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Microbiota comprise the bulk of life’s diversity, yet we know little about how popula-
tions of microbes accumulate adaptive diversity across natural landscapes. Adaptation to
stressful soil conditions in plants provides seminal examples of adaptation in response
to natural selection via allelic substitution. For microbes symbiotic with plants how-
ever, horizontal gene transfer allows for adaptation via gene gain and loss, which could
generate fundamentally different evolutionary dynamics. We use comparative genomics
and genetics to elucidate the evolutionary mechanisms of adaptation to physiologically
stressful serpentine soils in rhizobial bacteria in western North American grasslands.
In vitro experiments demonstrate that the presence of a locus of major effect, the nre
operon, is necessary and sufficient to confer adaptation to nickel, a heavy metal enriched
to toxic levels in serpentine soil, and a major axis of environmental soil chemistry vari-
ation. We find discordance between inferred evolutionary histories of the core genome
and nreAXY genes, which often reside in putative genomic islands. This suggests that
the evolutionary history of this adaptive variant is marked by frequent losses, and/or
gains via horizontal acquisition across divergent rhizobium clades. However, different
nre alleles confer distinct levels of nickel resistance, suggesting allelic substitution could
also play a role in rhizobium adaptation to serpentine soil. These results illustrate that
the interplay between evolution via gene gain and loss and evolution via allelic substi-
tution may underlie adaptation in wild soil microbiota. Both processes are important to
consider for understanding adaptive diversity in microbes and improving stress-adapted
microbial inocula for human use.
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Adapration is key to the persistence of microbial taxa across a variable landscape. The genetic
variants that aid in environmental adaptation are often investigated in clonally evolving
microbial populations in laboratory experiments (1, 2). However, conditions influencing
evolutionary dynamics in these controlled experiments can differ dramatically from those
in wild populations. For instance, natural microbial populations have access to novel genetic
variants via horizontal gene transfer (HGT). In diverse communities, this can generate
massive pangenomes with vast reservoirs of accessory functions that participate in complex
mosaics of selection (3—5). We know surprisingly little about specific patterns of adaptation
in wild microbes in response to environmental variation. In particular, how environmentally
adaptive variants arise and spread in wild populations is poorly understood: Are adaptive
variants lineage-specific mutations that arise independently in different species-like lineages
or do divergent lineages share adaptive variants broadly via HGT?

The distribution of microbial population diversity across the landscape is impacted by
evolutionary dynamics during adaptation. Novel adaptive genetic variants that confer
stress tolerance will be rare but could confer dramatic fitness benefits in stressful environ-
ments. These locally adaptive variants can trigger genome-wide sweeps if low rates of
HGT-driven recombination result in genome-wide linkage (6). Here, a clone bearing a
locally adaptive variant may outcompete other local clones, leading to a locally homoge-
neous population, in a process similar to the founder effect. This can generate specialized
subpopulations that occupy discrete ecological niches and display environmental differ-
entiation at the whole-genome level (1, 4, 7-9). However, locally adaptive variants can
result in gene-specific sweeps if high rates of HGT-driven recombination can free adaptive
variants from linkage with other portions of the genome (6). This can allow an adaptive
variant to go to high frequency locally but maintain local diversity for other portions of
the genome. This can generate generalist quasi-sexual populations that together occupy
a broad ecological niche with each lineage also accumulating niche-specific genes that
confer a local fitness advantage (10-13). Understanding the contributions of these con-
trasting dynamics to adaptation in wild microbial populations is key to accurately modeling
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how variable selection can maintain microbial diversity across the
landscape.

