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Microbial community responses to environmental change are largely
associated with ecological processes; however, the potential for
microbes to rapidly evolve and adapt remains relatively unexplored
in natural environments. To assess how ecological and evolutionary
processes simultaneously alter the genetic diversity of a microbiome,
we conducted two concurrent experiments in the leaf litter layer of
soil over 18 mo across a climate gradient in Southern California. In the
first experiment, we reciprocally transplanted microbial communities
from five sites to test whether ecological shifts in ecotypes of the
abundant bacterium, Curtobacterium, corresponded to past adaptive
differentiation. In the transplanted communities, ecotypes converged
toward that of the native communities growing on a common litter
substrate. Moreover, these shifts were correlated with community-
weighted mean trait values of the Curtobacterium ecotypes, indi-
cating that some of the trait variation among ecotypes could be
explained by local adaptation to climate conditions. In the second
experiment, we transplanted an isogenic Curtobacterium strain and
tracked genomic mutations associated with the sites across the same
climate gradient. Using a combination of genomic and metagenomic
approaches, we identified a variety of nonrandom, parallel mutations
associated with transplantation, including mutations in genes related
to nutrient acquisition, stress response, and exopolysaccharide pro-
duction. Together, the field experiments demonstrate how both de-
mographic shifts of previously adapted ecotypes and contemporary
evolution can alter the diversity of a soil microbiome on the same
timescale.
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Microbial communities respond quickly to environmental
change (1, 2). These responses are typically associated with
ecological processes; however, the potential for microbes to evolve
and adapt to changes in the environment on ecological timescales
remains largely unexplored in natural ecosystems. While evolu-
tionary processes are typically considered over longer timescales,
the short generation times, large populations, and high mutation
rates indicative of microorganisms may allow for rapid adaptation.
Laboratory studies have repeatedly demonstrated rapid evolution
of bacterial populations (3) with consequences for organismal
physiology (4), yet it remains unclear how these in vitro studies
extend to in situ communities (5).

Both ecological and evolutionary processes likely contribute
simultaneously (6, 7) to the response of a microbiome to changing
environmental conditions (8). However, separating these pro-
cesses for bacteria can be difficult as they occur along a continuum
of temporal and genetic scales. In terms of ecological processes,
microbiome composition can respond demographically, as se-
lective forces promote the growth and survival of differentially
adapted taxa within the bacterial community. Certainly, many
studies have observed such shifts in taxonomic composition of
16S ribosomal RNA (rRNA)-defined taxa in response to simu-
lated global changes (9), and these responses are considered an
ecological process (e.g., species sorting). Few examples, however,
link these responses to trait differences among bacterial taxa
(10-13), precluding direct insights into whether these ecological
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shifts are due to adaptive differentiation among taxa as a result
of past evolutionary divergence. Concurrently, the same selective
forces can also shift the abundance of conspecific strains and
alter the allele frequencies of preexisting genetic variation, which
at this genetic scale is defined as an evolutionary process (14).
Finally, evolution through de novo mutation can provide a new
source of genetic variation that may allow for further adaptation
to environmental change.

In this study, we aimed to capture this continuum of ecological
and evolutionary processes that together produce the response
of a microbiome’s diversity to environmental change (Fig. 14).
Studying evolution in microbial communities in situ, however, is
challenging. For one, variation in highly conserved marker genes
used in many microbiome studies (e.g., 16S rRNA) represents
distant evolutionary divergences, and thus these regions are too
conserved to detect locally adapted lineages (11, 12, 15), let alone
recent evolutionary change within communities (16). To overcome
this limitation, studies have leveraged shotgun metagenomic data
(17, 18) and genome sequences of co-occurring, closely related
strains (19, 20) to characterize evolutionary processes (e.g., re-
combination and gene flow) structuring the genetic diversity of
bacterial lineages. However, these studies are also limited by an
inherent challenge in microbiome research: delineating pop-
ulation boundaries, the fundamental unit of evolution. While
progress has been made in defining microbial species (21-23), the
high genetic heterogeneity within diverse microbial communities,
such as soils, convolute the boundaries of the fine-scale patterns
of genetic diversity within microbial taxonomic units (12). For
instance, metagenome-assembled genomes are often composed
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Microbial community transplant experiment. (A) Changes in microbial community composition can be due to a continuum of ecological and evo-

lutionary processes. For instance, shifts in standing genetic variation can be attributed to both ecological and evolutionary processes depending on the level
of biological resolution, while de novo mutations can be a result from evolutionary adaptation. (B) A schematic of the two parallel transplant experiments at
the community and strain level. Inoculated litterbags were transplanted to all sites along an elevation gradient that covaried in temperature and precipi-
tation. Site codes: D=Desert; Sc=Scrubland; G=Grassland; P=Pine-Oak; S=Subalpine.

of a composite of strains forming a large population of mosaic
genomes (24) that may not fully capture the diversity of the local
population (25). As such, it remains difficult to study evolutionary
rates within microbial communities (however, see refs. 26, 27), and
the extent and time scale at which evolutionary processes con-
tribute to both standing and new genetic variation relative to
ecological processes.

Here, we asked the following question: can we characterize the
ecological and evolutionary processes that are contributing
concurrently to the response of a soil bacterial community to a
changing environment? To answer this question, we utilized a
field-based experimental approach to quantify the influence of
both ecological and evolutionary processes on one focal soil
bacterium in its natural environment, the genus Curtobacterium
(28). Specifically, we transplanted the bacterium across an eleva-
tion gradient on a common resource (leaf litter) substrate (29) to
assess its response to new climates in two parallel experiments
over the same 18 mo time period (Fig. 1B). In both experiments,
we used microbial cages [nylon mesh bags that allow for nutrient
transport (30)] to manipulate microbial composition while restrict-
ing microbial migration to eliminate the introduction of new alleles
and/or variants from dispersal (31). A reciprocal transplant design
allowed for direct testing of microbial adaptation to abiotic condi-
tions (i.e., moisture and temperature) in a natural setting.

In the first experiment, we conducted a reciprocal transplant
of the entire microbial community (32) and tracked the ecological
response of Curtobacterium ecotypes (33). A bacterial ecotype
is defined as highly clustered genotypic and phenotypic strains
occupying the same ecological niche, somewhat equivalent to a
eukaryotic species (34). To test the hypothesis that Curtobacterium
ecotypes are locally adapted to their climate conditions, we
assessed the convergence of ecotype composition in the trans-
planted communities to that of control communities (those that
remained in their native environment; Fig. 1B). We further hy-
pothesized that the demographic shifts were due to differential
adaptation to local climates as a result of trait variation among
the ecotypes. Thus, we expected that the climate gradient would
select for a strong trait-environment relationship (assessed by
community-weighted mean (CWM) trait values) as typically observed
in plant communities (35, 36).

