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To predict the composition and function of ecological communities over
time, itis essential to understand how in situ evolution alters priority

effects between resident and invading species. Phyllosphere microbial
communities are a useful model system to explore priority effects

because the systemis clearly spatially delineated and can be manipulated
experimentally. We conducted an experimental evolution study with
tomato plants and the early-colonizing bacterium species Pantoea
dispersa, exploring priority effects when P. dispersa was introduced before,
simultaneously with or after competitor species. P. dispersa rapidly evolved
toinvade anew niche within the plant tissue and altered its ecological
interactions with other members of the plant microbiome and its effect
onthe host. Prevailing models have assumed that adaptation primarily
improves the efficiency of resident species within their existing niches,
yetinour study system, the resident species expanded its niche instead.
This finding suggests potential limitations to the application of existing
ecological theory to microbial communities.

Priority effects, an ecological phenomenon whereby community assem-
bly outcomes depend on the order of species arrival, can play acritical
rolein the assembly, stability and function of ecological communities'.
Understanding how resident communities resist and/or facilitate inva-
sions by arriving species can be useful for guiding ecosystem restora-
tionand promoting resistance to invasive species>’. Systemsin which
community assembly spans multiple generations open the potential
for evolution to play a role as well. This is probably true for microbial
communities, suggesting that models recognizing only ecological pro-
cesses may not sufficiently capture microbiome assembly dynamics®.
Currently, we have little understanding of how microbiomes evolve
within hosts or how within-host selection alters interactions between
resident species and invading species.

Prevailing eco-evolutionary models assume that species that
colonize hosts early in succession evolve to occupy their niches more
efficiently, providing an additional competitive advantage against
invaders’. Early-arriving species would thus resist invasion through
bothecological and evolutionary processes, implying that coexistence
of competing species should be low and that communities should be

highly resistant to change after initial establishment. Known as the com-
munity monopolization hypothesis, this model has received support
from several studies of microbial populations evolving in laboratory
culture®®, Yet observations of microbiomes in nature often reveal
continuous replacement among strains and species®'’, questioning
the extent to which adaptation can increase colonization resistance
within hosts.

The phyllosphere, or above-ground plant tissues, provides many
advantages for studying microbiome assembly. This plant compart-
mentis clearly delineated from the surrounding environment, supports
a diversity of microbial species and plays an important role both in
individual plant fitness and global nutrient cycling". To interrogate
priority effects in this system, we examined the adaptive potential
of the early-colonizing bacterium Pantoea dispersa on the leaves of
tomato plants (Solanum lycopersicum). This speciesis found on seeds
andinthe phyllosphere of juvenile and adult plants. Ina previous study,
P.dispersawas consistently detected in the microbiomes of 2-week-old
tomato seedlings', suggesting that it experiences ample opportunity
in nature to colonize new plants. However, the relationship between
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Fig.1| Within-host evolution of the early colonizer P. dispersa alters priority
effects among bacterial strains. a, Schematic of experimental evolution
protocol. Six replicate populations of P. dispersa were each inoculated onto
tomato seedlings via flooding. Seedlings were incubated for 1 week, then
harvested to isolate bacteria for the next generation ofinoculum. b, Schematic
ofarrival order experiments. Tomato seedlings were inoculated with either
evolved or ancestral P. dispersa and a competitor (P. dispersa, P. protegens or
P.syringae). Seedlings were harvested 72 h after the addition of the second strain
and plated on selective media to quantify population sizes. c, Competitor’s
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ability toinvadein arrival order experiments. Evolved populations of P. dispersa
were more resistant to invasion by P. protegens (two-sided t-test, t =1.99, degrees
of freedom (d.f.) = 63.05, P=0.05).d, P. dispersa ability to invade in arrival

order experiments. Evolved populations of P. dispersa were less successful at
invading P. syringae (two-sided t-test, t = 5.14, d.f. = 69.83, P=2.38 x 10"°). Grid
panelsincanddindicate competitor identity and asterisks indicate level of
significance: 0.05 < P <1(notsignificant, NS); 0.01< P < 0.05(*); 0.001<P<0.01
(**); 0 < P<0.001 (***). Error bars, means = s.e. (standard error, n = 6 replicates
per treatment).