Due to HGT, different genomic compartments in microbes
can experience distinct patterns of dispersal, selection, drift, and
mutation, and thus can show distinct biogeographic patterns (14).
The biogeography of environmentally adaptive loci in soil habitats
is rarely elucidated, despite the importance of these loci to micro-
bial persistence (10). If HGT of adaptive loci occurs primarily
among close relatives with low dispersal, this could lead to unique
solutions to stress among clades and among regions, respectively.
Here, adaptive loci acquired by a lineage would tend to be limited
to those from local close relatives. Alternatively, if HGT of adap-
tive loci spans highly divergent taxa with high dispersal, this could
lead to globally shared solutions to stress among clades, and among
regions, respectively. Such broad patterns of HGT could occur if
adaptive loci are borne on excisable mobile genetic elements
(MGEs) capable of inserting into globally conserved insertion
sites. Shedding light on these potential biogeographic outcomes
for environmentally adaptive loci will complement growing evi-
dence of microbial biogeography.

Wild soil microbial communities are highly diverse, but the
traits and evolutionary dynamics that contribute to adaptive diver-
sity in the soil are challenging to study in wild systems (15).
Serpentine soil outcrops provide a useful model system for stud-
ying environmental adaptation due to the steep shifts in selection
pressure across their boundaries with adjacent soils and the fact
that many outcrops occur across the landscape, providing spatial
replication of shifts in selection (16-19). Serpentine soils are the
product of naturally weathered ultramafic serpentine bedrock and
are characterized by high and often toxic concentrations of heavy
metals like nickel (Ni), and unusual ionic composition, such as
low Ca®* and high Mg2+ (17). Patches of serpentine soil are areas
that impose extreme physiological stress, while the non-serpentine
soils in which such outcrops are found are more physiologically
benign. Adaptations to the extreme physiological challenges of
serpentine soil can be found within the genomes of plant species
that have adapted to such conditions. For example, transmem-
brane metal ion transporters such as Ni efflux transport proteins
are highly differentiated between populations of Arabidopsis lyrata
that span serpentine and non-serpentine soils (20). Some of these
serpentine adaptive alleles appear to have introgressed to nearby
congener Arabidopsis arenosa (16). Diverse prokaryotes inhabiting
serpentine soils also contain heavy metal tolerance systems (21),
but the evolutionary dynamics and biogeographic distributions
of these adaptations are poorly resolved. Are adaptations to heavy
metal shared among disparate lineages of soil microbes due to high
rates of HGT across divergent taxa and gene-specific sweeps on
serpentine soil outcrops? Or do distinct serpentine lineages of soil
microbes inhabit adjacent non-serpentine soil and serpentine out-
crops due to low HGT, HGT restricted to close relatives, and
genome-wide sweeps?

The fate of soil microbes and the plant hosts they colonize on
serpentine barrens are intertwined. Heavy metal-tolerant rhizo-
bacteria can improve plant growth in serpentine (22, 23) and other
stressful soils (24). Bacteria can evolve tolerance to excess heavy
metals by removing metals from the cell, preventing ions from
entering the cell, sequestering or detoxifying metals within the
cell, or altering the redox state of the metal (25, 26). Such adap-
tations to serpentine soil could be costly and lead to trade-offs
that render the fitness benefits of serpentine adaptations context
dependent (27). This may generate clines in adaptive variants
across the boundaries of serpentine soil outcrops (28). On the
other hand, there is relatively little evidence for trade-offs associ-
ated with microbial adaptations in wild populations (29). If
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prokaryotes induce expression of costly adaptations only in
response to strongly selective environmental cues, adaptations may
incur little cost across environments (30). The absence of cross-
environment costs could allow adaptations to go to fixation glob-
ally. However, the fitness effects and distributions of microbial
adaptive variants across heterogenous environments are largely
undescribed in soil.