In parallel, we conducted an in situ evolution experiment by
transplanting an isogenic Curtobacterium strain across the same
gradient to investigate the potential for rapid evolution on the same
timescales. We hypothesized that a variety of genomic mutations
would be associated with adaptation to local climate conditions.
Therefore, we expected fewer genetic changes when the strain was
transplanted to its original environment, the midelevation Grass-
land site, while the extreme sites of the gradient would impose

20f 10 | PNAS
https://doi.org/10.1073/pnas.2101254118

stronger selective pressures resulting in greater genetic changes.
We further expected to observe parallel mutations among repli-
cates within a site, which would be indicative of adaptive events
(37). Variation in such mutations across sites would suggest se-
lection differences across the climate gradient. Together, the two
experiments capture the simultaneous effects of both ecological
and evolutionary processes on the response of a soil bacterium to
new climates in the field.

Results

Overall Community Composition and Curtobacterium Abundances.
The five study sites span an elevation gradient that varies in cli-
mate (temperature and precipitation), plant vegetation and the
leaf litter chemistry, and microbial community composition in the
leaf litter layer of soil (SI Appendix, Fig. S1). Leaf litter microbial
communities from each site were transplanted in a fully reciprocal
manner on a common (Grassland) litter substrate to disentangle
the effects of the abiotic factors (site) and the initial microbial
community (inoculum). We first assessed microbial community
composition with 120 shotgun metagenomic libraries (20 survey
samples from nearby leaf litter outside of the litterbags + 100
litterbag samples 18 mo after transplantation) to compare to the
overall community shifts assayed with 16S rRNA amplicons (32).
Similar to prior observations, the bacterial communities shifted to
reflect the surrounding abiotic environment, clustering largely by
site after 18 mo (SI Appendix, Fig. S24; permutational multivari-
ate analysis of variance [PERMANOVA] P < 0.01) and explained
44% of variation in bacterial composition. Community composi-
tion also displayed significant legacy effects, with the initial inoc-
ulum accounting for 7.8% of the variation in bacterial composition
18 mo after transplantation (P < 0.01).

After confirming the demographic shifts at the community-
level, we next investigated the response of Curtobacterium abun-
dance. Outside of the litterbags (in the surrounding leaf litter),
Curtobacterium was the third most abundant genus across all sites
and the most abundant genus at the midelevation site, comprising
15.7 + 1.7% of the Grassland community (green dashed lines in
SI Appendix, Fig. S2B). Conversely, the relative abundance of
Curtobacterium decreased at the ends of the climate gradient,
comprising 1.3 and 1.5% of the total community in the Subalpine
and Desert sites, respectively. Based on flow cytometry cell counts,
we estimate that the absolute abundance of Curtobacterium was
1.4 x 108 cells per g of leaf litter in the Grassland site, an order
of magnitude higher than all other sites (S Appendix, Fig. S2B).
Curtobacterium abundance also shifted in response to new en-
vironments within the transplanted litterbags. In general, Cur-
tobacterium abundance increased in the transplant experiment,
reaching an average abundance of 2.2 x 10® cells g~' across all

Chase et al.

Adaptive differentiation and rapid evolution of a soil bacterium along a climate gradient


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101254118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101254118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101254118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101254118/-/DCSupplemental
https://doi.org/10.1073/pnas.2101254118

sites, likely reflecting an increase in performance on the com-
mon Grassland litter substrate in the transplanted bags. At the
same time, Curtobacterium abundance responded to reflect the
new climate conditions of the transplanted sites; abundance varied
significantly in the litterbags across sites (ANOVA; Fy 74 =74, P <
0.001) but not by the initial inoculum or a site-by-inoculum in-
teraction (P > 0.05).

Adaptive Differentiation of Curtobacterium Ecotypes to Local Climate.
We next tracked shifts in Curtobacterium ecotypes when trans-
planted to new climates on a common leaf litter substrate. Given
that the 16S rRNA gene is too conserved to delineate Curto-
bacterium ecotypes (12), we targeted 830 single-copy core genes
within the metagenomic libraries to characterize their relative
abundances. After 18 mo, Curtobacterium ecotypes shifted to re-
flect the native communities in the litterbags, demonstrating that
the ecotypes are differentially adapted to the abiotic environment
(i.e., temperature and precipitation). Specifically, when the dif-
ferent litter communities were placed in the same environment
onto a common Grassland litter, the ecotype abundances con-
verged toward the ecotype abundances of the native communities
(Fig. 2). This trend was confirmed by the strong effect of site on
ecotype composition, accounting for 24.5% of the variation
(PERMANOVA; P < 0.01). The effect of the initial inoculum was
still pronounced in driving ecotype composition after 18 mo, ac-
counting for 13.4% of the total variation (P < 0.01). Indeed, the
communities that were furthest from converging on the native
ecotype composition tended to be those from the opposite ends of
the gradient, resulting in a site-by-inoculum interaction explaining
an additional 12.5% of the variation (P > 0.05). For instance, the
Pine-Oak and Subalpine communities transplanted to the Desert
remained quite different in ecotype composition from the Desert
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Fig. 2. The composition of Curtobacterium diversity along the climate
gradient after 18 mo of transplant. Principal Component Analysis (PCA) or-
dination plot depicting Curtobacterium composition in each metagenomic
sample, colored by site with shapes representing inoculum. PC1 explains the
largest amount of variation, which is driven by differences in absolute Cur-
tobacterium abundances in the samples (S/ Appendix, Fig. S2B). The ellipses
are 75% Cls around the inoculum samples that remained in their native site
(e.g., the red ellipse represents the spread of the red triangles, and the
purple ellipse represents the spread of the purple diamonds). The vectors
represent the contribution of the top six abundant ecotypes to composi-
tional differences along the two axes.
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communities that stayed in their native environment (i.e., the red
squares and diamonds outside the red ellipse in Fig. 2).

