbial community),
(2) focal species diversity (1–24 clones), and (3) whether
clones had pre-adapted in the same population (sympatric of
allopatric pre-adaptation).

Methods

Pre-adaptation of Pseudomonas fluorescens

Isogenic Pseudomonas fluorescens SBW25 was pre-
adapted to compost, following similar methods to those
used previously [3]. The focal species contained a LacZ
genetic marker and a gentamicin cassette that allowed us
identify our focal species from the rest of the natural
microbial community [23]. Specifically, a single clone of P.
fluorescens was grown overnight at 28 °C in King’s Med-
ium B (KB) and then ~ 5 × 107 cells were inoculated into 12
replicate sterile microcosms. These microcosms consisted
of 90 mm round petri-dishes containing 30 g twice-
autoclaved compost (Verve, John Innes No2, UK). Half
of these microcosms (n= 6) were also inoculated with a 2
mL compost wash (20 g of compost per 100 mL M9 buffer)
containing the natural microbial community (Fig. 1a), and
the remainder with an equal volume of M9 salts solution.
Microcosms were then incubated for 6 weeks at 28 °C. At

Fig. 1 Overview of experimental design. a Populations of Pseudo-
monas fluorescens were pre-adapted to grow in compost in the pre-
sence (+ nmc) and absence (− nmc) of the natural microbial
community. After 6 weeks, clones were isolated and frozen. b Isolated
clones were assembled into different levels of diversity (1–24 clones)

and different pre-adaptation histories and left for another 6 weeks in
compost alongside the natural microbial community to investigate how
pre-adaptation changes the effect of a focal species on the resident
microbial community.
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the end of this pre-adaptation phase, 1 g of compost was
taken per microcosm and added to 6 mL of M9 solution in
30 mL glass vials. Vials were shaken for 2 h at 28 °C at 180
r.p.m, after which supernatants were frozen at −80 °C in
glycerol (final concentration 25%) for future assays. Each
soil wash was plated onto LB agar with X-gal (5-bromo-4-
chloro-3-indolyl-b-D-galactopyranoside; 90 µg/mL) and
gentamicin (30 µg/mL) to allow the LacZ marked and
gentamicin resistant P. fluorescens to be identified [24].
Four clones were picked from each microcosm and indivi-
dually grown overnight in KB broth at 28 °C and then
stored in glycerol (final concentration ~25%) at −80 °C.
This resulted in 48 clones of LacZ marked P. fluorescens
that had been pre-adapted to the compost environment, half
of which in the presence of a community (4 clones from 6
replicates of each; Fig. 1a).

Experimental setup

To disentangle the mechanisms important in determining
how pre-adaptation of a focal species impacts community
composition, we manipulated focal species diversity, pre-
adaptation history and whether focal species clones coe-
volved together to determine the relative importance of
these factors in determining the impact of a focal species on
soil microbial community structure. We imposed three
levels of focal species diversity: a single clone, four clones
and 24 clones (Fig. 1b; Table S1). Pooling clones across
replicates for the 24-clone treatment was the best way to
capture as much diversity as possible using the factorial
design. Within each level of diversity, the focal species had
either been pre-adapted with or without the microbial
community. For the microcosms inoculated with a mixture
of 4 clones, we also manipulated whether the clones had
pre-adapted in the same or different microcosms. Twelve
microcosms were inoculated with clones from the same pre-
adapted population (i.e., sympatric adaptation; pre-adapted
with [n= 6] and without [n= 6] the natural microbial
community). In addition, twelve microcosms were inocu-
lated with four randomly picked clones, ensuring that no
two clones from the same replicate were inoculated into the
same microcosm (i.e., allopatric adaptation). For the allo-
patric populations, clones were chosen irrespective of their
pre-adaptation history.

Experiments were conducted in square petri dishes (10 ×
10 cm) containing ~75 g twice-autoclaved compost. Pre-
adapted clones and the LacZ ancestor were grown shaking
overnight in KB broth at 28 °C. Each microcosm was then
inoculated with a total of ~1 × 107 cells of P. fluorescens,
resuspended in M9 buffer, with the abundance of each clone
normalised based on the diversity treatment. This was added
alongside 50 µL of the soil wash containing the resident
community (prepared as above) and was further diluted in

M9 buffer to a total volume of 2 mL. This inoculum was
added to each microcosm alongside 8 mL of sterile deio-
nised H2O to maintain soil moisture during the experiment.
In addition to these treatments, 6 negative control micro-
cosms were initiated that consisted of just the compost
community. Experimental microcosms were incubated at
28 °C for 6 weeks at 80% relative humidity. After 6 weeks,
soil samples were collected (2 g) and vortexed for 1 minute
with sterile beads and 12 mL of M9 buffer. The resultant
soil washes were used to determine P. fluorescens density
by plating onto KB agar supplemented with gentamicin and
X-gal (see above) and for DNA isolations to profile
communities.