To investigate the genetics, evolutionary dynamics, and bioge-
ography of microbial adaptation to serpentine soil (Ca:Mg < 1),
we examine the symbiotic rhizobium bacteria associated with
native legume species both inside and outside of multiple serpen-
tine barrens. Rhizobia are free-living bacteria in soil microbial
communities capable of initiating symbiosis if they encounter the
roots of compatible legume species. Rhizobia dispersal across soil
types is likely common as they are mobile for short distances in
their flagellated life history stage (31), and appear to disperse
longer distances in wind and water flow (32, 33). Molecular
plant-microbe signaling can induce the legume to form nodule
organs on their roots within which rhizobia can fix atmospheric
nitrogen in a protected intracellular environment, essentially fer-
tilizing the plant (34). Western North American native grassland
legumes, Acmispon wrangelianus and Acmispon brachycarpus, are
symbiotic specialists that fix nitrogen with select strains of
Mesorhizobium rhizobia in both physiologically harsh, heavy
metal-enriched serpentine soil as well as various non-serpentine
soils (27). This symbiotic specificity is useful for using plants to
sample wild bacterial species with continental-scale distributions,
providing a complement to the historic focus on microbial adap-
tation in vitro (28, 35).

We link patterns of traits, fitness, genomics, and genetics for these
mesorhizobia to investigate the following: 1) Is there a genetic basis
for adaptation to serpentine soils? Upon identifying the 7re operon
as necessary and sufficient to confer adaptation to Ni, a heavy metal
enriched to toxic levels on serpentine soil, we ask, 2) What are the
evolutionary dynamics of 77e in the rhizobium pangenome? and 3)
What is the biogeographic distribution of 77e across the heterogene-
ous environments found in natural soils?

Results and Discussion

Genetic Basis for Microbial Adaptation to Serpentine Soils.
Rhizobial adaptation to spatially variable heavy-metal enrichment.
We sampled sites to span a transect through most of the latitudinal
extent of the geographic range of A. wrangelianus and A.
brachycarpus, which occur from Northern Mexico to Southern
Oregon, USA (SI Appendix, Table S1). Variation in soil chemistry
among these sites is largely driven by two classic bioindicators
of serpentine soil, high Ni and low calcium (Ca) (17, 19). We
measured soil chemistry, including Ni, macro-, and micronutrients,
at 55 grassland sites hosting populations of A. wrangelianus and/or
A. brachycarpus, that were in 18 reserves located in California and
Oregon, USA. Principal component analysis revealed two major
axes of variation, PC1 and PC2, which explain 25% and 23% of
soil chemistry variation, respectively (Fig. 1A4). The top loadings
for PC2 were calcium (-0.50) and Ni (0.39) and for PC1 are
soil organic matter (0.43) and potassium (0.40). Soil Ni plays a
key role in driving adaptation across soil variation in many taxa
(17, 18), so to investigate adaptation to local soil conditions, we
focused on this major axis of natural environmental variation.
Mesorhizobium from replicated sites within serpentine soil
adapts to local Ni concentrations. We isolated rhizobia from
669 field-collected nodules from both Acmispon species from
serpentine and non-serpentine soils across our 55 sites. We also
included 46 Mesorhizobium strains from a similar study (27). We
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Fig. 1. Mesorhizobium from heavy-metal-enriched serpentine soil adapts to nickel (Ni) and shows a polyphyletic distribution of Ni tolerance candidate genes
in a GWAS. (A) Ni enrichment reflects an important axis of soil niche space. Principal components analysis of 11 soil chemistry parameters across 55 sites
inhabited by host legumes reveals that Ni (ppm) is a top loading for PC2. (B) The growth of Mesorhizobium strains from serpentine soils (n = 204) is insensitive
to Ni; however, strains from non-serpentine soils (n = 92) grow slowly in the presence of Ni (Dataset S1). Shown is an interaction plot of the estimated marginal
mean growth at 72 h +SE based on a general linear model. SE; standard error. (C) Serpentine soils (serp) contain more Ni than non-serpentine soils (non-serp).
Soils with a Ca:Mg < 1 are classified as serpentine. Bars indicate means +1 SEM. Points indicate individual soil samples (n = 114). (D) A phylogeny based on amino
acid sequences of 1,542 single copy core genes built with RAXML. The presence (colored tile) or absence (gray tile) of genes in each strain associated with Ni
tolerance (MIC for Ni and/or growth in nickel media). Candidate genes are grouped by whether they were significant in both Clades, Clade 1 only, or Clade 2
only (FDR-adjusted P-value < 0.05). Predicted function of candidate genes is indicated by tile color. A strain’s MIC is indicated by the shade of a green tile. Clades
1 to 13 are designated by background colors in the phylogeny (scale bar indicates substitutions per site). Branches with bootstrap support values of less than
70 are collapsed to polytomies. For strain identities and additional strain information, see S/ Appendix, Fig. S3.
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then measured each strain’s tolerance to Ni via the minimum
inhibitory concentration (MIC) of Ni grown on tryptone yeast
agar supplemented with 0 to 5 mM Ni. For strains selected
for genomic sequencing (see below), we also measured growth
in Ni media as the ODyy, after 72 h in tryptone yeast broth
supplemented with 1 mM NiCl,. Strains from soil with higher
levels of Ni (and higher PC2 values) show higher Ni tolerance
(Fig. 1 A and B and SI Appendix, Fig. S1 A-C and Table S2).
This repeated pattern of adaptation was indistinguishable for
strains isolated from different natural reserves and host species
(SI Appendix, Table S2).