The convergence of ecotype composition toward the native
communities suggests fitness differences among the ecotypes
with respect to local moisture and temperature conditions. To
examine the traits that might underlie these fitness differences,
we considered the relationship between CWM trait values of
Curtobacterium ecotype composition across the climate gradient
based on six traits previously assayed in vitro from representative
isolates (33). These traits were originally chosen as they were
hypothesized to relate to the ability of the strains to survive and
reproduce on leaf litter across a range of temperatures and
moisture stress. In the survey samples, CWM trait values exhibited
a weak relationship to either average surface soil temperature or
total precipitation (SI Appendix, Fig. S1) across the elevation
gradient (Fig. 34; mean r~ = 0.11 + 0.10; all P > 0.05), suggesting
factors other than climate are contributing to distributional pat-
terns. However, in the transplanted litterbags with a controlled
litter substrate, CWM trait values were strongly correlated with
both temperature and precipitation (mean P =035 + 0.18; all
P < 0.05).

We also noted an apparent trade-off in CWM values along the
climate gradient. Traits associated with rapid growth and drought
resistance (increased biofilm production and higher temperature
preference) decreased when transplanted to wetter and colder
(higher elevation) sites, while resource acquisition traits (cellulose
and xylan degradation) showed an inverse relationship (Fig. 34).
In particular, after the 18 mo transplant, ecotypes IA and IBC
were relatively abundant in the hotter, drier Desert, and Scrubland
sites (Fig. 2 and SI Appendix, Fig. S3B). These ecotypes were the
best biofilm producers, a trait associated with desiccation and
water stress, and also preferred relatively warmer temperatures
(Fig. 3B). Conversely, ecotypes IVB and VA were relatively more
abundant in the colder, wetter Pine-Oak, and Subalpine sites
(Fig. 2). While both ecotypes preferred lower temperatures, eco-
type IVB was the best degrader of cellulose and xylan, two com-
mon polymeric carbohydrates in leaf litter (Fig. 3B). Collectively,
these phenotypic patterns provide evidence that Curtobacterium
ecotypes are differentially adapted to their local climates and,
as a result, have the capacity to respond quickly to new climate
conditions.

Rapid Evolution of a Single Curtobacterium Strain. Variation among
ecotypes represents distant diversification events over millions of
years (38). As such, identification of adaptive changes arising from
de novo genetic mutations would not be detected at the ecotype
level. Therefore, in a second experiment, we tracked evolutionary
changes of a single, isogenic strain across the same environmental
gradient. The native Grassland strain (MMLR14002) belongs to
the dominant Curtobacterium IBC ecotype (SI Appendix, Fig. S3A4)
and can degrade the polymeric carbohydrates found in leaf litter,
cellulose and xylan, even at high temperatures (i.e., 37 °C) (12).
We inoculated this strain onto sterile leaf litter and deployed the
litterbags to all sites alongside the community transplant experiment.

We first wanted to validate the approach of the in situ evolution
experiment and confirm that the strain established and prolifer-
ated in response to the transplant experiment. We sequenced the
Curtobacterium population in the litterbags at the final time point
(at 18 mo) across all sites and, in 20 out of 24 samples, recon-
structed de novo assemblies of the ancestral strain (all >99.9%
average nucleotide identity match). To track shifts in the strain’s
abundance over the course of the experiment, we selected one bag
from each site for additional sequencing across the course of the
experiment. After normalizing the metagenomic data with flow
cytometry cell counts, we found that Curtobacterium population
sizes initially increased at the midelevation sites after the first 6
mo, while the extreme climate sites (i.e., Desert and Subalpine)
saw a reduction in Curfobacterium abundance, suggesting more
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Fig. 3. Correlation of Curtobacterium functional traits to field sites. (A) CWM values for Curtobacterium ecotypes’ traits along a climate gradient for survey
(surrounding leaf litter outside the litterbags) and after 18 mo of transplant to the sites denoted on the x-axis. Smoothed averages (lines) were calculated
from locally weighted smoothing with Cls (colored areas). (B) A heatmap showing normalized production of biofilms, growth measurements (uynax = max-
imum growth rate; A,.x = maximum growth [ODgo]), degradation for cellulose and xylan, and optimal temperature across all assays between the top six
abundant Curtobacterium ecotypes. Phylogeny derived from multilocus alignment of Curtobacterium core genes.

cell death than growth. After 6 mo, populations rapidly recovered
and, by the end of the 18 mo transplant, all populations converged
on a similar population size of 1 x 10° cells g™ (SI Appendix, Fig.
S4A4), comparable to the total Curtobacterium abundances ob-
served in the community transplant bags. Based on replication
rates inferred from bidirectional sequencing coverage from the
origin of replication (39), we estimated that 28.8 + 16.6% of the
population was actively replicating over the duration of the
transplant experiment (SI Appendix, Fig. S4B).

We next evaluated whether the strain evolved over the course
of the experiment. To do so, we deep sequenced the same lit-
terbag over time from each site (1 bag x 5 sites X 3 time points =
15 total samples). This timeseries allowed for quantification of
population-wide patterns of polymorphisms at each site. In total,
we observed 8,435 unique variants across all sites and time points;
however, many of these population polymorphisms were detected
at extremely low frequencies (freqmean = 4.1 + 0.4%; SI Appendix,
Fig. S54). After removing low-confidence variants, we detected a
total of 268 mutations that occurred in 70 unique base pair (bp)
positions in the ancestral genome. A majority of these mutations
were introduced in the first 6 mo with an initial spike in mutation
accumulation at the sites on the ends of the climate gradient
(i.e., Desert and Subalpine). Notably, the “native” Grassland site,
from which the strain was originally isolated and the common
litter substrate was collected, experienced the lowest number of
detectable mutations in this initial period. However, the total
number of mutations detected at the Desert and Subalpine sites
then decreased over time, and the number of mutations at the 18
mo time point was indistinguishable across sites (SI Appendix, Fig.
S5B). The decreasing number of detectable mutations over time
suggests that either mutations occurred at higher frequencies in
the first 6 mo period, perhaps reflecting that selective pressures
were stronger upon initial transplantation, or that drift was more
pronounced during this period.

Of the 268 mutations observed in the timeseries litterbags,
52% occurred in intergenic regions, resulting in 107 short insertions
and deletions (indels) and 33 base substitutions. The other 48%
of mutations occurred in coding regions and, in particular, three
coding regions that were consistently mutated by the integration
of large indels (>40 bp) in nearly all samples (Table 1). While one
of the three large indels was unannotated, the other two genes are
thought to be related to nutrient acquisition, including a zinc
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transporter gene and a lactose transport system permease protein.
Other mutations observed at all sites and time points included a
nonsynonymous single-nucleotide polymorphism (SNP) in the rel4
gene, suggesting selection for this mutation being due to the
transplant experiment. We also identified site-specific SNPs that
were maintained over time. For example, a nonsynonymous mu-
tation in the ufR gene, a transcriptional regulator, was detected at
12 mo in the Subalpine site and persisted in the population for the
duration of the experiment (Table 1). While few mutations were
observed across all time points within a site, a strong pattern of
parallel mutations indicates that least some of the polymorphisms
are adaptive.

