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ABSTRACT For free-living bacteria and archaea, the equivalent of the biological
species concept does not exist, creating several obstacles to the study of the pro-
cesses contributing to microbial diversification. These obstacles are particularly high
in soil, where high bacterial diversity inhibits the study of closely related genotypes
and therefore the factors structuring microbial populations. Here, we isolated strains
within a single Curtobacterium ecotype from surface soil (leaf litter) across a re-
gional climate gradient and investigated the phylogenetic structure, recombina-
tion, and flexible gene content of this genomic diversity to infer patterns of gene
flow. Our results indicate that microbial populations are delineated by gene flow dis-
continuities, with distinct populations cooccurring at multiple sites. Bacterial population
structure was further delineated by genomic features allowing for the identification
of candidate genes possibly contributing to local adaptation. These results suggest
that the genetic structure within this bacterium is maintained both by ecological
specialization in localized microenvironments (isolation by environment) and by dis-
persal limitation between geographic locations (isolation by distance).

IMPORTANCE Due to the promiscuous exchange of genetic material and asexual re-
production, delineating microbial species (and, by extension, populations) remains
challenging. Because of this, the vast majority of microbial studies assessing popula-
tion structure often compare divergent strains from disparate environments under
varied selective pressures. Here, we investigated the population structure within a
single bacterial ecotype, a unit equivalent to a eukaryotic species, defined as highly
clustered genotypic and phenotypic strains with the same ecological niche. Using a
combination of genomic and computational analyses, we assessed the phylogenetic
structure, extent of recombination, and flexible gene content of this genomic diver-
sity to infer patterns of gene flow. To our knowledge, this study is the first to do so
for a dominant soil bacterium. Our results indicate that bacterial soil populations,
similarly to those in other environments, are structured by gene flow discontinuities
and exhibit distributional patterns consistent with both isolation by distance and iso-
lation by environment. Thus, both dispersal limitation and local environments contribute
to the divergence among closely related soil bacteria as observed in macroorgan-
isms.

KEYWORDS Curtobacterium, population structure, gene flow, microbial ecology,
ecotype

In eukaryotes, populations are typically defined as groups of interbreeding individuals
within a species residing in the same geographic area (1). Geographically distinct

(i.e., allopatric) populations are also often genetically distinct because of reduced
gene flow, or the exchange of genetic variation, between populations of the same
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species. However, for microorganisms, the equivalent of the biological species concept
does not exist, creating several obstacles to the study of the fine-scale genetic structure
of microbial populations and, thus, the processes contributing to microbial diversifica-
tion (2–4).

The first of these obstacles is that the degree of genetic relatedness delineating a
microbial population is unclear. In eukaryotes, populations are, by definition, genetic
units belonging to the same species, but defining a prokaryotic species remains
challenging (5). Nonetheless, there is evidence for geographically distinct, genetically
diverged groups of bacteria and archaea. Several studies have shown that the genetic
similarity of closely related microbial individuals is negatively correlated with geo-
graphic distance across continental and global scales (6–9). This pattern is consistent
with isolation by distance, whereby dispersal limitation contributes to reproductive
isolation over geographic distances (10). Further, in some cases, these geographically
localized genetic clades appear to be adapted to local environmental conditions, as
individuals within these clades can differ in their temperature (11), nutrient (12), or
habitat (13) preferences. However, the degree of divergence between genetic clades in
such studies is usually quite high (�95% genome-wide average nucleotide identity
[ANI]), indicating that they may not represent intraspecies relationships (14). These
genetic units seem to be much broader than populations, or groups of individuals with
the potential for contemporary interactions and exchange of genetic material (15).
Therefore, a focus on much more closely related microorganisms is needed to inves-
tigate the processes responsible for initial diversification.