These environmentally adapted rhizobia comprise multiple
clades of Mesorhizobium. We characterized the pangenome of the
collected Mesorhizobium strains using PacBio (n = 16) and lllumina
(n = 286) sequencing to provide complete (n = 3) or draft genomes
(n =299) for 302 strains spanning the geographical breadth of the
collection (SI Appendix, Table S3 and Dataset S1). The pangenome
was obtained through Markov clustering (MCL) (36) of protein
sequences into orthologous clusters using Anvi'o (37). This
Mesorhizobium pangenome comprises a core genome that includes
2,423 genes (orthologous clusters) conserved across the strains and
a flexible genome that includes 55,613 genes (S Appendix;, Fig. S2
A and B and Table S4). A phylogeny built using a concatenated
alignment of single copy core genes (Fig. 1D and SI Appendix,
Fig. $3) and pairwise average nucleotide identity (ANI) distances
(38, 39) of marker genes at a 95% threshold indicate that the
majority of these genomes comprise two major phylogenetically
distinct clades, Clade 1 (n = 89) and Clade 2 (n = 144), with the
remaining strains comprising 11 smaller clades (Fig. 1D and
SI Appendix, Fig. S4A and Table S3). This clade structuring was
recaptured in an additional phylogeny based on marker genes uni-
versally conserved in bacteria (40-42) (SI Appendix, Fig. S5 A and
B). Within our Mesorhizobium marker genes, 15.5% of the varia-
tion in amino acids is attributed to variation among reserves
(PERMANOVA, P < 0.01), while host species and serpentine or
non-serpentine soil type accounted for 4.9% and 2.3% (P < 0.01)
(SI Appendix, Table S5), respectively. Therefore, we observe some
regional differentiation among Mesorhizobium, but weak differen-
tiation across soil types. However, dispersion, the variation within
a group, differs among reserves (df = 14, F=7.652, P<0.01), and
host species (df = 1, F = 29.497, P < 0.01), but not between soil
types (40). Thus, differences in dispersion within these groups may
contribute to measures of Mesorhizobium differentiation among
reserves and hosts (41).

To identify genetic variants that underlie environmental adap-
tation, we sought locally abundant genetic variants associated with
high fitness under conditions that reflect an important axis of local
niche space (5). We used a genome-wide association study (GWAS)
approach to associate genetic variants to Ni tolerance, an adapta-
tion to an important axis of environmental variation across the
landscape. We tested both patterns of gene presence/absence in the
flexible genome and single nucleotide polymorphisms (SNPs) as
sources of genetic variation. Since different Mesorhizobium clades
could differ in which genetic variants are correlated with Ni toler-
ance, GWAS was performed separately for Clade 1 and Clade 2.
To account for a clonal background among strains, which can
reduce power due to large amounts of shared DNA (42), we imple-
mented a linear mixed model (FaST-LMM) with phylogenetic
population structure correction through pyseer (43—45) using the
marker gene phylogeny. To add additional support, we repeated
the pyseer GWAS analyses using first a FaST-LMM with popula-
tion structure correction based on the single-copy core gene phy-
logeny and then again under a fixed-effects model with population
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structure correction using Mash-computed whole-genome sequence
distances (46). These three methods for accounting for population
structure yielded largely overlapping results (Dataset S2), and
below, we discuss the candidate loci that were significant in all three
analyses.