Catabolic profiling of the focal species

To investigate whether pre-adapted clones had diversified
their resource use during pre-adaptation, the catabolic pro-
files of each of the 48 P. fluorescens clones was measured
using Biolog EcoPlates (Biolog, USA). Every plate had 3
replicate sets of wells containing 31 different carbon sour-
ces (Fig. S1), allowing bacterial growth to be measured on
multiple substrates. Each clone was grown shaking for
2 days from a freezer stock in 6 mL of KB broth at 28 °C.
1 mL of each culture was spun down in Eppendorf tubes at
15,000 g and resuspended in 1 mL of M9 salts solution to
ensure minimal carryover of nutrients into the Biolog plates.
Starting densities of P. fluorescens clones were normalised
to an estimated OD600 of 0.0015 (~600,000 cells mL−1) and
150 µL (~90,000 cells) was inoculated into each well. Plates
were incubated at 28 °C for 3 days. Each plate was placed in
a plastic box with a moist sponge at the bottom to prevent
evaporation of media from the wells which may confound
measurements of optical density (OD). OD (590 & 600 nm
wavelengths) was measured as a proxy for density of
Pseudomonas fluorescens using a plate reader (Biotek
Instruments Ltd). Readings of OD were taken with the lid
off at an average of every 12 h. Five clones of the ancestral
LacZ P. fluorescens strain were isolated from an overnight
stock and used to assess the diversity of the ancestral
population.

Sequencing of the focal species

To confirm that phenotypic variation in resource use reflected
genomic evolution, we did whole genome sequencing of all
clones used in the experiment. Each of the 48 clones and
the ancestor were grown overnight in KB broth (28 °C at
180 r.p.m). The next day, the cultures were diluted in M9 salts
buffer to ensure they had equal densities as measured by
OD600. Total DNA extraction (1.2 mL per sample) was
performed using the Qiagen Blood and Tissue kit following
the manufacturer’s instructions. An Illumina HiSeq 2000
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sequencer was used to generate 100 base pair (bp) paired end
reads from a 500 bp insert library at the Centre for Genomic
Research (Liverpool, UK). Reads were trimmed for the pre-
sence of Illumina adaptor sequences using Cutadapt (v1.2.1)
[25]. The reads were further trimmed with a minimum quality
score of 20. Reads shorter than 10 bp after trimming were
removed. Trimmed reads were mapped to the P. fluorescens
SBW25 reference genome with bwa-mem (v0.7.17-r1188)
[26]. Of the 49 sequenced clones, 45 mapped well to the
reference genome (mean read mapping percentage= 98.4%);
the other 4 (mean read mapping percentage= 0.06%) were
removed from further processing and analysis. Variants were
called using freebayes (v1.3.2-dirty) [27] with ploidy set to 1
(-p 1) and vcffilter from vcflib [28] was used to only keep
variants with a quality score >20. Further hard filtering steps
were taken to try and retain only high confidence variants
(depth within 2 standard deviations of the mean depth across
all positions within a sample, depth >2, quality:depth >2, end
placement probability >20, strand balance probability >20,
number of alternate observations on the forward strand >20).
We then removed the two variants that were present in the
ancestor, which resulted in 10 unique genetic changes being
identified across the remaining 44 clones.

Characterisation of the microbial community

After the 6-week experimental period, microbial commu-
nities were characterised using 16S rRNA gene amplicon
sequencing. At the end of the experiment, DNA of each
compost microcosm was extracted from the soil washes
using the MO BIO PowerSoil DNA extraction kit (MO BIO
Laboratories Inc. Carlsbad) following the manufacturer’s
instructions. A 254 bp conserved fragment from the V4
hypervariable region was targeted using N501f and N701r
primers with a pool of indexed primers suitable for multi-
plex sequencing with Illumina technology. Sequencing of
amplicons of the V4 region of the 16 S rRNA gene using
the Illumina MiSeq 16S Ribosomal RNA Gene Amplicons
Workflow was undertaken by the Centre for Genomic
Research (Liverpool, UK). We then processed and analysed
the sequence data in R (v 3.5.1) using the packages
“dada2”, “phyloseq” and “phangorn”. Following the stan-
dard full stack workflow [29], we estimated error rates,
inferred and merged sequences, constructed a sequence
table, removed chimeric sequences and assigned taxonomy.
During processing, forward and reverse reads were trun-
cated between 25 and 250 nucleotide positions due to poor
quality scores. Assembled amplicon sequence variants
(ASVs) were assigned taxonomy using the Ribosomal
Database Project [30]. We estimated the phylogenetic tree
using the R package “phangorn” [31] to allow for the cal-
culation of weighted Unifrac distance between commu-
nities. To do this, we first constructed a neighbour-joining