A second, related obstacle is recovering genetically similar individuals of the same
species, however defined. Population genetic studies of eukaryotes typically character-
ize the genetic diversity among many individuals from a variety of geographic loca-
tions. For microbes, this sampling design requires reliable isolation of closely related
strains (but see reference 16), which can be difficult in highly diverse microbial communi-
ties, such as soil. Finally, even if a sample of closely related individuals can be collected,
a third obstacle is quantifying the exchange of genetic variation (i.e., gene flow)
between individuals. For prokaryotes, the horizontal exchange of genetic material is
mediated through genetic recombination, whether by homologous replacement of
short gene segments or by transfer of entirely new genes. However, the asexual nature
of prokaryotes makes it a challenge to quantify this process, particularly among closely
related individuals. The more closely related that two genomes are, the more difficult
it is to distinguish between differences caused by vertical inheritance and recombina-
tion (17).

For aquatic (18) and host-associated (19) systems, many of these obstacles have
been addressed. In these environments, geographic proximity does not appear to be
the most important factor in structuring microbial populations as typically observed in
plants and animals. Indeed, an increasing number of studies find several, distinct genetic
clades cooccurring in the same geographic location (20–23). For instance, the thermo-
philic archaeon Sulfolobus exhibited strong barriers to recombination between sympa-
tric clades within a hot spring (24). Such evidence suggests that the genetic structure
of microbial populations is influenced less by divergence among geographically distinct
(allopatric) groups and more by ecological differentiation (isolation by environment
[25]) among cooccurring (sympatric) groups (26). Thus, we might need to abandon the
idea of defining microbial populations a priori based on geography (as done for larger
organisms) and, instead, focus first on the emerging genetic structure among closely
related individuals (27).

Soils are highly heterogeneous systems where differences in microhabitats can
contribute to environmental variation over many spatial scales (28, 29). For this reason,
one might expect that allopatric differentiation is more evident in soil bacteria than in
microorganisms in aquatic or host-associated environments. Indeed, some soil fungi
exhibit strong population structure at regional spatial scales (30, 31). Therefore, we
asked whether population structure in a free-living soil bacterium was consistent with
spatial patterns of allopatric or sympatric distributions. To do so, we investigated the
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abundant leaf litter taxon Curtobacterium (32), which is relatively easy to culture from
the leaf litter layer of soil. Previously, we demonstrated that Curtobacterium encom-
passes multiple ecotypes, or fine-scale genetic clades that correspond to ecologically
relevant phenotypes (33). Here, we concentrated on the genetic diversity within a
single ecotype, Curtobacterium subclade IB/C, a unit that might be considered equiv-
alent to a species designation (33). Specifically, we examined 26 strains (with identical
full-length 16S rRNA regions and �97% mean genome-wide average amino acid
identity) from a regional climate gradient, along with two closely related strains isolated
across continental distances. We hypothesized that soil bacteria exhibit a pattern
intermediate to those of aquatic free-living bacteria, archaea, and soil fungi. In partic-
ular, we expect that sympatric populations of soil bacteria exist within a particular
geographic location, while also exhibiting a pattern consistent with allopatric differen-
tiation among locations. Such a pattern would indicate that the genetic structure within
this bacterium is maintained both by specialization in localized microenvironments
(isolation by environment) and by dispersal limitation between geographic locations
(isolation by distance).

RESULTS
Evolutionary history within a Curtobacterium ecotype. We identified 26 strains

from a Curtobacterium ecotype, subclade IB/C, that share ecologically relevant geno-
typic and phenotypic characteristics. These traits include the ability to degrade poly-
meric carbohydrates (i.e., cellulose and xylan), the degree of biofilm formation, and
temperature preference for both growth and carbon degradation (33). These strains
were previously isolated from leaf litter, the top layer of soil, at four geographic
locations from a regional climate gradient in southern California (see Table S1 in the
supplemental material). The isolation sites span an elevation gradient covarying in
mean annual precipitation (ranging from 84.4 to 402 mm) and temperature (ranging
from 10.3 to 24.6°C) (Fig. S1) (33). All analyzed strains have identical full-length 16S
rRNA regions and share high sequence identity across their genomes, with �95%
average nucleotide identity (ANI) and �97% average amino acid identity (AAI), con-
gruent with previous observations for defining discrete sequence clusters within nat-
ural microbial communities (34). We also included two additional strains from subclade
IB/C that were isolated from grassland leaf litter in Boston, MA (strains MCBA), to
provide various geographic scales (ANImean similarity � 95.1%).