P.dispersa and its host organisms may be context- or strain-dependent.
It can promote plant growth and protect against pathogens'>", yet has
alsobeenreported as an opportunistic pathogen of both plants and ani-
mals**®, Using experimental evolution and arrival order manipulations,
we asked how selection for increased host association in P. dispersa
altered priority effects and plant-microbe interactions.

Results and discussion

Priority effects shape microbial colonization outcomesinthe
tomato phyllosphere

We first asked whether priority effects might play an important role
in phyllosphere microbiome assembly by introducing P. dispersa to
tomato seedlings before, simultaneously with or after a competitor.
To capture arange of expected overlap in niches and potential out-
comes on host plant phenotype, we selected the following competi-
tors: (1) a closely related strain of the same species P. dispersa, (2) the
plant-protective bacterium Pseudomonas protegens and (3) the plant
pathogen Pseudomonas syringae, a causative agent of bacterial speck
and promoter of frost injury in plants'®"”. In the first two cases, the
eventual community composition strongly depended onarrival order,
indicative of priority effects. In contrast, P. dispersa and P. syringae
reached similar proportions regardless of their arrival order, possi-
bly reflecting differences in their life cycles and spatial localization

in the plant tissue (Extended Data Fig. 1). P. syringae inhabits mainly
the above-ground tissues of plants. The pathogenic strain used in this
study initially colonizes leaf surfaces as aweak epiphyte. Upon reach-
ing athreshold population size, it enters the leaf apoplast, where it
has specialized to multiply and cause disease'®. In contrast, P. dispersa
colonizes a wider variety of plant tissues (for example, roots, leaves,

stems and seeds) and has been detected both on plant surfaces" and
within the root and stem tissue”.

As arrival order is inevitably correlated with the amount of time
betweeninoculationand harvestinsuch experiments, it is possible that
early arrival appears advantageous only because of population growth,
independent of any interactions with other strains. We excluded this
possibility by measuring the growth of each strain on plants in the
absence of competition, whichindicated that the duration of the exper-
iment was sufficient for all strains to reach carrying capacity (Extended
DataFig.2). We observed no differences in plant growth across any of
these inoculations (Extended Data Fig. 3).

Experimental evolution alters the direction and magnitude of
priority effects

To select for increased host association, we repeatedly inoculated
tomato seedlings grown in sterile microcosms with replicate popula-
tions of P. dispersa and allowed the bacteria to associate with the plant
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Fig.2|Changesin P. dispersa colonization dynamics over experimental
evolution. a, Life history in the absence of competition. Population sizes of
P.dispersa after inoculation via flooding. Interaction term between time since
arrival and evolutionary history: analysis of variance (ANOVA; two-sided),
F=12.07,degrees of freedom (d.f.) =1, P=0.0024. Error bands represent 95%
confidence intervals. b, Images of seedlings inoculated with evolved P. dispersa
populations. ¢, Quantitative assay of symptom severity. A cumulative measure of
symptom severity was calculated as the area under the curve of daily symptom
scores taken blindly with respect to treatment for 5 d after inoculation (n =30
seedlings). Symptom scores were higher in plants inoculated with evolved
P.dispersathaninancestral P. dispersa (ANOVA with Tukey’s honestly significant
difference (HSD) test correction, mean difference =1.77, adjusted P = 0.015) or
sterile buffer (ANOVA with Tukey’s HSD test correction, mean difference = 2.75,
adjusted P=0.00018).d, Bacterial population sizes on leaf surface. Seedlings
were submerged in sterile buffer, sonicated and vortexed thoroughly. Population