Odur findings are consistent with a scenario in which the gain or
loss of genes contributes to Ni adaptation in Mesorhizobium. After
performing GWAS through pyseer and applying multiple test cor-
rections, we found that the presence of 32 and 30 genes in Clades
1 and 2, respectively, were associated with Ni MIC, growth in Ni
media, or both at the 5% significance level (Dataset S2). Twenty-one
of these genes associate with Ni tolerance for both Clade 1 and
Clade 2, consistent with a scenario in which genetic strategies for
Ni tolerance are shared across divergent Mesorhizobium clades
(Fig. 1D). Patterns of presence/absence of these Ni tolerance can-
didate loci in other clades showed these genes are not limited to
Clades 1 and 2 (Fig. 1D). Our findings are also consistent with a
model in which allelic variation in the core genome does not con-
tribute substantially to Ni adaptation. After testing 197,600 and
38,665 SNPs for Clade 1 and Clade 2, respectively, and applying
Benjamin-Hochberg FDR-correction for multiple testing, there
were no SNPs associated with either Ni tolerance phenotype at the
5% significance level. Our findings suggest SNP alleles of large effect
that segregate at intermediate frequencies in core genes are unlikely
to underlie Ni adaptation. However, this association genetics
approach could fail to detect small effect or rare alleles (47).

Many of the genes whose presence is associated with Ni tolerance
phenotypes reside in close physical proximity in the genome. One
strain in which the genetic proximity of these GWAS candidates
is especially evident is C089B, in which 30 candidate genes are
closely associated along the chromosome (87 Appendix, Fig. S6 C
and D) in a region bearing similarities to a MGE (Fig. 24). Further
inspection in other genomes shows a similar pattern (Fig. 1D),
indicating the possibility of a small genomic island (GI) bearing
P4 integration motifs, with multiple groups of genes contributing
to Ni tolerance. To determine whether genetic variants associated
with a phenotype via GWAS that are co-localized contribute to the
phenotype or are spuriously associated via physical linkage, we
tested for a causal link to the phenotype for each locus (48) and
used experimental genetic evidence to validate whether we observe
an impact of genotype on the Ni adaptation phenotype.
Functional validation of the nre operon for Ni tolerance. To identify
genes that contribute to Ni tolerance in the genomic region
enriched for candidate loci, we conducted a functional analysis of
individual genes and multi-gene transcription units (T'Us) within
this region, using CO089B as a reference strain. Twenty regions
(excluding some genes for DNA processing and transcriptional
regulation) were defined within the C089B Ni tolerance gene
cluster (Fig. 24). These TUs were ligated into a broad host-range
plasmid for expression in the fast-growing Rhizobiaceae strain
Agrobacterium fabrum UBAPF2, which is sensitive to Ni. One
transcription unit (#8) could not be cloned despite several attempts.
Of the remaining 19 clones, only one (#12) conferred robust Ni
tolerance to the A. fabrum test strain (Fig. 2B and ST Appendix,
Fig. S7). This clone consisted of four putatively co-transcribed
genes, designated nreA, nreX, nreY, and dedA. The protein encoded
by nreA belongs to the CsoR family of transcriptional regulators
and shares similarity to the nreA gene of Cupriavidus metallidurans
31A, which contributes to Ni tolerance in that organism (49).
The proteins encoded by nreX and nreY are predicted to be
proton:cation antiporters of the cation diffusion facilitator and
major facilitator superfamily families, respectively. The dedA gene
encodes a putative transmembrane transporter protein associated
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Fig. 2. The candidate gene island contains genes necessary and sufficient
for Mesorhizobium nickel tolerance. (A) A Mesorhizobium Gl from strain CO89B
enriched in Ni tolerance candidate genes from GWAS. Brackets group genes
into 20 probable TUs for plasmid-based testing. (B) Spot dilution testing of
A. fabrum clones expressing Mesorhizobium candidate Ni tolerance genes. A
plasmid for expressing TU8 was not successfully constructed. (C) Mesorhizobium
genes residing in TU12 (nreX, nreY, and dedA) were individually introduced into
A. fabrum on an expression plasmid and the resulting strains were spotted
onto medium with 0 and 2 mM NiCl,. (D) Deletion of the two-gene nreXY region
was accomplished in the Mesorhizobium C089B background and the resulting
strain (compared to nreXY") was tested for Ni tolerance by spot dilution test.
(E) Growth of nrexy" C089B and the isogenic AnreXY mutant in the presence
and absence of Ni. Shown is an interaction plot of the estimated marginal
mean growth at 48 h +SE from a general linear model. SE; standard error.