To examine whether genetically similar strains within the IB/C subclade clustered by
geographic location, we reconstructed the phylogenetic relationship among the strains
using the core genome (Fig. 1A). The core genome phylogeny revealed highly struc-
tured genetic lineages; however, clusters contained strains isolated from a variety of
geographic locations. While one strain from Boston, MA, formed the outgroup, the
other Boston strain was highly similar to a grassland strain from Loma Ridge, CA. At the
regional scale within the climate gradient, most of the grassland strains clustered
together, while strains from the scrubland and Salton Sea leaf litter communities were
dispersed throughout the tree. Phylogenetic distance was negatively correlated with
geographic distance (adjusted R2 � 0.26, P value � 0.001) suggesting that isolation by
distance is a contributing factor in the spatial distribution among closely related strains
(Fig. S2A).

Phylogenetic analyses alone cannot delineate population structure, as it is necessary
to account for both vertical descent and contributions from shared ancestral gene
pools. Therefore, we supplemented the phylogenetic analysis by computing ancestry
coefficients for each strain across the core genome using a structure-like (35) analysis
(Fig. 1B). The most probable number of ancestral gene pools (K) contributing to the
proportion of an individual genome (see Materials and Methods) was 4, demonstrating
high congruence between the admixture coefficients and phylogenetic analysis. For
example, an outgroup strain originating from Boston, MA, exhibited little evidence for
mixing with most of the climate gradient strains in California across continental scales
(Fig. 1B). Within the regional climate gradient, we detected three ancestral gene pools
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that may represent finer population structure across ecologically similar strains in
ecotype IB/C.

Gene flow delineates bacterial populations. Although structure-like analyses can
provide insights into the ancestral population structure among divergent lineages,
contemporary bacterial population boundaries (defined as groups with the potential to
exchange genetic material) must be resolved by examining patterns of gene flow (i.e.,
recombination). However, in asexual organisms, measurements of homologous recom-
bination can be overestimated when individuals are closely related, as distinguishing
between recombination and point mutations is difficult (17). Further, other forms of
horizontal gene transfer can be ecologically relevant as well (36). To address these limita-
tions, we employed a novel method, PopCOGenT, that attempts to detect all recent
recombination events between pairs of strains (27).

To distinguish between vertical descent and homologous recombination in struc-
turing populations, we used PopCOGenT to estimate the degree of recombination
among the genomes. This analysis revealed three recombining populations that are
evident as isolated clusters in the network (Fig. 2). One of the populations (population
2) was restricted to a single location (in the grassland site). The other two populations
included strains from multiple sites along the climate gradient; for example, population
3 contained strains isolated from the grassland, scrubland, and Salton Sea leaf litter
communities, which are geographically separated by 177 km.

This approach enabled the identification of recombining populations that would
otherwise be masked with traditional phylogenetic analyses. For example, two strains
(MMLR14002 and MMLR14014) isolated from a grassland site 5 years prior share no
recent recombination events (Fig. 2), despite sharing a high degree of phylogenetic
relatedness and a common ancestral gene pool with strains within population 3 (Fig. 1).
Additionally, the analysis revealed that the highly similar strains isolated across the
continent from one another (from Boston, MA, and a California grassland) (Fig. 1) were

FIG 1 (A) Phylogeny of the Curtobacterium ecotype, subclade IB/C, from a core genome alignment; (B)
ancestral population structure estimated from admixture analysis. Bar plots reflect the proportion of an
individual genome that originates from estimated ancestral gene pools (K � 4). Genome names desig-
nate the site of isolation along the climate gradient except for MCBA (Boston, MA) and MMLR (grassland
isolate from 2010).
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not connected by recent recombination events. Indeed, this conservative approach to
estimate recombination events reduced most strains within the IB/C subclade to
singleton nodes, suggesting that no recent recombination events connect these indi-
viduals to the three identified populations (Fig. 2) and that these strains are probably
representatives of other, unsampled populations.