P. dispersa evolutionary history

sizes in leaf wash were determined via dilution plating. There was no difference
in population sizes between evolved and ancestral populations (n =12 seedlings,
two-sided ¢-test, t =1.194, P= 0.276). e, Bacterial population sizes in leaf tissue.
Following the sonication described ind, the remaining bacteria associated with
seedlings were isolated by homogenizing the seedling in sterile buffer. Evolved
populations reached higher population sizes in the leaf tissue than did ancestral
populations (n =12 seedlings, two-sided ¢-test, t = 3.23,d.f. = 9.93, P= 0.0091). Box
plots represent the first quartile, median and third quartile. Whiskers represent
1.5x theinterquartile range (IQR) (or minima/maximaif no points exceeded 1.5x
IQR). Asterisks indicate level of significance: 0.05 < P<1(NS); 0.01<P< 0.05 (*);
0.001<P<0.01(**);0<P<0.001(**).Note truncated y axes and logarithmic
scaleina,dand e. Each experimentincluded one or more seedlings inoculated
with sterile buffer and harvested alongside bacteria-treated plants. No bacterial
colonies were recovered from these controls.

for1week.Bacteriathat successfully colonized the plant were harvested
and used toinoculate the next generation of seedlings (Fig. 1a). Follow-
ing the experimental evolution, we asked whether within-host selection
had altered the ability of P. dispersa to resist invasion and/or invade
established populations of competitors (Fig. 1b).

After 6 weeks of experimental evolution within tomato seedlings,
populations of P. dispersa were significantly more resistant toinvasion
by P. protegensthan were their ancestral counterparts, consistent with
the suggestion that within-host adaptation can strengthen priority
effects by early colonizers (Fig. 1c, Extended Data Fig. 5a). In contrast,
evolved populations of P. dispersa did not improve their ability to
invade established populations of competitors (Fig. 1d, Extended
Data Fig. 5b). Where evolution of invasion success has been reported
in the literature, populations were passaged within cultures that had
been preconditioned by competitors’, suggesting that adaptation

to the host environment alone may not be sufficient to overcome
competition-mediated priority effects. Finally, evolved populations
of P. dispersa were significantly less effective than their progenitors
at colonizing plants after the establishment of P. syringae (Fig. 1d,
Extended Data Fig. 5b). This final observation was unexpected given
that P. syringae, an endophytic plant pathogen, had a substantially
differentlife cycle thanthe other strainsinthe study and had not previ-
ously shown signs of direct competition with P. dispersa.

Phenotypic and genetic parallelism underlie adaptation to the
phyllosphere

To understand this previously unobserved priority effect between
P.syringae and P. dispersa, we first examined the colonization dynam-
ics of ancestral and evolved P. dispersain the absence of competition.
The evolved populations appeared to have undergone a life history
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Fig.3|Genetic changes in P. dispersa during experimental evolution.

a, Functional annotations of genes fixed in one or more populations. Gene
product annotations are displayed according to the P. dispersa genome assembly
(NCBI22561). b, Evolutionary parallelism increases across broader levels of
categorization. The leftmost bar indicates the proportion of mutations observed
inthe experiment that were unique or shared among two, three, four, five or six
populations at any allele frequency. Middle bar indicates the extent of overlapin
genes that accumulated mutations, whether they were at the same or different
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positions. The rightmost bar indicates the extent of overlap in gene annotations
thataccumulated mutations, whether they were in the same or different

genes. ¢, Frequencies of mutations within and across populations. Mutations
arising in parallel tended to reach higher allele frequencies within populations
(generalized linear model with binomial distribution, z = 4.02, degrees of
freedom (d.f.) =212, P=1.04 x107%). Error bars, means + s.e. (standard error,

n =218 mutations).