tree, and then fit a Generalized time-reversible with Gamma
rate variation maximum likelihood tree using the neighbour-
joining tree as a starting point. We then removed any reads
that had not been assigned to at least the phylum level (583
of 5521 unique ASVs). To identify the focal species, we
manually blasted the 7 different obtained ASVs for the
genus Pseudomonas against the SBW25 16S sequence. This
ASV was removed from every sample before most down-
stream analyses to ensure that any differences in community
composition were not driven by changes in the read abun-
dance of the focal species. Processing and filtering steps
resulted in 1 sample being removed from downstream
analysis (clonal diversity= 4, pre-adaptation history=with
community), with the remaining data having a maximum
number of reads in a sample of 204,796, minimum of
28,591 and mean of 94,494. As the negative control and the
natural microbial community samples did not contain any of
the focal species, P. fluorescens, they were removed after
completion of data cleaning.

Statistical analyses

Analysing resource use of the focal species

The analysis of resource use splits phenotypic variation (VP)
of the 4 clones isolated from each replicate population into
clonal variation (VC), environmental variation (VE) and
clone-by-environment variation (VCE). As growth in Biolog
plates does not necessarily represent growth in the compost
environment, we concentrate on relative measures of growth
(VC and VCE) rather than absolute measures of growth (VE).
Differences in VP, VC and VCE between treatments and the
ancestor would indicate that the pre-adaptation phase altered
resource-use and would strongly suggest our diversity
treatments reflect real differences in resource-use diversity.
Measurements of OD in blank wells (inoculated with M9)
were subtracted from the OD readings and negative corrected
values of OD were removed. We visually examined all time
points and chose a set of measurements and wavelength
where exponential growth had occurred but before stationary
growth and the formation of biofilms inflated the values of
OD on some substrates (Fig. S1). Consequently, we used the
measurements of OD590 after ~45 h of growth. Two of the 48
pre-adapted clones failed on the biolog plates and were
removed from the analysis. The number of substrates was
filtered to remove substrates where no growth was observed
(defined as OD590 < 0.05). This left 18 carbon substrates
from which analysis of resource-use was applied, with
metrics being calculated per population.

All metrics were calculated at a population level. Pheno-
typic variation, VP, was calculated as the average (by taking
the mean) euclidean distance between catabolic profiles across
all pairs of clones [32]. Our calculation of within-population
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clonal variation was the average variance of clone perfor-
mance on each substrate [33], and environmental variance as
the average clone performance across all substrates. We were
particularly interested in clone-by-environment variation, as
this captures the extent to which clones diversified into
resource use specialists: a key assumption for the hypothesis
that diversity is a key mechanism by which rapid evolution
affects community composition. More specifically, clone by
environment interactions can be decomposed into respon-
siveness and inconsistency (Fig. S2) [33–35]. Responsive-
ness, R, indicates differences in environmental variances
between clones within a population.

R ¼
X ðσi � σjÞ2

2GðG� 1Þ; ð1Þ

where G is the number of clones tested within a population and
σi and σj are the standard deviations of environmental
responses of each clone tested. A relatively high responsive-
ness value would mean that some clones within that population
are generalists and some clones are specialists (i.e. one clone
performs equally well on substrate A and B, while another
clone performs much better on substrate A relative to B).
Resource specialisation is quantified by inconsistency, I,

I ¼
Xσiσjð1� pijÞ

GðG� 1Þ ; ð2Þ

where pij is the correlation of performance across substrates
between each pair of clones. High inconsistency means
negative correlations between clones across environments (i.e.
one clone performs better on substrate A than B, and vice
versa for another clone). In instances of high inconsistency
and high responsiveness, clones take advantage of different
resources, and some clones are specialists, and some are
generalists (Fig. S2). Each variance component was calculated
for the four clones isolated from each replicate; differences
between pre-adaptation treatments (with or without the
microbial community) were analysed using linear models. It
was not possible to include the LacZ ancestor in this analysis
as there was only a single replicate population. Instead, Mann-
Whitney U tests of each variance component was compared
to a null hypothesis where the mean is no different from the
value of the variance component in the LacZ ancestral
population. For the multiple testing of different variance
components, the false discovery rate (fdr) method of adjusting
p values was used [36].