with resistance to various metal and organic compounds, either
indirectly through its effects on bacterial surface chemistry, or
directly via efflux of the chemical stressor (50, 51).

Ni tolerance gene clusters in Clades 1 and 2 vary in nreAX(Y)-
dedA gene organization. Of 246 occurrences of the 7re gene cluster
in 208 strains (some strains have more than one copy), 65% of
loci had the nreAXYdedA organization, 19% had an nreAXdedA
organization, 9% had nreAX occurring without nreY or dedA, 5%
had an organization with 77¢AXY separated from dedA by 3 to 4
hypothetical genes, and 2% have undeterminable organization
due to contig breaks.

The nreX, nreY, and dedA genes were tested individually for their
ability to confer Ni tolerance in A. fabrum (Fig. 2C). A. fabrum
expressing nreX or nreY supported strain growth at 2 mM NiCl,, a
Ni concentration that did not allow growth of the vector-only con-
trol strain, while A. fabrum expressing dedA did not exhibit Ni

tolerance above background. The 7#reX and nreY genes are therefore
PNAS 2024 Vol. 121

No. 13 e2311127121

each sufficient to confer Ni tolerance. Having demonstrated the
sufficiency of nreX or nreY to confer Ni tolerance in the heterologous
system, we investigated how crucial this gene pair is for Ni tolerance
in the Mesorhizobium strain C089B, which is Ni tolerant. We cre-
ated a precise deletion of the nreX-nreY gene pair in the C089B
strain background using an allele exchange strategy. This deletion
mutant lost considerable tolerance to Ni compared to the wild-type
parent strain background (Fig. 2 D and E), highlighting the role of
nre as necessary for high Ni tolerance in this serpentine soil-derived
strain. Genes in the 77¢ operon are thus primary determinants of
C089B nickel tolerance, though additional untested loci could con-
tribute to the phenotype as well.

Evolutionary History of the nre Gene Cluster.

Origins of nre. To investigate the origins of adaptive loci, we
examined whether lineages tend to inherit adaptive loci vertically
or acquire them from distantly related lineages. We find that many
Ni tolerance candidate genes are shared across highly divergent
Mesorhizobium clades (Fig. 1D), consistent with globally shared
sweeps of adaptive loci, rather than lineage-specific innovation
followed by clonal sweeps in response to environmental Ni. The
phylogeny based on the nreAX locus is incongruent with the
Mesorhizobium core and marker gene phylogenies, and strains
that share high sequence similarity, genome-wide, differ in the
presence/absence of the nreAXY locus (S/ Appendix, Fig. S8 A
and B). This incongruence, combined with the fitness advantage
nreAXY confers in the presence of Ni, is consistent with a scenario
in which diverse Mesorhizobium lineages acquire this niche-
specific locus where it is locally advantageous via HGT-driven
recombination that has freed nreAXY from tight linkage with the
core genome (6, 10-13).