shift, reaching higher population sizes than their ancestor but only
afteraperiod of slow growth (Fig. 2a). Additionally, many plantsinocu-
lated with either ancestral or evolved P. dispersa showed phenotypes
reminiscent of disease, such as specks and chlorosis on cotyledons,
that were not present in plants inoculated only with sterile buffer
(Fig.2b). To further examine this phenomenon, we adopted a quantita-
tive assay of leaf symptoms previously used to study plant pathogens'™.
We inoculated plants with either ancestral or evolved populations of
P.dispersa and recorded symptom scores on a daily basis for 5 days
(d), blindly with respect to treatment. This experiment revealed that
evolved P. dispersa was associated with more pronounced symptom
development on leaves (Fig. 2c). We next asked whether it would be
possible to leverage priority effects to mitigate the plant symptoms
associated with colonization of the evolved P. dispersa. When a compet-
ing strain of P. dispersa was introduced 3 d before the evolved strain,
symptom progression was reduced, indicating that priority effects can
impact not only community composition but also functional proper-
ties (Extended Data Fig. 4).

On the basis of the above observations, we suggested that P. dis-
persahad evolved to exploitanew niche onthe plant. As the coloniza-
tionsuccess of evolved P. dispersa depended onwhether P. syringae had
previously established, it seemed plausible that P. dispersa had shifted
towards amore endophyticlifestyle. Weinoculated plants with either
ancestral or evolved P. dispersa as before, then sampled populations
inaspatially resolved manner as follows. First, plants were submerged

insterile buffer and placed in an ultrasonic bath to dislodge bacterial
cellsfromtheleaf surface. Then, the sonication buffer was removed and
plants were homogenized toisolate the remaining bacterial cells asso-
ciated with the plant. Ancestral and evolved populations of P. dispersa
reached similar populationsizesin theleafwash, but the evolved popu-
lations were more abundant within the leaf homogenate (Fig. 2d,e).
Atotal of 6 weeks of experimental evolution within tomato seed-
lings considerably altered the temporal and spatial colonization
dynamics of P. dispersa populations. Although these changes were
small, they were sufficient to affect priority effects among bacterial
strains as well as the effect of P. dispersa on its host. Such observed
changes could be driveneither by genetic adaptation or by non-genetic,
plasticshiftsinthe phenotype of P. dispersa. To investigate whether our
experimentally evolved populations accumulated genetic changes,
we deep-sequenced the ancestor of the evolution experiment and the
six final populations. We detected 72 mutations across all populations
located within 31genes (Fig. 3a). Inaddition to the fixed mutations, 110
other alleles arose to intermediate frequencies but did not fix in any
population (Supplementary Table1). In many cases, mutations within
the same gene or even at the same position arose repeatedly across
populations, suggestive of evolutionary parallelism (Fig. 3b). Muta-
tions arisingin parallel across populations tended to reach higher allele
frequencies, further suggesting that they were under selection (Fig. 3c).
The most common annotation for genes altered in experimental
evolution was proteins containing animmunoglobulin (Ig)-like domain.
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Thisstructureiswidespread throughout living organisms and appears
inbacterial proteins with awide range of functions, including adhesion,
nutrient uptake and pathogenicinvasion into host cells*. Other genes
were commonly implicated in sugar and amino acid metabolism (for
example, L-threonine 3-dehydrogenase, PTS fructose transporter) and
motility (for example, flagellar protein FIhE), both important aspects
of plant-microorganisminteractions*.