Analysing genomic evolution of the focal species

We evaluated genomic diversity of the focal species by cal-
culating alpha diversity using a modified version of the Hardy-
Weinberg equilibrium, such that α ¼ Pð1� p2i � q2i Þ, where

i is the position of each variant, p is the proportion of the
variant and q is 1− p. This was calculated for each population
by pooling the variants across clones and calculating each
variant’s frequency. We also looked at genomic diversity of
the 24 clone mixes by pooling clones across pre-adaptation
treatments. Differences between pre-adaptation treatments
(with or without the microbial community) were analysed
using linear models. It was not possible to include the 24 clone
mixes into this analysis as they are only a single point. Instead,
within each pre-adaptation treatment, Mann-Whitney U tests
of each genomic diversity of 4 clones was compared to a null
hypothesis where the mean is no different from the value of
genomic diversity present in the 24 clone pool.

Analysing the impact of the focal species on the natural
microbial community

The 16S sequencing data was split up to investigate the
effect of focal species diversity, pre-adaptation history and
coevolution of the focal species on community composi-
tion. To investigate community change, we looked at
changes in community composition, alpha and beta
diversity. Each analysis used dissimilarity indices to
quantify the compositional dissimilarity between commu-
nities. We used the weighted Unifrac distance [37] as our
measure of compositional dissimilarity between commu-
nities, which weights the branches of the phylogenetic tree
based on the relative abundance of each ASV. Differences
in composition between compost microbial communities
were analysed using the R packages “phyloseq” [38],
“vegan” [39], and “ape” [40]. Permutational ANOVA tests
were run using the “adonis” function in the “vegan”
package in R with 9999 permutations and differences in
group dispersion (which test for differences in beta-
diversity between treatments) were analysed using the
“betadisper” function from the same package. The pro-
portion of variance explained by each principal component
was calculated using the function “pcoa” in the “ape’”
package, where we applied the cailliez correction to
account for negative eigenvalues [41].

First, we tested whether pre-adaptation history (evolved
with or without the microbial community) altered the
impact of the focal species on community composition. To
do this we split the data at each level of diversity (i.e., single
clone, four clones or 24 clones), and did a separate per-
mutational ANOVA and homogeneity of variance test, with
pre-adaptation history as the predictor variable. For the
individual clones, we first checked whether there was any
impact of population origin on community composition. For
each clone, we calculated the mean weighted Unifrac dis-
tance to each sympatric and allopatric clone, and there was
no effect of sympatry or allopatry on average distance
between clones (Fig. S3).
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Next, we looked for an overall impact of diversity on
community composition. We pooled the different pre-
adaptation history treatments at each level of diversity, so
we had four levels of diversity: LacZ ancestor (n=6), single
clone (n= 48), four clones (n= 24), and 24 clones (n= 12).
A single permutational ANOVA tested whether there was
an overall impact of diversity on community composition.
Following this, we ran pairwise permutational ANOVAs
between all pairs of diversity treatments to disentangle
which treatments were causing any observed effect of
diversity as a whole. This was done by subsetting the data
into each pair of diversity treatments, running a permuta-
tional ANOVA on each subset, and extracting the R2 value
and p value, which was adjusted using the fdr method. We
also looked for an effect of diversity on community com-
position within pre-adaptation treatments. (Pairwise) per-
mutational ANOVAs were run as above.

Within the four clone mixes, we investigated whether
clones that coevolved together (sympatric adaptation) had a
different effect on community composition than mixes
consisting of clones from different communities (allopatric
adaptation). We subsetted the data to just include the four
clone mixes, and then ran a permutational ANOVA with
allopatric vs. sympatric focal species population as a pre-
dictor variable.

To identify which ASVs differed in abundance between
diversity levels, we fitted a negative binomial generalised
linear model to the data using the “DESeq” function in the R
package “DESeq2” [42, 43]. This method calculated sig-
nificant differences in the abundance of ASVs using Wald
tests and p value correction using the fdr method. For this
analysis, we left the ASV assigned to focal species in each
sample as it was important to know how common it was and
whether it changed in abundance. Based on the paired
permutational ANOVAs, we grouped the levels of diversity
into high (24 clones) and low (the LacZ ancestor, individual
clone and four clone mixes). This method used the raw
counts and we selected only the 100 most common ASVs
across all samples as the weighted Unifrac distance reduces
the impact of low abundant ASVs. We tested whether
changes in abundance were correlated with phylogenetic
distance from the focal species using a Pearson’s correlation
test. Phylogenetic distance of each ASV to the focal species
was calculated using the “distTips” function in the R
package “adephylo” [44].