To explore the evolutionary history of the nre operon (and to test
whether certain forms of the 77eAXY genes associate with higher
Ni tolerance, below), we clustered nreA, nreX, and nreY protein-
coding sequences with a sequence similarity approach (referred to
as “alleles” hereafter). Comparisons of the distributions of these
alleles with respect to the phylogeny showed that although some
alleles have a higher frequency in one clade or the other, there is
imperfect sorting of alleles across clades (Fig. 34). This is consistent
with HGT of adaptive alleles primarily among close relatives, but
also occasionally across deeply diverged Mesorhizobium clades.
The nre gene cluster often resides in a putative transmissible element.
‘The mechanisms by which adaptive loci transfer between cells and
integrate into the genome are predicted to shape biogeographic
and phylogenetic distributions of the adaptations they encode (5).
We find that candidate genes for Mesorhizobium Ni tolerance tend
to be physically clustered in various putative Gls, such as putative
MGE:s, segments of DNA that carry genes for their own excision
and transfer (53, 54). For example, the nre operon, and linked
candidate genes, reside within an inferred mobile element region
in all eight of the complete or nearly complete PacBio-sequenced
Mesorhizobium genomes that contain the nre operon (SI Appendix,
Table S7). This physical organization is recapitulated in eight draft
genomes with contigs large enough to enable us to detect MGE-
related genes in regions neighboring the #re operon and linked
candidate genes (SI Appendix, Table S7). Introduction of DNA
from a MGE can result in multiple gene modules that provide novel
functions and potentially contribute to adaptation to a specific niche
(5,53, 55). In C089B, the putative mobile element containing the
nre operon and candidate Ni tolerance genes resides 2.4 Mb from
the symbiosis island (87 Appendix, Fig. S9) and is inserted at the
3" end of a tRNA-Met gene with a 14-bp direct repeat 54 kbp
downstream. This region contains an open reading frame (ORF)
coding for a serine recombinase as well as ORFs with similarity to
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Fig. 3. nre Ni efflux genes reside within a variety of putative Gls and display allelic diversity. (A) Single copy core gene phylogeny of Mesorhizobium isolates with
nre allele plotted adjacent showing a polyphyletic distribution of nreA, nreX, and nreY alleles. Clades 1 and 2 are highlighted. Allele counts per clade are displayed
in the key (presence/absence). (B-D) Estimated marginal mean MIC +SE of strains with nre (B: nreA, C: nreX, and D: nreY) allele number designations. Allele O refers
to the absence of that gene. Alleles 7 and 8 of nreY were removed because of low abundance. (£) Diagram comparing Gl-like regions containing Ni tolerance
candidates from different genomes. Regions of similarity as computed by the Mauve aligner (52) connected by gray. Ni tolerance candidates and putative HGT-
related genes are color coded and labeled with predicted function. Segments cut due to length in islands of C432A and M1142 are symbolized with diagonal
lines. (F) Natural allelic variants of the nreAXY operon inserted into A. fabrum confer different growth in the presence of nickel. Bars represent mean growth +SE
after 24 h for low tolerance, reference strain, and high tolerance alleles. Inside brackets are the strain ID and clade the alleles were derived from. Letters above
bars indicate significant differences at P < 0.05. SE; standard error.
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the r2ACD mobilization locus of the integrative mobile element
IMEMPFSE of Mesorhizobium sp. R88B (56, 57). (Fig. 3E). We
consider similar regions in other Mesorhizobium that share attributes
such as insertion at a tRNA-met and a7 sites, and bear multiple Ni
tolerance candidate genes, to be “C089B-type Ni islands.” Out of
the 29 strains with this organization that we examined, 27 belonged
to Clade 1, one to Clade 2, and one to Clade 10. Among intact
C089B-type Ni islands (i.c., those that lack contig breaks), island
size ranges widely, from 53,319 bp in strain M0626 to 172,320 bp
in strain M0025. While the Ni island of C089B does not contain
genes with predicted conjugative functions, C089B-type Ni islands
in several other genomes contained putative conjugative type IV
secretion systems which could function to transfer the Ni island
among lineages (58, 59). HGT of these putative Gls thus appears to
rely on mobile element features and insertion sites that are broadly
conserved among Mesorhizobium strains and present a mechanism
by which an environmentally adaptive locus is distributed across
phylogenetically distant and geographically widespread strains.