De Novo Mutations in Evolved Isolates. To validate the results from
the population polymorphisms, we also sampled the isogenic
litterbags every 6 mo for reisolation of the ancestral strain and
independently sequenced the isolates (reducing the chances that
similar mutations were due to sequencing contamination). In total,
we identified 783 de novo mutations across 112 evolved isolates that
resulted in 121 unique bp mutations, including SNPs, deletions,
and small insertions (Fig. 44). Similar to the population-wide
polymorphisms, 59.1% of the total mutations occurred in inter-
genic regions while mutations in coding regions were observed in
88 unique genes.

Given the high number of total mutations, we sought to in-
vestigate whether these mutations were associated with site ad-
aptation. While there were no differences in the total number of
mutations by site or time point (Fig. 4B and SI Appendix, Fig.
S64; ANOVA; P > 0.05), there was a reduction in the average
number of mutations in the “native” Grassland site after 18 mo,
mirroring the results from the population sequencing of the litter-
bags (SI Appendix, Fig. S5B). Next, we investigated evidence for
positive selection by assessing the ratio of nonsynonymous to syn-
onymous mutations (dN/dS). At each site except for the Pine—Oak
site, there was an excess of nonsynonymous relative to synonymous
mutations (dN/dS > 1). However, once corrected for the sequence
composition of genomic sites at risk for synonymous mutations in
the ancestral genome, there was no deviation of the observed
dN/dS ratios from those expected by chance (Fig. 4C; two-tailed
binomial test, all P > 0.05).

Based on environmental variation across sites (SI Appendix, Fig.
S1), certain functional genes might confer a selective advantage in

Chase et al.

Adaptive differentiation and rapid evolution of a soil bacterium along a climate gradient


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101254118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101254118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101254118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101254118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101254118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101254118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101254118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101254118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101254118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101254118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101254118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101254118/-/DCSupplemental
https://doi.org/10.1073/pnas.2101254118

Table 1. Summary of mutations in coding regions found in the isogenic transplant litterbags
Gene Name  Position  Specific mutation Type of mutation  Occurrences in samples’  Mutation frequency* Gene description
relA — 732,949 G-T G196V All samples 62.0 + 20.0% Bifunctional (p)ppGpp
nonsynonymous (GGC - GTQ) synthase/hydrolase
marR — 1,513,025 A-C A102A Scrubland T1; 321+ 7.0% Multiple antibiotic
synonymous (GCA = GCQ) Pine-Oak T1-T3; resistance protein
Subalpine T1-T3
orf01789 « 1,895,438 A54 bp — Desert T1-T3; 12.8 + 1.8% Zinc transporter
deletion Scrubland T1,T3;
Grassland T1-T3;
Pine-Oak T1,T3;
Subalpine T1,T3
lutR — 2,623,478 G- A G77E Subalpine T2-T3 13.4 £ 0.7% HTH-type transcriptional
nonsynonymous (GGG — GAG) regulator
wcal — 3,114,825 C->T Q182" Desert T1-T3; 30.6 + 6.2% DP-glucose:undecaprenyl-
nonsense (CAG — TAG) Scrubland T2-T3; phosphate glucose-1-
Grassland T1-T3 phosphate transferase
lacF « 3,355,556 A46 bp — all samples 14.7 + 2.8% Lactose transport system
deletion permease protein

™71 = population sample collected at 6 mo, T2 = 12 mo, and T3 = 18 mo.
*Frequency calculated from samples where mutation was detected.

a particular environment. To investigate this, we restricted our
analysis to only mutations that resulted in amino acid changes
in coding regions (i.e., indels and nonsynonymous or nonsense
SNPs). There were minimal differences between the total number
of mutations in amino acid sequences (average 1.5 mutations) and
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Fig. 4. Mutation distribution across a Curtobacterium ancestral strain after
transplant across the elevation gradient. (A) Mutations in 112 evolved clones
isolated from five sites along the climate gradient at 6 (Time point 1), 12
(T2), and 18 mo (T3) intervals. Includes 30 strains from the Desert (D) site, 22
at Scrubland (Sc), 11 at Grassland (G), 24 at Pine-Oak (P), and 25 at Subalpine
(S). Nonrandom mutations also observed in the population data are denoted
for synonymous (syn), nonsynonymous (nonsyn), and nonsense mutations.
(B) The total number of mutations per mutant strain by time point and site.
(C) Lack of evidence for positive selection in the evolved populations in the
base substitutions of expected (from base change spectrum) and observed
dN/dS ratios.
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in the number of mutations by functional gene group (ANOVA,;
P > 0.05). For instance, a similar number of mutations were found
across sites in genes related to signal transduction, transcription
regulation, and cell membrane biosynthesis (SI Appendix, Fig.
S6B). However, certain functional gene groups were unique to spe-
cific sites. Specifically, mutations in lipid metabolism, cell motility,
and inorganic ion transport were only detected at the Desert site
(SI Appendix, Fig. S6B), perhaps related to the drier and warmer
conditions. Mutations in genes related to carbohydrate metabolism
were also only observed at the ends of the elevation gradient
(i.e., Desert and Subalpine).