To investigate differences in alpha diversity between
communities, we used the total number of ASVs as our
metric of alpha diversity. We looked at whether pre-
adaptation history impacted alpha diversity by splitting the
data into levels of focal species diversity (individual clones,
4 clones and 24 clones) where all clones were either pre-
adapted with or without the natural community. Separate
linear models were ran on each subset of the data, with

observed ASVs as the response and pre-adaptation history
as the predictor. We further investigated whether focal
species diversity impacted alpha diversity by pooling the
different pre-adaptation history treatments at each level of
diversity: LacZ ancestor (n= 6), single clone (n= 48), four
clones (n= 24), and 24 clones (n= 12). We tested for
differences in abundance between treatments using a linear
model. Model selection and comparisons were done as for
the analysis on the density of P. fluorescens.

Analysing the density of the focal species

The final density of P. fluorescens across treatments was
analysed using linear models. The data was first log10
transformed and one replicate was removed where no P.
fluorescens was cultured (pre-adapted without the commu-
nity, the individual clones that also failed on the biolog
plate). We looked at whether pre-adaptation history
impacted final density of the focal species by splitting the
data into levels of diversity (individual clones, 4 clones and
24 clones) where all clones were either pre-adapted with or
without the natural community. Separate linear models were
ran on each subset of the data, with log10 abundance g

−1 soil
as the response and pre-adaptation history as the predictor.
Model selection was done using likelihood ratio tests and
the fdr method was used to adjust p values. We further
investigated whether diversity affected P. fluorescens den-
sity by pooling the different pre-adaptation history treat-
ments at each level of diversity: LacZ ancestor (n= 6),
single clone (n= 48), four clones (n= 24), and 24 clones
(n= 12). We tested for differences in abundance between
treatments using a linear model. Model selection was done
as above and comparisons were done between individual
treatments using the R package “emmeans” [45]. Despite
the unbalanced sample sizes between treatments, within
group variance did not correlate with sample size (spear-
man’s rank correlation between within-group variance and
number of samples within that group: p= 0.42), thus jus-
tifying our use of standard linear models. All analyses were
undertaken in R (v3.6.1) [46] and all plots were made using
the package “ggplot2” [47].

Results

Pre-adaptation to compost results in higher focal
species functional diversity

Isolated clones grew differentially on different carbon
substrates and there was variation between individual clones
and across treatments (Figs. 2a and S4). Pre-adaptation
resulted in higher phenotypic variation (Wilcoxon rank
sum: padj= 0.0006) and clonal variation (Wilcoxon rank
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sum: padj= 0.0006) compared to the ancestral population,
with every pre-adapted population having higher values
than the ancestral population (Fig. 2b). However, there was
no difference in phenotypic or clonal variation (Figs. 2b and
3a) between populations pre-adapted with or without the
microbial community.

To examine the evolution of diversity further, we looked
for any clonal x environment interaction in the diversity of
resource-use across populations. We split VCE into incon-
sistency and responsiveness. Pre-adapted populations showed
higher inconsistency (i.e. the degree to which different clones
specialised on different substrates) than the ancestral

population (Wilcoxon rank sum: padj= 0.0006), with every
value being greater than the ancestral population (Fig. 2c).
There was no difference between evolving with or without the
natural microbial community (ANOVA comparing models
with and without the presence of the community: F1,10= 0.80,
p= 0.39). Moreover, responsiveness (i.e. variance in the
degree of generalism) did not differ between populations pre-
adapted with and without the natural microbial community,
and responsiveness was not higher in pre-adapted populations
compared to the ancestral population (Wilcoxon rank sum:
padj= 0.677); (Fig. 2d). Overall, pre-adapted populations had
higher functional diversity than the ancestral population and

Fig. 2 Differences in resource use between clones. a Ranked sub-
strate fitness curves for ancestral clones (red) and clones pre-adapted
with (grey) and without (black) the natural microbial community.
Substrates are ranked by the mean value across all clones. Increased
separation between responses indicates greater clonal variation, while
increased slope differences indicate greater environmental variation.
Moreover, differences in rankings (some clones being better on the
second substrate than the first), represent instances of resource spe-
cialisation. b Pre-adapted populations had higher clonal variance than
the LacZ ancestor. c There was no difference in responsiveness

between treatments or the LacZ ancestor, indicating no generalist vs.
specialist trade-offs due to pre-adaptation (d) Inconsistency was higher
in the pre-adapted treatments regardless of the presence of the
microbial community, indicating that pre-adaptation resulted in
increased resource specialisation. In (b–d), tops and bottoms of the
bars represent the 75th and 25th percentiles of the data, the white lines
are the medians, and the whiskers extend from their respective hinge to
the smallest or largest value no further than 1.5*interquartile range.
Points represent the mean value per population.
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this was not impacted by pre-adapting with or without the
natural microbial community.