Conclusions
The phenotypic and genetic changes observed in this experiment sug-
gest the evolution of amore intimate association with the plant tissue,
possibly mediated by exploitation of plant stomata orimproved persis-
tence within other protected sites on the leaf. As in any experimental
evolution study, itisimportant to consider why, if the observed traits
are beneficial and evolve readily, the organism has not already acquired
them in nature. P. dispersa appears to be a widely distributed species
thathasbeenisolated from plants, animals and non-host habitats'*'>*,
Itis plausible that improved colonization of tomato seedlings comes
with a trade-off at other life stages, on other host species or in other
environments. Another consideration is that the microcosms in this
study represent certain conditions (for example, nutrient limitationand
high humidity) that may promote stomatal opening or otherwise make
plants particularly vulnerable to exploitation. Indeed, high humidity
has previously been shown to promote overgrowth and disease symp-
toms by endogenous (non-pathogenic) microbiota®.
Eco-evolutionary models often describe community assembly
as arace between local adaptation by resident species and invasion
by new species®*. They suggest that communities of small, passive
dispersers with fast evolutionary rates (such as bacteria) are prone
to strong monopolization by early arrivers’. These predictions are
difficult toreconcile, however, with observed fluctuations and replace-
mentsin the composition of natural microbial communities. Here, we
show that an early colonizer evolved to exploit a new niche within a
shorttime. This niche shift coincided with changes to both the nature
and intensity of ecological interactions with other members of the
plant microbiome. Although this study did not explicitly link genetic
changes to niche occupancy, the observed parallel response to selec-
tionacross experimental populations suggests that the two are related.
Our findings imply that the plant environment is sufficiently complex
and heterogeneous in chemical and physical structure to present pos-
sibilities for microbial populations to adapt beyond simply improving
their efficiency within their existing niche space. To understand the
predictability of community assembly, it will be critical to further
develop theory and data that can fully describe the adaptive landscapes
for colonizing populations®?.

Methods

Bacterial strains and selective markers

This study included the following bacterial strains: P. dispersa strain
ZM1 (originally isolated from tomato plants as reported previously™),
P. protegens strain ZDW1 (isolated in this study) and P. syringae pv.
tomato DC3000 (provided by G. Preston, University of Oxford).
To distinguish competing populations of P. dispersa strain ZM1,
antibiotic-resistant strains were selected as follows. A total of 500 pl
of overnight culture was inoculated into sterile King’s BMedium with
either 4 pg ml™ of rifampicin or 2 pug ml™ of chloramphenicol. The
inoculated culture was incubated overnight at 28 °C and the process
was repeated with anincreasing antibiotic concentration until resist-
ance was achieved at the final concentrations of 20 pg ml™ of rifampicin
or10 pg ml™ of chloramphenicol. Strains were then selected for equal
competitive ability as their antibiotic-sensitive counterparts in vitro
byrepeatedly coculturing resistant and sensitive bacteriaand measur-
ing the ratios they reached in 24 hours (h) until there were no signifi-
cant costs of the resistance marker. A single colony of each strain was
selected to grow the ancestral stock, which was subsequently used to

initiate six experimental evolution populations. This selection pro-
cedure resulted in several other genetic differences aside from the
antibiotic resistance mutations, which could potentially affect leaf
colonization and competition. Since the aim of this process was to gen-
erateaclosely related and phenotypically distinguishable competitor
for focal P. dispersa, isogenic populations were not required. Genetic
differences between the twostrains arelisted in Supplementary Table 2.

Arrival order experiments

Tomato seeds (S. lycopersicum cv. ‘Moneymaker’) were surface-
sterilized in 2.7% bleach (sodium hypochlorite) solution for 20 min,
thenwashed three times with 10 mM MgCl, to remove residual bleach.
Each seed was placed in a loosely capped, sterile 15 ml tube with 7 ml
of 1% water agar. Tubes were covered in foil and maintained in a21°C
chamber until shoot emergence, then moved toa28 °C growth cham-
ber with al5 hday:9 hnightcycle.

Seedlings were flooded 9-12 d after planting, depending on the
experiment. To prepare inocula, overnight cultures were pelleted
at 3,500g and washed with 10 mM MgCl, to remove residual media.
Each culture was diluted to an optical density (ODg,) of 0.0015,
~107 colony-forming units (c.f.u.) per ml. The surfactant Silwet L-77 was
added ata concentration of 0.015% to facilitate leaf colonization. Tubes
wereimmediately placed onanorbital shaker for 4 min, thentheinocula
were poured off and the seedlings were allowed to dry in a biosafety
cabinet. Eachfloodingtrialincluded one or more seedlings treated with
only 10 mM MgCl, and Silwet L-77 to ensure that reagents were sterile.