To confirm the effect of homologous recombination on the genetic diversity within
subclade IB/C, we employed ClonalFrameML (37). Specifically, we concentrated on the
ratio at which nucleotides are replaced by either recombination or point mutations
(r/m). Throughout the evolution of the IB/C subclade, recombination rates were gen-
erally low (r/m � 0.94), indicating barriers to gene flow and the occurrence of mutation
accumulation within the subclade. However, when we assessed the rates of recombi-
nation within each population assignment, we found homologous recombination rates
to be high in populations 1 and 3 (r/m � 3.34 and 2.75, respectively), while population
2 (r/m � 1.62) had an intermediate recombination rate (Table S2). The observed r/m
values are especially notable, as terrestrial free-living bacteria have previously been
shown to have low r/m values (r/m � 1) (38), although others have noted high
recombination metrics in Streptomyces species (39).

Population differentiation of the flexible genome. Based on the recombination
networks, we expected individuals within the same population to also share more
flexible genes (genes not present in all strains) than individuals between different
populations. The similarity between flexible gene contents among strains was highly
congruent with the population assignments (Fig. 3); strains within a population (anal-
ysis of similarity [ANOSIM], R � 0.88, P � 0.001) shared more flexible genes than ex-
pected by chance. We also observed that flexible gene content differed significantly by
site (ANOSIM, R � 0.81, P � 0.01), suggesting that processes within and across locations
structure the differences in the flexible genome within subclade IB/C. Indeed, flexible
gene content similarity was negatively correlated with geographic distance (adjusted
R2 � 0.14, P value � 0.001), providing additional evidence for isolation by distance
(Fig. S2B).

The flexible genome also provides insights into the traits that distinguish popula-
tions. For example, flexible genes present only in all individuals within a particular
population may have swept through the population by positive selection (26). We
searched for population-specific genes shared among all members and discovered that
many were highly localized to a limited number of genomic regions. Specifically, 16 of
48 population-specific genes in population 1 were highly localized in the genome,
while 4 of 6 population-specific genes in population 3 were localized (Fig. 4A). Addi-
tionally, these population-specific genes had reduced nucleotide diversity compared to

FIG 2 Recombination network across all pairwise strains. Thicker edges represent increased recombi-
nation between strains. Nodes are colored by population designation, and node size indicates the
number of clonal clusters (strains too closely related to differentiate recombination). D, desert; Sc,
scrubland; G/MMLR, grassland; SS, Salton Sea; MCBA, Boston, MA.
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that of whole-genome measurements (Fig. SS3), which can be indicative of relatively
recent selective sweeps. These putative sweep regions may have arrived prior to
population diversification and subsequently codiversified but, nonetheless, represent
genomic regions harboring population-specific flexible genes. We did not detect any
localization of population-specific genes in population 2, perhaps due to its lower rate
of homologous recombination (Table S2).

The flanking genomic regions surrounding the population-specific genes exhibited
high levels of synteny across all members in the population as well, suggesting that
these genomic regions may be hot spots for genetic exchange within the populations
(Fig. 4A). While we did not detect phage or integrative and conjugative elements (ICEs),
we did identify other mobile genetic elements, such as insertion sequences and clustered

FIG 3 Flexible gene content similarity between strains. The tree is derived from a consensus neighbor-joining analysis
showing only nodes with �750 support. Strains are colored by population assignments identified from the recombination
network (Fig. 2).

FIG 4 Highly structured genomic backbones across strains. (A) Population-specific genomic backbones within all individuals in populations 1 and 3.
Population-specific genes (colored in blue) are consistently flanked by highly conserved regions (in white). Putative mobile elements are also designated in
boxes along the chromosome. (B) Phylogenies of a subset of conserved genes (white arrows in panel A) flanking the population-specific regions colored by
the strains in each respective population.
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regularly interspaced short palindromic repeats (CRISPRs). Further, the regions were
littered with pseudogenic exons, indicating the interruption of functional proteins due
to recombining genomic segments (Table S3). The genomic regions also contained rare
(�25% of all members within subclade IB/C) or strain-specific genes. In contrast to
these variable regions, the flanking genes were highly conserved (shared by �85% of
all members within subclade IB/C) in nearly identical genetic architectures (Fig. S4).
Many of the conserved flanking core genes supported a strict monophyletic division of
the population (Fig. 4B), suggesting that integration of population-specific genes is
mediated by homologous recombination of the conserved flanking homologous gene
regions (4).