Parallel Evolution Suggests Mutations Are Adaptive. We next vali-
dated the presence of the population-wide mutations (Table 1)
in our evolved isolates and examined their distribution across
replicates within and across sites. Parallel mutations shared across
sites may indicate adaptation to the transplant experiment (the
litterbag conditions and common grass litter substrate), while
mutations observed across replicates but unique to one or more
sites provide candidate genes for environmental adaptation. For
example, the nonsynonymous mutation in the rel4 gene, a stress-
response protein that triggers amino acid biosynthesis rather than
cell growth, appeared in all sites and time points within the pop-
ulation samples, and we observed 66/112 evolved strains with a
mutation in this gene. Indeed, the probability of randomly ob-
serving the same mutation in the rel4 gene in either data set is
extremely low (P < 2.0 x 107%), suggesting that rel4 was under
strong selection during the transplant experiment. In contrast, a
parallel nonsense mutation in the wcaJ gene was only associated
with the drier and warmer sites (i.e., Desert, Scrubland, and
Grassland). The wcaJ variant was introduced within the first 6 mo
of the transplant experiment at the Desert and Grassland sites (12
mo at the Scrubland) and remained at a 35.7 + 6% frequency
within the population at the final time point. Similarly, in the
evolved isolates, we only detected this mutation in 14 strains iso-
lated predominantly from the Desert and Grassland sites (Fig. 44).
The wcal gene provides another example of a nonrandom mutation
(P < 6.1 x 10™"), indicating that this exopolysaccharide-producing
enzyme may allow for adaptation to the extreme drought and high
temperatures indicative of these sites (SI Appendix, Fig. S1C).
While both parallel evolution and selective sweeps are land-
marks of adaptive evolution, most of the detected mutations
remained at low frequencies (SI Appendix, Fig. S5A), and we did
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not observe enrichment in nonsynonymous mutations across sites
(Fig. 4C). One possible reason for this result is that site-specific
advantageous mutations did not proliferate and sweep through the
population in the litterbag. For instance, based on in vitro growth
rate measurements on Grassland litter leachate (SI Appendix, Fig.
S7), we estimate that the ancestral population could replicate at a
maximum rate of 5.45 generations per day, although we suspect
that the growth rate in the field is likely much lower. Extrapolating
from this estimate, the populations underwent, at most, 980 gen-
erations every 6 mo or <3,000 generations in total. We deduced
that Curtobacterium population reached an estimated mutation
rate of 5.28 x 10~ mutations per base per year or 2.65 x 107'°
mutations per base per generation. These metrics also allowed for
estimates of genomic diversity (Oy) at each site, with the “native”
Grassland site harboring the highest measure of diversity (Bw =
2.6) while the higher elevation sites (i.e., Pine—~Oak and Subalpine)
were reduced (Byw = 1.5 and 2.1, respectively). These values cor-
responded to differences in effective population sizes (N¢) ranging
from 730 in the Pine-Oak to 1,320 individuals in the Grassland
site, suggesting effective population sizes are orders of magnitude
lower than the observed population sizes (SI Appendix, Fig. S54).
Although the small effective population sizes can allow for neutral
genetic drift to occur, the observed parallel mutations suggest that
Curtobacterium is adapting to the transplant experiment.

Discussion

While it is often assumed that ecological and evolutionary processes
operate on different spatiotemporal scales, increasing evidence
indicates that past evolutionary divergence (i.e., local adaptation)
frequently influences contemporary ecological patterns and pro-
cesses (40). In plants and animals, transplant experiments have
been used to directly assess the extent of local adaptation within
and across species (41, 42); however, similar experiments for mi-
crobes typically focus on the ecological response of the entire
community (29, 32), limiting our understanding of how evolution
shapes ecological patterns in microbiomes. Here, we sought to use
this approach to characterize both the ecological and evolutionary
processes contributing to genetic variation of a soil bacteria in
response to changing environmental conditions. Within the com-
munity transplant experiment, we demonstrated that Curtobacterium
ecotypes are locally adapted to the abiotic environment (moisture
and temperature), where trait variation allowed for differential re-
sponses to new climate conditions. At the same time, the parallel
isogenic transplant experiment demonstrated rapid evolution of a
single Curtobacterium lineage in response to those same environ-
mental conditions over the same timeframe. Together, the results
demonstrate the potential for concurrent ecological and evolu-
tionary processes to alter a microbiome’s diversity in response to
climate change.

Evidence for adaptive differentiation in plants and animals is
often inferred from the relationship between phenotypic traits of
individuals within a species across different environments (43).
In this way, variation in CWM trait values can allow for strong
insights to the traits responsible for environmental distributions
(35, 36). In microbes, however, identifying the traits associated with
local adaptation in natural systems is particularly difficult. For ex-
ample, we previously characterized co-occurring Curtobacterium
ecotypes across the elevation gradient but could not explain bio-
geographic distributions based on in vitro trait measurements (33);
this pattern was further supported here by the CWM trait distri-
butions in the surrounding leaf litter (Fig. 34). However, after
controlling for a common litter substrate in the transplant experi-
ment, we identified clear physiological trade-offs in the CWM trait
values along the climate gradient. As such, ecotypes with trait values
similar to the site-level CWM values occurred at relatively higher
abundances after transplant to those particular sites, resulting in
ecotype abundances converging on those of the native communities
(Fig. 2). We conclude that trait variation among Curtobacterium
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ecotypes allows for adaptive differentiation and that the biogeo-
graphic distribution of ecotypes along this gradient is determined
by both the climate and local litter substrate.

Our results also provide evidence that evolutionary processes,
and specifically de novo mutations, can provide a novel source of
genetic variation within just 18 mo in a soil bacterial community.
We detected parallel mutations within and across sites, calcu-
lated mutation rates that are comparable to those observed in
other natural systems (26, 44, 45), and estimated metrics of genomic
diversity and effective population sizes. Nonetheless, our results
largely indicated weak selective pressures by the environment over
the 18 mo transplant experiment. Notably, the Curtobacterium
strain was originally isolated from the Grassland site (1, 28) and
may already be well adapted to the Grassland litter used in the
transplant experiment. The Curtobacterium ecotype IBC is also
present in leaf litter at all sites along the gradient, albeit at varying
abundances (SI Appendix, Fig. S34), suggesting that the average
environmental conditions across the gradient may not impose a
strong selective pressure in this lineage. Moreover, when we com-
pared our observations to those made in laboratory experimental
evolution studies (46), we did not observe typical signatures of
genome evolution, such as selective sweeps or overrepresentation
of nonsynonymous mutations (47). We suspect the highly het-
erogeneous matrix of soil habitats (48) may limit the spatial
distribution of variants and depress opportunities for genetic
exchange. Such spatial structural differences, combined with
slower growth rates, may result in quite different evolutionary
rates and dynamics in natural soil communities when compared
to the well-mixed liquid cultures of laboratory experimental
evolution studies.

Laboratory experimental evolution studies have provided in-
sights into the adaptive responses of bacteria to temperature (3,
4), yet it remains unclear if these can be extrapolated to more
complex trait responses, such as drought (49). Using a field-based
experimental approach, we identified a set of functional genes that
may be associated with adaptation to arid conditions (Table 1),
including mutations in genes responsible for exopolysaccharide
biosynthesis, nutrient acquisition, and stress response. While the
detection of parallel mutations across sites does not preclude the
possibility that mutations were present at low frequencies in the
initial source population (i.e., inoculum), the repeated increase in
frequency of these mutations similarly indicates that selection is a
key process driving evolutionary adaptation to the transplant ex-
periment. However, we recognize that further work is needed to
confirm fitness effects. This would require comparing the growth
of the evolved strains to the ancestor, which is not a trivial task
under natural field conditions. Another caveat to our results is
what we assessed the evolutionary response of the isogenic strain
in isolation from the rest of the microbial community. The absence
of biotic interactions with other community members is unrealistic
and could alter metabolic evolution (50) and evolutionary dy-
namics (51) by excluding species interactions (52). Finally, many of
the mutations may have been selected for by the common grass
substrate or the litterbag environment rather than the climate
conditions of the sites (i.e., rel4; Table 1), although our previous
work suggests that litterbag communities are similar to the sur-
rounding natural community (29, 31, 32).