At 3 d after the addition of the second species, seedlings were
individually weighed and then harvested. Two sterile ceramic beads and
7 mlof 10 mM MgCl, were added to each tube and tubes were agitatedin
aFastPrep-24 5 G system (MP Biomedicals catalogue no.116005500) at
4 ms™for 60 stohomogenize planttissue. Leaf homogenate was inde-
pendently diluted twice per sample and each replicate dilution series
was plated on both rifampicin- and chloramphenicol-supplemented
King’s B agar plates to distinguish strains in mixed inoculations. Bac-
terial population sizes were quantified by counting c.f.u. after 2 d of
incubationat 28 °C.

Experimental evolutionin planta

An overnight culture of P. dispersa was pelleted at 3,500g and washed
with 10 mM MgCl, to remove residual media. Inocula were prepared
byresuspending pelletsin 10 mM MgCl, to abacterial OD4,,0f 0.0025
and adding 0.015% of the surfactant Silwet L-77 to facilitate leaf colo-
nization. Seedlings were flooded as described above and maintained
inthe growth chamber for 7 d. At the end of each week, seedlings were
collected with sterile forceps into sterile 15 ml Eppendorf tubes and
homogenized in sterile 10 mM MgCl, as above. Leaf homogenate was
diluted and plated on rifampicin-supplemented King’s B agar plates.
For each experimental evolution population, 100 colonies were indi-
vidually picked from plates, mixed and grown overnight to generate
inoculafor the following generation of seedlings.

Plant symptom quantification

In all cases where symptoms were measured, seedlings were grownin
15 ml tubes and flooded with bacteria at OD,, = 0.0015, as described
above. Instead of harvesting 3 d after inoculation to measure bacterial
abundances, these seedlings were maintained in the growth chamber
to track symptom development on a daily basis. In accordance with
previous plant pathology studies, symptoms were scored blindly with
respect to treatment using scores that describe different levels of
symptom severity”. Scoresin this study were as follows: no symptoms
(level 0), mild speckling (level 1), extensive speckling and/or chlorosis
(level 2) and leaf necrosis and/or detachment (level 3). Individual leaf-
lets onthe same seedling were scored separately, then combined into
an average symptom severity per plant for all analyses and figures to
avoid pseudoreplication.
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Genome sequencing

Thessix evolved populations of P. dispersa, their ancestral stock and the
competitor strain of P. dispersa were grown overnightinliquid culture
to prepare for DNA extraction. Bacterial DNA was extracted using the
DNeasy Blood and Tissue Kit (QIAGEN catalogue no. 69504). Sample
libraries were prepared using the Illumina DNA Prep kit and IDT 10 base
pairs (bp) UDlindices and sequenced at an estimated coverage of 133x
on an lllumina NextSeq 2000 at SeqCenter. Demultiplexing, qual-
ity control and adaptor trimming were performed with bcl-convert
(v.3.9.3). Paired-end reads were filtered and trimmed using Trimmo-
matic (v.0.39). Reads shorter than 25 bp or with anaverage quality score
<20ina4 bpslidingwindow were discarded. Reads were mappedto the
P.dispersagenome (entry 22561inthe NCBIgenome database) and vari-
ants were called using breseq (v.0.35.4), a pipeline for identifying fixed
and polymorphic genetic variation within microbial populations®*.
To avoid false positive calls from repetitive elements, mutations were
filtered to exclude highly polymorphicregions (five or more mutations
in a 50 bp sliding window within a population). All analyses focused
onnon-synonymous mutations within coding regions of the genome.