Patterns of phenotypic variation broadly align with
patterns of genomic evolution

To look at whether increased diversity of resource use was
associated with genomic changes, we sequenced all 49
clones (48 pre-adapted and 1 ancestor) used in the experi-
ment after the pre-adaptation phase. Across all populations,
all but one population contained higher genomic diversity
than the individual clones or the ancestral clone (Fig. 3b;
genomic diversity > 0). In both pre-adaptation treatments,
genomic diversity of the 24 clone mixes was higher than 5
out of 6 of the 4 clone mixes (Wilcoxon rank test: p=
0.0625). The patterns of genomic diversity also broadly
align with the patterns of phenotypic variance (Fig. 3),
demonstrating that the diversification of resource use of the
focal species was likely driven by rapid evolution. In line
with this, there was no difference in genomic diversity
between populations of P. fluorescens pre-adapted in the
presence or absence of the natural microbial community
(Fig. 3b; ANOVA comparing models with and without pre-
adaptation history: F1,10= 2.10, p= 0.178).

Focal species diversity drives the impact of a focal
species on community composition

We looked for an overall effect of diversity on community
composition by pooling across pre-adaptation treatments.
Focal species diversity significantly altered community
composition (PERMANOVA, F3,85= 2.30, R2 = 0.08, p=
0.01; Fig. 4a). The first principal coordinate explained
23.7% of the total variation and partially separated the
highest diversity treatment (24 clones) from the other levels

of diversity (Fig. 4b): 83% of communities that contained
24 clones of the focal species mapped to a positive axis
1 score, compared to an average of 31% of single clone
samples, 44% of four clone samples and 33% of samples
inoculated with the LacZ ancestor. To determine whether
this separation was significant, we ran the multiple pairwise
permutational ANOVAs (see Methods, Table S2). Com-
munities that were inoculated with the highest diversity
treatment of the focal species, 24 clones of P. fluorescens,
had a different composition than communities grown with
a single pre-adapted clone (PERMANOVA: R2= 0.08,
padj= 0.01), four pre-adapted clones (PERMANOVA:
R2= 0.12, padj= 0.008), and the LacZ ancestral population
(PERMANOVA: R2= 0.17, padj= 0.036). None of the
contrasts between any of the other diversity treatments were
significant (PERMANOVAs: all padj > 0.05, Table S2).
When looking at an effect of diversity within the same pre-
adaptation treatment, similar results were found when
populations were pre-adapted without the natural microbial
community (high diversity changed community composi-
tion), but diversity did not impact community composition
in populations pre-adapted with the natural microbial
community (Table S3).

As expected from the phenotypic assays, there was no
effect of pre-adaptation history on community composition
(based on weighted Unifrac distances) at any level of focal
species diversity (Fig. 5; Table S4; multiple PERMANO-
VAs: all p values > 0.05). Moreover, there was no differ-
ence in the community composition between those that
evolved sympatrically or allopatrically (PERMANOVA:
F1,21= 0.6, R2= 0.03, p= 0.63). In summary, these results
show that it is the evolution of diversity in the pre-adapted
population that resulted in pre-adapted P. fluorescens
impacting community composition differently compared to
the ancestral P. fluorescens.

Fig. 3 Phenotypic variation in resource use after pre-adaptation
reflects associated genomic changes. a Differences in phenotypic
variation of resource use between populations. b Differences in
genomic diversity between populations. Tops and bottoms of the bars
represent the 75th and 25th percentiles of the data, the white lines are

the medians, and the whiskers extend from their respective hinge to the
smallest or largest value no further than 1.5*interquartile range. Small
points represent the diversity of a single population (four clones). The
large points for pre-adapted populations represents the phenotypic and
genomic diversity of the 24 clone pools.
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Of the 100 most common ASVs across all samples, 22 of
these had significant changes in total abundance between
low (LacZ ancestor, individual clone and 4 clone samples
pooled) and high diversity (24 clone samples) treatments
(Fig. 6; padj < 0.05), with 12 ASVs increasing and 10
decreasing in abundance. There was no correlation between
phylogenetic distance from the focal species, P. fluorescens,
and changes in taxon abundance (Pearson’s correlation
between log2 fold abundance change and phylogenetic

distance from P. fluorescens SBW25: t = 1.27, d.f.= 20,
p= 0.22).