Our current study highlights a continuum of ecological and
evolutionary processes, but future work should consider additional
processes that may be equally important for soil microbiome di-
versity. In addition to de novo mutations, horizontal gene transfer
promotes genetic innovation and can transform evolutionary
landscapes over short timescales (53, 54). Population dynamics,
including shifts in allele frequencies, can also provide fitness
benefits that gradually impact evolutionary trajectories. Indeed,
we previously identified genetically isolated populations within
Curtobacterium ecotype IBC, where constrained recombination
within populations promoted ecological specialization in localized
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microenvironments (20). Dispersal can also introduce novel di-
versity to a community (31, 55, 56) with the potential to impact
environmental selection depending on dispersal rates (57). Field
experiments that directly manipulate soil microbiomes afford the
opportunity to identify how such processes contribute to the di-
versity and functioning of shifting microbiomes.

Materials and Methods

Field Sites. We established four replicate plots (1 m?) at five sites across a
climate gradient in Southern California (32). The five sites (from lowest to
highest elevation) include the Sonoran Desert (33.648, —116.38; elevation =
275 m), coastal grassland (33.737, —117.70; 470 m), pinyon—juniper scrubland
(33.610, —116.45; 1,280 m), pine-oak forest (33.683, —116.77; 1,710 m), and
subalpine forest (33.823, —116.75; 2,250 m) as previously described (58). Sites
are hereafter referred to as Desert, Grassland, Scrubland, Pine-Oak, and
Subalpine, respectively. All sites experience Mediterranean climate patterns
with a hot, dry summer and a cool, wet winter. The sites provide a natural
environmental gradient as they range in mean annual air temperature from
10.3 to 24.6 °C and precipitation from 80 to 400 mm. Precipitation and soil
temperature data were collected from nearby weather stations and iButton
temperature sensors (32).

Community Transplant. In October 2015, we inoculated survey leaf litter
microbial communities from each site into microbial cages containing irra-
diated grassland leaf litter, as previously described (32). Briefly, grassland leaf
litter was ground and homogenized, 5 g was transferred to nylon membrane
bags with 0.22 pm pores (cat. no. SPEC17970; Tisch Scientific) and sterilized
with at least 22 kGy gamma irradiation (Sterigenics). The pore size allows for
movement of water and nutrients but prevents microbial migration (30).
After sterilization, 50 mg of finely ground survey leaf litter communities
were added to each nylon bag.

Metagenomic samples. We performed a pairwise reciprocal transplant by
placing inoculated litterbags in the four replicate plots at each site for 18 mo
from October 2015 to April 2017 (5 sites x 5 inocula x 4 replicate plots = 100
litterbags). The four replicate 1 m? plots were separated by >5 m. To assess
the composition of the microbial communities outside the litterbags, litter
adjacent to the plots (the mixture of decaying plant species present) was
collected at initial deployment (5 sites x 4 replicate plots = 20 in situ survey
samples). For all 120 litter samples, we extracted DNA from 0.05 g of ground
leaf litter using the FastDNA SPIN Kit for Soil (Mo Bio) and cleaned the
DNA with the Genomic DNA Clean and Concentrator kit (Zymo Research).
Cleaned samples were diluted to 0.5 ng/uL and 1 ng of DNA was used for
input for the Nextera XT library Prep kit for sequencing on the lllumina
HiSeq4000 instrument with 150 bp paired-end reads (PE150). The raw data
are deposited on the metagenomics analysis server (MG-RAST) (59) under
the project ID mgp17355.

Metagenomic libraries were quality trimmed using the BBMap toolkit (60)

(bbduk.sh gtrim = rl trimg = 10) and filtered to remove eukaryotic DNA.
Specifically, we mapped all reads to a reference genome using Burrows—
Wheeler Alignment (BWA) tool (61) from both an abundant grass (Lolium
perenne; Accession: MEHO01000000) and fungus (Pyrenophora teres; Ac-
cession: NZ_AEEY00000000) found at the Grassland site. Filtered reads were
merged with BBMap. If a read could not be merged with its counterpart, we
included only the forward read in further analyses. Reads were then trans-
lated using Prodigal (62) with the metagenomic flag.
Bacterial community analysis. To characterize the microbial communities, we
utilized a computational pipeline to assign taxonomy using phylogenetic
inference of 21 conserved single-copy marker genes against a reference
marker gene database, as previously described (12). Briefly, the translated
metagenomic paired-end reads were searched against the reference marker
gene database with an initial BLASTp database with an E value of 1 x 107>
and a secondary filter against the reference hidden Markov model (HMM)
profiles with an E value ranging from 1 x 107'° to 1 x 10~"> depending on
the individual marker gene. Passed reads were aligned using ClustalO ver-
sion 1.2.0 (63) to the corresponding reference package and placed onto
the reference phylogenies using pplacer version 1.1.alpha17 (64). Relative
abundances were calculated by generating single-branch abundance ma-
trices and normalizing to the total number of marker genes present in each
library. To test the effects of initial inoculum and transplanted sites on the
transplanted microbial communities (N = 100), we generated a Bray—Curtis
dissimilarity matrix as input for a permutational multivariate analysis of
variance (PERMANOVA) for 999 permutations. The Bray-Curtis similarity
matrix was also used for visualization with nonmetric multidimensional
scaling in R.
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Curtobacterium ecotype analysis. In order to track Curtobacterium ecotypes, we
utilized a similar approach to leverage phylogenetic inference of Curto-
bacterium core genes that provided a robust phylogenetic signal (N = 830
orthologs), as previously described (33). Translated reads were searched
against the Curtobacterium core gene database with a preliminary BLASTp
filter (E value = 1 x 107%°) and a secondary HMMer filter (E value = 1 x
107%9). Similarly, reads were aligned and placed onto core gene phylogenies
for classification to Curtobacterium clades and, when possible, ecotypes.