Statistical analyses

Bacterial population sizes at harvest were determined on the basis
of colony counts on selective media. Colony counts of single-species
controls were checked for cross-contamination or additional resistance
evolution, neither of which was observed in the study. Colony counts
were log-transformed before statistical analysis to meet assumptions
of normality.

We calculated Py, a previously developed metric for quantifying
the strength of priority effects®, as follows. Here, D(i) represents the
populationsizereached by speciesiwhenit wasintroduced after spe-
ciesjand D(i); represents its population size when i was introduced
before . This coefficient takes on negative values if the population
size of species i is smaller when arriving afterj than when arriving
before; that is, if competition outcomes between i and,j are arrival
order-dependent.

Dy
i =1n [D(i)y

We also calculated an alternative metric P}, as previously
described®, where D(i),;and D(i),, represent the single-species controls
of species i that were inoculated and sampled at the same time as the
corresponding cocolonization treatments:

D). D).
SR

P
CIG I IO

" =1In
y

P; is similar to P;but accounts for the growth of species i alone.
We found that the two metrics were highly correlated and gave quali-
tatively similar results (Extended Data Fig. 5).

Plant symptom progression was analysed by calculating the area
under the disease progression curve, acumulative measure of symp-
tomseverity over time®. Differences in cumulative symptom progres-
sion over time were assessed using Welch'’s ¢-test that compared the
areaunder the disease progression curve across bacterial treatments.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The 16S ribosomal RNA sequences of all bacterial strains in this study
and whole-genome sequences of the ancestral and evolved P. dispersa
populations have been deposited to the NCBI Sequence Read Archive
(BioProject ID PRJNA865524) and the figshare repository https://doi.

org/10.6084/m9.figshare.20696560. All other datasets generated in
this study are available in the GitHub public repository https://github.
com/reenadebray/ecoevopriority.

Code availability
The code used to analyse the datain this study is available in the GitHub
publicrepository https://github.com/reenadebray/ecoevopriority.
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Extended Data Fig. 1| Priority effects among bacteriain the tomato
phyllosphere. Relative abundance of P. dispersa on tomato seedlings when
co-inoculated with either P. dispersa, P. protegens, or P. syringae across varying
arrival orders. Seedlings were flooded either with both strains simultaneously or
72 hapart. Seedlings were harvested another 72 h after the addition of the final
strain, and homogenized plant tissue was plated on selective media to count
colonies. Arrival order significantly impacted strain proportions when both

T T T T T

Simultaneous Competitor Focal Simultaneous Competitor
first P. dispersa first
first

strains were P. dispersa (ANOVA (two-sided), F=107.43,d.f.=34,P=1.29x10°),
orwhen P. dispersa was co-inoculated with P. protegens (ANOVA (two-sided),
F=13.48,d.f.=34, P=0.0004), but not when co-inoculated with P. syringae. Box
plots represent the first quartile, median, and third quartile (n = 6 replicates per
treatment). Whiskers represent 1.5 times the IQR (or minima/maximaif no points
exceeded 1.5 IQR).
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Extended Data Fig. 2| Experimental duration is sufficient to reach carrying
capacity on tomato seedlings. Population sizes of P. dispersa, P. protegens,

and P. syringae when inoculated individually onto plants. Seedlings were either
harvested directly after 72 h (as a control for the simultaneous co-inoculation
treatments) or flooded with sterile buffer after 72 h and harvested after 144 h (as
acontrol for the staggered co-inoculation treatments). At harvest, homogenized

plant tissue was plated on selective media to count colonies. None of the strains
grewsignificantly between 3 and 6 d after arrival, although the focal strain of
P.dispersa decreased slightly in population size over this time (ANOVA
(two-sided), F=6.28,d.f.=10, P=0.031). Box plots represent the first quartile,
median, and third quartile (n = 6 replicates per treatment). Whiskers represent 1.5
times the IQR (or minima/maxima if no points exceeded 1.5x IQR).
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Extended Data Fig. 3| No differences in seedling biomass across treatments. history. Box plots represent the first quartile, median, and third quartile (n =12
Seedlings were weighed at harvest (72 h after second inoculation). No significant replicates per treatment). Whiskers represent 1.5 times the IQR (or minima/
differences were observed with respect to species identity or evolutionary maximaifno points exceeded 1.5x IQR).