Most of the population-specific genes within the variable regions annotate as
hypothetical proteins with some transcriptional regulators; however, other genes may
be involved in differential use of environmental resources. For example, the regions
contained a high number of metal uptake and transport proteins, along with glycoside
hydrolase (GH) enzymes and glycosyltransferases, which contribute to the breakdown
of carbohydrates commonly found in leaf litter. To that end, we also observed a difference
in the full genomic potential to degrade various carbohydrates in leaf litter between
populations (Fig. S5C) (analysis of variance [ANOVA], P � 0.01). However, other pre-
dicted genomic traits (i.e., minimum generation time and optimal growth temperature)
were indistinguishable between populations, most likely due to the calculation incor-
porating full genome-wide codon usage biases (Fig. S5).

DISCUSSION

Our study demonstrates that the population structure of a free-living terrestrial
bacterium can encompass related strains across geographic locations (although anal-
yses of recombination suggest that gene flow occurs at only short scales), while less
related strains of different populations can coexist within the same site. This genetic
resolution was possible by isolating a variety of Curtobacterium strains from the same
habitat (leaf litter) across geographic locations (33). Within the most abundant ecotype,
subclade IB/C, we quantified gene flow among closely related, cooccurring lineages to
identify distinct genetic populations of Curtobacterium across geographic distances. An
analysis of the flexible genome confirmed that these populations are structured by
gene flow discontinuities and provided additional evidence for population-specific
genes that might be involved in local adaptation. Finally, the distributional patterns of
the populations suggest that both isolation by distance and isolation by environment
contribute to Curtobacterium population structure. Thus, both dispersal limitation and
local environments contribute to differentiation among closely related soil bacteria, as
observed in macroorganisms (40).

Previously, studies of two soil bacteria, Streptomyces and Bradyrhizobium, found
continent-scale patterns consistent with allopatric diversification over distantly related
strains (�95% ANI) (11, 13). Further, clonal sympatric strains of the social bacterium
Myxococcus were found to have barriers to recombination over centimeter distances in
soil (41). By isolating strains within a single Curtobacterium ecological cluster at various
geographic scales, we could characterize the processes driving recent population
divergence both between cooccurring strains and across regional spatial scales. As
a comparison, we included two strains within this ecotype that were isolated from
Boston, MA, and found no recent recombination events connecting strains across
continental scales (Fig. 2). Notably, along the regional climate gradient, we found that
closely related strains isolated from similar leaf litter communities were constrained in
their geographic extent (mean geographic range of populations, 20.6 � 49.7 km),
suggesting that observed gene flow patterns are consistent with allopatric differenti-
ation (see Fig. S2 in the supplemental material). However, we also observed multiple,
genetically distinct populations overlapping at three of the sites. Two of these popu-
lations were comprised of individuals from spatially distinct sites that remained con-
nected by gene flow, suggesting that isolation by distance is reduced at regional spatial
scales. In contrast, other studies conducted at similar spatial scales found that genomic
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differences among fungal populations strongly reflected local site adaptations, a
pattern consistent with strictly allopatric differentiation (30, 31).

The presence of sympatric Curtobacterium populations can indicate the presence of
an isolating mechanism to maintain the cohesiveness of cooccurring genetic lineages
(1). Alternatively, spatial barriers between the populations may have existed previously
but have since been removed without sufficient time for genetic homogenization. The
flexible genome of Curtobacterium provides two lines of evidence for the former and,
specifically, that the identified populations have remained genetically isolated due to
ecological differentiation, as others have observed in bacterial populations (42). First,
Curtobacterium populations shared more flexible genes within populations than be-
tween populations, suggesting that the populations represent cohesive, ecologically
differentiated clusters (Fig. 3). Flexible genes are thought to contribute to differences
in niche exploitation (43) and can contribute to small fitness differences among microhabi-
tats (15). For example, in the marine bacterium Vibrio, sympatric populations encode
habitat-specific genes (44) between free-living and particle-associated populations (45).
At a similar microscale, Curtobacterium populations may differentiate between leaf litter
microhabitats caused by variability in resources, such as metal and carbohydrate
availability. Accordingly, we observed differences in carbohydrate degradation poten-
tial (Fig. S5C) and observed population-specific genomic islands bearing genes related
to physiological features.