To incorporate differences in the absolute abundance of Curtobacterium
among sites as well as biases from relative abundance data, total bacterial
cell densities from transplanted bags were measured by flow cytometry and
normalized by per gram of dry litter weight, as previously described (32). The
relative abundances of 14 Curtobacterium lineages (ecotypes and other
clades) in each sample were then multiplied by an estimate of total abun-
dance of Curtobacterium from the community data. The resulting absolute
abundances of Curtobacterium lineages were log transformed and then
used to generate a Euclidean dissimilarity matrix (note that there are no
zeros in this smaller dataset, mitigating the typical problem of counting
double zeros when using Euclidean distance on community data). We tested
the effects of treatment (site, inoculum, and interaction of the two) using a
PERMANOVA for 999 permutations. Using the factoextra package in R,
compositional differences were visualized using a principal component
analysis ordination plot to determine which ecotypes were driving separation
between sites.

To correlate ecotype distributions to trait variation, we assayed 24 rep-
resentative strains from the six abundant ecotypes across the elevation
gradient, as previously described (33). Briefly, functional traits included biofilm
formation, growth parameters (umac = maximum growth rate; Aax = maxi-
mum growth by absorbance [ODggol), and the degradation of cellulose and
xylan. All traits were assayed in vitro across a temperature gradient ranging
from 15 to 37 °C. We reanalyzed this trait data to correlate ecotype abundance
to trait variation by calculating CWM trait values. Within each ecotype, we
averaged trait performance across strains independent of the temperature of
the assay. Temperature preference was then defined as the optimal temper-
ature at which each strain performed best across all trait assays. Finally, the
CWM trait values were calculated by weighting the measured ecotype-mean
values by their absolute abundances in each metagenomic sample.

Isogenic Transplant.
Characterization of strain MMLR14002. \We transplanted an isogenic strain of
Curtobacterium MMLR14002 from the most abundant ecotype across all
sites, IBC. The strain was originally isolated at the grassland site in 2011, and
this ecotype has been extensively characterized (12, 28, 33). To calculate
growth rates of the ancestral strain, we grew (in triplicate) strain MMLR14002
shaking at 22 °C in both high-nutrient (Luria-Bertani [LB] media) and low-
nutrient Loma Ridge (LR) litter leachate (the same substrate used in the lit-
terbags collected from the Grassland site) and measured optical densities
(ODgqo) for 48 h. The genome of MMLR14002 was previously reported (28);
however, we amended the genome using a combination of PacBio long-read
sequencing with the existing short-read data to assemble a complete refer-
ence genome (65). First, we performed a preliminary assembly with the long-
read data using the PacBio Corrected Reads pipeline (length, 500; partitions,
200; genomeSize = 3,700,000) (66). Next, lllumina short-read data were quality
trimmed using BBDuk (minlen = 25, gtrim = rl, trimq =r, k = 25) and mapped
against the preliminary assembly with BWA. Finally, we hybridized the two
datasets to generate a consensus assembly with pilon version 1.22 (67). We
predicted coding regions of the complete assembly of the reference strain
with prokka (68). The updated genome is available on National Center for
Biotechnology Information (NCBI) under accession number PRINA524191.
For the transplant, we grew a freezer stock of strain MMLR14002 on LR
litter (from the Grassland site) leachate agar plates for 4 d at 22 °C. We
transferred a single colony into 25 mL of liquid LR media for 3 d of growth,
followed by an additional transfer to fresh LR media for 3 more d. We used
1 mL of the grown culture for frozen stocks of the ancestral strain prepared
with glycerol for genome sequencing and long-term storage at —80 °C. The
remainder of the culture was centrifuged to wash the cell pellet with 0.9%
saline solution. After a third saline wash, we resuspended the cell pellet with
15 mL 0.9% saline solution and measured cell densities with optical density
(OD) at 600 nm. Cells were diluted to cell densities resembling Curtobacte-
rium abundances observed in the Grassland litter community (ODggo = 0.38).
As in the community transplant, sterile grassland litter was prepared under
identical protocols except for 2 g of ground leaf litter was added to each
litterbag (instead of the 5 g used in the community transplant). We inocu-
lated 25 sterile leaf litterbags (5 sites x 5 replicates) with 1 mL of diluted
Curtobacterium cells. Bags were sealed with fabric glue, edges reinforced
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with duct tape, and deployed to all sites in chicken wire cages to prevent
rodent interference and physical movement of bags.

At 6 mo intervals (until 18 mo), ~1 g of each bag was transferred to a new
litterbag containing 1 g of sterile Grassland litter, prepared under identical
protocols. The five freshly inoculated bags were randomly distributed across
the four replicate plots at each site to minimize plot effects. One bag from
the Grassland site was unable to be located after initial deployment, re-
ducing the number of replicates at this site from five to four litterbags. The
remaining 1 g of litter was collected and stored for metagenomic se-
quencing, flow cytometry, and reisolation of the ancestral strain.
Metagenomic population samples. To gain insights into the entire population
within the isogenic litterbags, we constructed shotgun metagenomic libraries
from a subset of samples from the experiment. For all 24 litterbags collected
at the final time point (at 18 mo), we extracted DNA from 0.05 g of ground
leaf litter using the FastDNA SPIN Kit for Soil (Mo Bio) and cleaned the DNA
with the Genomic DNA Clean and Concentrator kit (Zymo Research). Cleaned
samples were diluted to 0.5 ng/uL, and 1 ng of DNA was used for input for
the Nextera XT library Prep kit for PE150 sequencing on the Illumina
HiSeq4000 instrument. Since the gamma irradiation does not completely
eliminate the presence of the original community or remove relic DNA, we
first assessed the extent of possible contamination and recovery of Cur-
tobacterium in the litterbags at the final time point. Briefly, we quality
filtered the metagenomic reads with BBDuk and assembled all raw reads
using the SPAdes genome assembler (69) with a “careful” iterative k-step
ranging from k = 31 to 91. We then classified all contigs >1,000 bp using
MegaBLAST against the NCBI nucleotide database (70) with an E value of
1 x 107>, In total, 81 + 8% of the assembled contigs classified as Curto-
bacterium or in its family, Microbacteriaceae, with minimal differences
across sites. Reads were mapped to the reference genome with BBMap
using a minid = 0.95, but we were unable to achieve sufficient depth
across all samples for reliable variant calling (average depth = 28x). As
such, we used this data to validate the presence of the ancestral strain in
each litterbag by comparing the de novo assembly of the representative
population genome to the ancestral strain.