Nature Ecology & Evolution


http://www.nature.com/natecolevol

Article

https://doi.org/10.1038/s41559-023-02040-w

0.025 4

m

£

@ 0.020 4

)

2

E 0.015 4 .

S

e

8 0.010 4 .

3

Q

D

2} 0.005 4

Ancestral Evolved Ps. protegens Ps. syringae Not inoculated
Pa. dispersa Pa. dispersa
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whichwere previously associated with lesions and discoloration of the leaf competing P. dispersa arrived first (ANOVA with Tukey’s HSD correction, mean
tissue, and acompeting strain of P. dispersa that does not cause such symptoms. difference =2.35, adjusted P= 0.012). Asterisks indicate level of significance:
A cumulative measure of symptom severity was calculated as the area under 0.05<P<1(NS);0.01<P<0.05(*);0.001<P<0.01(**); 0<P<0.001(***).Box
the curve of daily symptom scores taken blindly with respect to treatment for plots represent the first quartile, median, and third quartile. Whiskers represent
Sdafterinoculation. Each evolved population of P. dispersa was replicated 1.5 times the IQR (or minima/maxima if no points exceeded 1.5x IQR., median,
twice in each treatment category (n = 12 seedlings per treatment), but symptom and third quartile. Whiskers represent 1.5 times the IQR (or minima/maximaif no
scores were subsequently averaged for each biological replicate to avoid points exceeded 1.5x IQR.
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Six populations of the early-colonizing bacterium Pantoea dispersa strain ZM1 were experimentally adapted to tomato seedlings via a
passaging protocol. The strength of priority effects between Pantoea dispersa ZM1 and three other bacterial strains within the
tomato phyllosphere microbiome was evaluated using staggered arrival experiments with either the experimentally evolved
populations or their progenitor.

The study system was comprised of MoneyMaker tomato plants and three species of bacteria: Pantoea dispersa strain ZM1,
Pseudomonas protegens strain ZDW1, and Pseudomonas syringae pv. tomato DC3000. The plant phyllosphere was selected as a
study system for community assembly because it is clearly delineated from the surrounding environment, highly culturable, and plays
an important role in plant fitness. The three species of bacteria were chosen to capture a range of expected overlap in niches and
potential effects on plant phenotype: One was the same species as the focal bacterial species, another was a plant-protective
bacterium, and the third was a plant pathogen.

Seedlings were grown in sterile microcosms within a climate- and light-controlled growth chamber. The majority of experiments
included six replicates per treatment group, based on pilot work indicating that the sample size was sufficient to capture priority
effects in this system. For symptom scores, each evolved population was replicated twice in the experiment, and then symptom
scores were averaged for each biological replicate prior to analysis to avoid pseudoreplication.

Population sizes were quantified via serial dilution and colony plating on selective media. Colony counts were recorded two days
after plating. Symptom scores were assessed based on a quantitative assay previously used to study leaf pathogens. All samples were
assigned randomized identification numbers throughout the experiment so that data were collected blindly with respect to
treatment.

Experimental evolution was conducted from December 2019 to June 2020. Arrival order experiments were conducted from May
2021 to March 2022.

No data were excluded from data analysis.

Experiments were not repeated.

Each seedling was assigned a random identification number. Microcosms were arranged according to the random identification
number to ensure that any spatial variation (e.g. in lighting or microclimate) would be randomly distributed across treatments.

Seedlings were harvested according to their identification number to ensure any effects of processing order would be randomly
distributed across treatments.

Each seedling was assigned a random identification number. All data were collected blindly to minimize observer bias, and
identification numbers were only connected to treatments after the study was completed.
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