The second line of evidence that sympatric populations are maintained by ecolog-
ical differences is that all individuals within populations shared highly conserved
genomic backbones containing population-specific genes (Fig. 4). The population-
specific genomic backbones consisted of both core genes exhibiting a strict monophy-
letic division and population-specific flexible genes indicating recent selective sweeps
within a population. These patterns have been previously identified in marine bacterial
populations of Vibrio (44) and Prochlorococcus (16) and in the archaeon Sulfolobus (24),
in which population-specific genomic regions were linked to small fitness differences
and niche exploitation, contributing to the coexistence of sympatric populations. Similarly,
increased homologous recombination among strains of Curtobacterium populations
may enable the rapid exchange of niche-adaptive genes for differential microhabitat
specialization on leaf litter. This observation is consistent with isolation by environment
when gene exchange rates among similar environments is higher than within geo-
graphic locations (25). Thus, the populations along the regional climate gradient seem
to represent genetically isolated lineages that have ecologically diverged because of
their partitioning microhabitats (within a location).

Conclusions. A major gap in our understanding of microbial diversity is the mech-
anisms contributing to the origin and maintenance of microbial diversification. Collec-
tively, our results suggest a model for the recent microevolution of a soil bacterium. As
with macroorganisms, free-living soil bacterial populations are geographically restricted. At
the same time, distinct Curtobacterium populations may also have diverged to special-
ize on different leaf litter microhabitats, causing a reduction in gene flow between
populations. Thus, overlapping populations are maintained within the same location,
while also being connected via dispersal to individuals in other locations.

MATERIALS AND METHODS
Field sites and Curtobacterium strains. We downloaded 28 Curtobacterium genomes (see Table S1

in the supplemental material) from the National Center for Biotechnology Information (NCBI; https://
www.ncbi.nlm.nih.gov/) database that were previously isolated from leaf litter (32), including a robust
genomic data set consisting of 26 strains from a climate gradient in southern California (33). We included
two additional strains within the same ecotype from outside Boston, MA, to provide various spatial scales.
Protein-coding regions and gene annotations were derived from the NCBI prokaryotic genome annota-
tion pipeline (46). Genomes were further screened for the presence of mobile genetic elements by
identifying integrating and conjugative elements (ICEs) with the ICEberg database (47), prophage
sequences using PhiSpy (48), insertion sequences (IS) with ISfinder (49), and CRISPRs with CRISPRCas-
Finder (50). Whole-genome pairwise average nucleotide identity was performed with FastANI (https://
github.com/ParBLiSS/FastANI).

Evolutionary history of the core genome. We aligned all genomes using progressiveMauve (51) to
identify locally colinear blocks (LCBs) of genomic data. We identified 49,610 LCBs of �1,500 bp found
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across all 28 genomes that represented 1.28 Mbp of the core genome. This core genome alignment was
used to perform a maximum likelihood bootstrap analysis using RAxML v8.2.10 (52) under the general
time reversal model with a gamma distribution for 100 replicates.

Using the core genome, we performed an initial analysis to infer the relative effects of
recombination and mutation rates using ClonalFrameML v1.11 (37). Specifically, we attempted to
reconstruct phylogenetic relationships by detecting regions of recombination across the phylogeny
to provide an initial estimate for clonal genealogy. Due to the weak clonal structure among strains,
we sought to infer population structure from multilocus genotype data. First, we converted the core
genome sequence data to a genotype matrix reflecting the distance between polymorphic sites of
all individuals (https://github.com/xavierdidelot). We then used this genotype matrix to compute
ancestry coefficients to delineate genetic clusters. Specifically, we employed sparse nonnegative matrix
factorization algorithms to estimate the cross-entropy parameter (53). Based on the cross-entropy
criterion which best fit the statistical model, we designated the number of ancestral populations (K) as
equal to 4 to estimate individual admixture coefficients using the LEA package (35) in the R software
environment (54).