Focal species are more abundant in the community
after pre-adaptation

The ASV identified as the focal species was the 39th most
abundant (of 4928 unique ASVs) across all samples. There
was no effect of pre-adaptation history on final population

Fig. 5 Effect of pre-adaptation on community structure at differ-
ent levels of diversity. Across levels of diversity, from (a) a single
clone, (b) 4 clones and (c) 24 clones, there was no effect of pre-
adaptation history of the focal species with (grey) or without (black)
the community on subsequent community structure. Large points

represent centroids of treatments and small points individual micro-
cosms. Lines connect individual microcosms to treatment centroids.
The centroids and microcosms of the LacZ ancestor (red) are plotted
across panels to help visualise the overall effect of diversity.

Fig. 4 Effect of diversity on community composition. a Principal
Coordinate (PCoA) plot of communities based on weighted-Unifrac
distance. The percentage of variation explained is shown on each axis
(calculated from the relevant eigenvalues). Increasing diversity (24
clones; purple) alters community composition, whereas individual
(blue) and sets of 4 (green) pre-adapted clones had no consistent
impact on community composition compared to the LacZ ancestor
(red). b The separation of microcosms with diversity along PCoA axis

1 scores. In (a) each small point is a microcosm, large points are
positions of centroids and lines connect individual microcosms to
treatment centroids. In (b) points are individual microcosms, tops and
bottoms of the bars represent the 75th and 25th percentiles of the data,
the white lines are the medians, and the whiskers extend from their
respective hinge to the smallest or largest value no further than
1.5*interquartile range.
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density of the focal species across all levels of focal spe-
cies diversity (all raw p values > 0.05). Consequently, we
looked for an effect of diversity on population density
(Fig. 7) and found that density varied across diversity treat-
ments (ANOVA comparing models with and without
diversity: F3,84= 3.78, p= 0.013). This effect was driven by
the final density of the LacZ ancestor (mean log10 density
g−1 soil= 5.47, 95% CI= 5.06–5.87), which was sig-
nificantly lower than that of the pre-adapted focal popula-
tions at each level of diversity (Fig. 7, Table S5). Diversity
did not differentially affect the population density of pre-
adapted Pseudomonas fluorescens (mean log10 abundance
g−1 soil= 6.16, 95% CI= 6.05–6.27) (Fig. 7, Table S5).

There were few changes in beta-diversity and alpha
diversity

There were no overall differences in between-community
diversity (beta-diversity) across levels of diversity or pre-

adaptation with or without the natural microbial community
(all p values > 0.05). Moreover, there was little change in
alpha diversity (Fig. S5) across levels of focal species
diversity or pre-adaptation with or without the natural
microbial community. Alpha diversity was lower in com-
munities with 24 clones pre-adapted without the natural
microbial community (ANOVA comparing models with
and without the presence of the community: F1,10= 11.38,
padj= 0.02), but this effect of pre-adaptation was not
observed at other levels of focal species diversity (Fig. S5).
There was no overall effect of focal species diversity
(ANOVA comparing models with and without the effect of
focal species diversity: F3,85= 1.34, p= 0.27).

Discussion

While pre-adaptation of a focal species has been shown to
be as important as the purely ecological effects of the

Fig. 6 Effect of diversity on the abundance of common bacterial
ASVs. The log2 fold change in raw abundance of the 100 most
common ASVs from low diversity (pooled LacZ ancestor, individual
and four clones) to high diversity (24 clones). Of the 100 most com-
mon ASVs tested, 22 significantly differed in abundance between low
and high diversity, but no pattern was found between these ASVs and

relatedness to the focal species, P. fluorescens. P. fluorescens was the
39th most abundant ASV. Points represent estimated log2 fold change
in raw abundance of each ASV between low and high diversity
samples, error bars are ± the standard error and the number by each
point is the estimated mean number of that ASV in the low diversity
samples.
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presence of the species [3, 8], the mechanisms underlying
how and why pre-adaptation matters remain unknown.
Here, we investigated these mechanisms by examining how
pre-adaptation of a focal bacterial strain (P. fluorescens
SBW25) in different biotic and abiotic environments altered
the subsequent structure of a natural compost microbial
community. We show that rapid evolution of diversity,
rather than specific adaptation(s) per se, drove changes in
community structure. Adaptation of the focal strain resulted
in the evolution of increased diversity in resource use
compared to the ancestor (Fig. 2). These changes in phe-
notypic diversity correlated with genetic changes (Fig. 3). In
line with this, pre-adapted populations only changed com-
munity structure, relative to the effect of the ancestor, at
high levels of evolved diversity (Fig. 4). This effect of
diversity could not be explained by changes in focal
population density (Fig. 7), strongly indicating that it was
the evolved diversity, rather than concomitant changes in
density, that underpinned this pattern. Pre-adaptation his-
tory or whether or not the focal species population coe-
volved together did not alter the impact of the focal species
on subsequent community structure; nor did we find any
impact of the focal species on community diversity metrics.