Based on the population genome completeness and similarity to the
ancestral strain, we selected one bag from each site to deeply sequence across
all three time points (1 bag per site x 5 sites x 3 time points = 15 total lit-
terbags). We isolated genomic DNA (gDNA) from 0.05 g leaf litter using the
Zymobiomics DNA Mini kit (Zymo Research) following the protocol for soil.
We quantified the DNA using the Qubit reagents and used the Nextera Flex
kit (Illumina) to prepare the library for sequencing using a reduced volume
protocol (71). The timeseries metagenomic samples were sequenced using
PE150 reads on the NovaSeq6000 to produce 3.6 x 10° reads per sample for
an average coverage of >4,000x to the reference genome that was evenly
distributed across sites (S/ Appendix, Fig. S8). For verification, we confirmed
the recovery of the ancestral strain by performing an additional de novo
assembly (all assemblies were 99.9 to 100% average nucleotide identity
(ANI) match to reference strain) as described above. The timeseries meta-
genomic data were processed for variant calling by mapping quality fil-
tered sequence data to the complete reference ancestral genome using
both the Genome Analysis Toolkit (GATK) best practices pipeline (72) and
breseq version 0.26.1 (73). To minimize the influence of sequencing error
in the variant calling for calculating population polymorphisms, we first
normalized the samples to kmer = 300 with BBNorm (target = 300,
mindepth = 5) before running the breseq polymorphism mode pipeline.
For the GATK pipeline, to account for the possibility of a mixed pop-
ulation, we increased the haploid count to 3, as the number of mutations
called reached a saturation point with increasing haploid counts (S/ Ap-
pendix, Fig. S9). Based on the recommendations from the GATK best
practices pipeline, we filtered low-quality variants from further analyses
(SNPs: quality by depth [QD] < 2.0 || Fisher strand Phred-scaled probability
score [FS] > 60.0 || root mean square mapping quality score [MQ] < 40.0;
indels: QD < 2.0 || FS > 200.0). High-confidence variants were further
categorized by mutation type.

To estimate consensus population sizes and replication rates, we utilized
both the timeseries (N = 15) and final time point metagenomic data (N = 24).
For the replication rate, we first mapped all reads to the reference genome
with BBMap (minid = 0.95), sorted all reads, and reduced the resulting sam
files with shrinksam (https:/github.com/bcthomas/shrinksam). The mapped
reads were then used as input for a modified replication rate estimator (39)
as part of the iRep toolkit (74). Consensus population sizes were estimated
using the percent of reads from each metagenomic library mapping back to
the reference genome as a function of cell counts. Specifically, total bacterial
cell densities were obtained by flow cytometry measurements of 0.2 g from
each isogenic litterbag and normalized by per gram of dry litter weight.
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Reisolation, variant calling, and mutation rate estimation. Every 6 mo, we reiso-
lated the ancestral strain from collected litter. We used 0.2 g of leaf litter from
each litterbag (N = 24) that was suspended in 5 mL of 0.9% NacCl solution
and vortexed for 5 min. Samples were serially diluted and plated on freshly
prepared LR litter leachate agar plates. For each plate, 5 to 10 colonies were
transferred three times on LB media agar plates to ensure clonal isolation
and stored in glycerol solution at —80 °C until sequencing.

To verify that isolates belonged to Curtobacterium, we identified a subset
of isolates from the final time point by PCR amplification of the 16S rRNA
region, as previously described (33). Of these, we confidently identified 78%
of the isolates as belonging to Curtobacterium, with an additional 10% as
probable matches to the ancestral strain that were excluded based on low-
quality base scores. Note that these percentages are similar to the percent of
reads matching Curtobacterium in the metagenomic data obtained with the
final time point litterbags (see above). Of the identified Curtobacterium
isolates, we selected 124 isolates from across all sites and time points for
whole-genome sequencing. Frozen stocks were grown in 10 mL liquid LB
media for 48 h. We used 2 mL of grown cultures for gDNA extraction using
the Wizard Genomic Purification Kit (Promega). Extracted DNA was diluted
to 0.5 ng/pL for the Nextera XT Library Preparation Kit (lllumina Inc.) and
pooled in equimolar concentrations for PE150 sequencing on the Illumina
HiSeq4000.

Demulitplexed sequence data were quality filtered using BBDuk (gtrim =
rl, trimq = 10, minlen = 25, ktrim =r, k = 25). Before calling variants against
the ancestral strain, we performed de novo assemblies on the 124 sequenced
strains using the SPAdes genome assembler with a “careful” iterative k-step
ranging from k = 31 to 91. Assembled genomes were compared against the
ancestral strain by calculating an ANI metric (75). We removed any assem-
blies with <99.9% ANI values to the ancestral strain and/or fragmented as-
semblies (>40 contigs from de novo assembly). The remaining 112 genomes
were processed for variant calling. Specifically, we mapped the quality fil-
tered sequence data to the complete reference ancestral genome using both
the GATK best practices pipeline and breseq version 0.26.1. We observed no
significant differences between pipelines and present only the results from
the GATK pipeline. Passed variants from the GATK pipeline were further
filtered to remove low-depth calls (overall depth of coverage [DP] < 20) and
designated as insertions, deletions, and SNPs with further characteriza-
tions into whether the mutation was observed in coding regions or
intergenic regions. Coding region SNPs were further characterized as
synonymous, nonsynonymous, or nonsense mutations. Unique SNPs were used
to calculate the expected dN/dS ratios with a 2:1 transition to transversion
ratio (47) in R.

For mutation rate estimations, we identified the number of unique var-
iants (SNPs and indels) across all reisolated clones. In total, we identified 139
unique polymorphic sites across the 112 mutant strains. By analyzing within
each site, we can estimate Watterson (6,,) with Eq. 1.

9W = S/an, [1]

where S = number of unique polymorphic sites; a, = number of genomes.

Assuming an average mutation rate of 0.001 mutations per genome per
generation (45), we estimated the mutation rate for the ancestral strain
(genome size = 3773875 bp). Finally, extrapolating from our growth rate
measurements, we estimated the ancestral population replicates at a max-
imum rate of 5.45 generations per day. Accordingly, all values were used to
calculate the effective population sizes (Ne) with Eq. 2.

Ne = S/<2 xan %L *I"g)’ 21

where L = length of genome; 4 = mutations per base per generation.

Data Availability. The updated reference genome for Curtobacterium I1BC
strain MMLR14002 is available under the NCBI BioProject PRINA524191.
Paired-end sequence data were deposited in the NCBI Sequence Read
Archive under the accession codes SAMN17506608-SAMN17506719 and
SAMN17497431-SAMN17497469 for the evolved isolates and population
litterbag metagenomics, respectively. Metagenomic sequences from the
community transplant litterbags are available on MG-RAST under the project
ID mgp17355. All other data and relevant code used can be found at GitHub,
https://github.com/alex-b-chase/curtoEvol.
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