Gene flow and recombination networks. To differentiate between vertical transmission and recent
recombination, we identified recent transfer events across all pairs of genomes using PopCOGenT
(https://github.com/philarevalo/PopCOGenT) (27). Briefly, we used a null model of sequence divergence
to calculate the expected length distribution of identical genomic regions between strain pairs. Recently
exchanged genes enrich this distribution by introducing identical genomic regions that are longer and
more frequent than expected. The extent of this enrichment is our measurement of recent transfer.
Strains that were too closely related (�0.035% ANI divergence) to accurately assess recombination
transfers were collapsed into clonal complexes. Finally, strains that were connected to any other strain
in the recombination network were considered to be a part of the same recombining population. To
confirm the importance of recombination events in structuring populations, we inferred the relative
effects of recombination and mutations rates of the core genome (see above) within each population
using ClonalFrameML.

Population genetic analyses. To perform within-population genetic analyses, we identified all
orthologous protein-coding genes (orthologs) shared across all strains. Orthologs were initially predicted
using ROARY (55), with a minimum sequence identity of 90% to ensure that all possible orthologs were
included across populations (Fig. S6A). The resulting 2,193 orthologs shared across all strains were
individually aligned with Clustal O v1.2.3 (56) and used to create a 2.14-Mbp concatenated nucleotide
alignment. Note, the size of this alignment differs from that of the core genome alignment since genes
do not necessarily need to be located on LCBs. To verify the effects of using a gene-by-gene approach
on the core genome, we reconstructed the phylogenetic relationship of the concatenated alignment of
all orthologous protein-coding genes, using RAxML v8.2.10 (52) under the general time reversal model
with a gamma distribution for 100 replicates, and compared the phylogenies derived from the Mauve
core genome alignment (Fig. S6B). Next, all individual ortholog alignments were screened for complete
codon reading frames (i.e., multiple of 3 bp), and the resulting 2,137 genes were individually used to
calculate nucleotide diversity within populations using the PopGenome package (57) in R, as previously
outlined (58).

Predicted orthologs that were not shared across all strains represent the flexible genome (Fig. S6A).
Using all identified orthologs, we computed a Jaccard distance between pairs of strains to estimate
shared gene content. The distance matrix was used to generate a neighbor-joining tree based on 1,000
resamplings and to create a heatmap showing gene content similarity across strains. We tested the
significance of gene content using an analysis of similarities (ANOSIM) for populations and the site of
isolation for 9,999 permutations. In addition, we looked for orthologs that were unique to our popula-
tions. Specifically, we identified orthologs that were carried by every member within a population and
were not found in any member outside the population. To reduce this list even further, we identified
population-specific orthologs that were localized in genomic regions (�10-kbp separation).

Analysis of genomic traits. We analyzed all genomic sequences for specific ecological traits that
may contribute to population divergence. We concentrated on genomic traits related to growth
strategies and substrate (i.e., carbohydrate) utilization that may be advantageous on leaf litter.

To infer growth strategies, we estimated minimum generation times (MGTs) and optimal growth
temperature (OGT). We predicted MGTs by comparing codon usage biases between highly expressed
ribosomal proteins and all other carried genes by following a linear regression model (59) (equation 1).

�ENC �
ENCall � ENCribosomal proteins

ENCall
(1)

where ENC is the effective number of codons given the percent GC (60).
We analyzed each strain for the genomic potential to degrade various carbohydrates by searching

the predicted coding regions against the Pfam-A v30.0 database (61) using HMMER (62). Identified
protein families were reduced to only known protein families that encode glycoside hydrolase (GH) and
carbohydrate-binding module (CBM) proteins as described in reference 32.

Availability of data. Relevant data and code used can be found at https://github.com/alex-b
-chase/curto-popgen. Biosample identification numbers are available in Table S1. Additional data sets
used and/or analyzed during the current study are available from the corresponding author upon
request.
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