Our work recaptures key findings from previous studies
demonstrating that pre-adaptation is important in shaping
community composition [3]. Crucially, however, we show
that increasing levels of diversity after pre-adaptation are
the key feature that drives this effect. At low diversity
(single or 4 clones), pre-adapted populations had no effect
on the natural microbial community compared to the pre-
sence of P. fluorescens per se (Figs. 4 and 5). An effect of
pre-adaptation on community composition was only seen at

high levels of diversity (24 clones). At higher levels of
genetic and phenotypic diversity, where clones of the focal
species diversified to specialise on different resources, the
focal species as a whole will likely interact with a larger
number of other species [2, 12, 48]. However, quantifying
which species of the natural microbial community the focal
species directly interacted with was beyond the scope of this
study. Of the 100 most common ASVs, 22 had significant
changes in abundance at high levels of focal species
diversity (Fig. 6), but whether or not an ASV significantly
increased or decreased in abundance was not linked to how
closely related the ASV was to the focal species. The lack of
this link could be because relatedness is often a poor pre-
dictor of resource-use and competitive traits in microbes
[49, 50]. Even though our study cannot tell us anything
about the resource-use of these organisms, significant
changes in their abundance still reflect that the focal species
diversified to interact differently with a wide range of
organisms.

Pre-adaptation increased niche differentiation (Fig. 2),
which likely altered the impact of interspecific competition
in multiple ways. First, by increasing niche overlap with a
larger number of species, and second by reducing the
impact of niche overlap on any single competing species
because fewer individuals of the focal species compete for
resources with it [12]. We see an overall effect of intras-
pecific diversity even in this highly diverse natural micro-
bial community containing hundreds of unique species.
Consequently, higher intraspecific diversity resulting in a
larger impact on community structure is likely to be a
general rule in eco-evolutionary systems.

Against expectations, pre-adaptation without the existing
community (i.e. evolutionary priority effects) did not alter
future community composition (Fig. 5). This is presumably
because evolved diversity, based on catabolic profiles, did
not differ when the community was present or absent
(Fig. 2). Previous work using this experimental system
reported greater diversification in the absence of the com-
munity [5], although this was based on the frequency of
novel (wrinkly spreader) morphotypes, which rarely
exceeded 10% of the population. Niche complementarity
between morphotypes (i.e., smooth and wrinkly spreader) is
much greater than within morphotypes [10, 51], so perhaps
it is unsurprising that we do not see any impact of pre-
adaptation on the catabolic profiles of the focal species.

We had expected coevolved genotypes of the focal
species to have a greater impact on community composition
than randomly assembled genotypes, given that we hypo-
thesised greater diversity in the former. Our experimental
design allowed us to investigate this as when four clones
were inoculated, some were randomly assembled whereas
others were from the same pre-adaptation replicate. We
found no impact of focal species coevolution on community

Fig. 7 Density of the focal species at the end of the experiment.
Tops and bottoms of the bars represent the 75th and 25th percentiles of
the data, the white lines are the medians, and the whiskers extend from
their respective hinge to the smallest or largest value no further than
1.5*interquartile range. Points represent the log10-transformed density
of an individual replicate population.
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composition. The absence of an effect is however consistent
with recent work showing that P. fluorescens evolves in a
very parallel fashion (in vitro) with no evidence of geno-
types being locally adapted to their populations [52].

Our experimental design specifically addressed how
contemporary evolution affects community composition in
the context of evolutionary priority effects: rapid local
adaptation reinforcing the well-established ecological
impact of colonisation order on community properties
[8, 21, 22]. Of course, in most contexts, single species will
not evolve in isolation but instead species would be
simultaneously (co)evolving. It is unclear how this would
change the impact of contemporaneous evolution, and
would likely depend on whether such coevolution increased
the scope for resource partitioning between species, or
increased the chances for competitive exclusion due to
intraspecific niche complementarity [48]. In summary, we
show that the rapid evolution of diversity is important in
determining the impact contemporary evolution of species
on its competitors. Hence, abiotic and biotic conditions that
promote adaptive diversification are likely to result in the
largest impacts of pre-adaptation on community structure.
Better understanding the conditions that promote adaptive
diversification is therefore key in understanding instances
where pre-adaptation is likely to strongly influence com-
munity dynamics.

Data availability

All data and R code used in the analysis is available on
GitHub (https://git.io/JUOpE) and archived on Zenodo.
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