Across Mesorhizobium strains, nre loci occur in various putative
mobile genomic contexts. Clusters of Ni tolerance genes localize
in the same genomic region, but with variable gene order across
divergent strains, even when a distinct Gl-like region is not iden-
tifiable (Fig. 3£). The genomic context of nreAXYdedA and other
Ni-associated gene clusters is not limited to C089B-type Ni islands,
but also includes putative Gls with alternative insertion sites and
features consistent with integrative and conjugative elements (60)
(Fig. 3E and SI Appendix, Table S7). The variable co-occurrence
and mosaic structure of Ni candidate gene modules in different
MGE-like systems could result from recombination between
MGEs, which can occur in Mesorhizobium (56). Additionally,
insertion sequence (IS) transposases were sometimes found located
near Ni candidate genes and IS-mediated transposition can result
in gain and loss of genes (61). Thus, HGT of nre, which confers
fitness benefits in Ni-enriched habitats, could drive gene transfer
of variable numbers and identities of other loci in diverse mobile
contexts and contribute to genomic diversity.

Of the 41 genes associated with Ni tolerance, only 7reX and
nreY contribute to functional Ni tolerance in vitro. The fitness
impacts of the loci co-transferred as components of putative Ni
GIs remain unknown. On one hand, these genes could provide
little to no fitness benefit (5, 62). Their absence from some puta-
tive Ni Gls across different strain backgrounds could result from
genome streamlining whereby selection has purged lineages with
extra neutral DNA or a process by which shorter mobile elements
have had a greater probability of integrating into the chromo-
some (5, 63, 64). Alternatively, co-transferred genes may confer
tolerance to other stressors in serpentine soil. Beyond Ni enrich-
ment, serpentine soil can impose stress due to excess Cu and Mg,
dry conditions, and low levels of macronutrients (17, 19), The
fact that gene clusters with potential roles in the transport of
other metals occur within some Ni islands is consistent with the
latter possibility (SI Appendix, Table S8). We note that while
metal tolerance systems in bacteria sometimes confer tolerance
to multiple metals (65, 66), Ni tolerance is uncorrelated with
Co or Cr tolerance across 94 haphazardly selected strains we
examined (87 Appendix, Fig. S10 A and B). Often the serpentine
soils we examined contained low levels of Co or Cr, so selection
for metal cross-tolerance may be weak in our system (SI Appendix,
Table S9).

Allelic variation in nre genes may contribute to environmental
adaptation. The nre alleles we identified associate with different
levels of Ni tolerance. Based on patterns of amino acid divergence
at each gene, we delineated 6 nred alleles, 3 nreX alleles, and
8 nreY alleles. While some alleles were more common in one

PNAS 2024 Vol.121 No.13 e2311127121

Mesorhizobium clade over another, other alleles occurred at similar
frequencies in both Clade 1 and Clade 2 strains (Fig. 34). General
linear mixed models (GLMMs) indicate that the allelic identity
of nred (X* = 132.69, P < 0.001), nreX (X* = 114.56, P < 0.001),
and nreY (X = 100.78, P < 0.001) predicts the Ni minimal
inhibitory concentration (MIC) of strains, which was confirmed
with estimated marginal means post hoc analysis (Fig. 3 B-D).

Naturally variant nreAXY alleles that were expressed in A. fabrum
conferred distinct degrees of Ni tolerance to elevated levels of
nickel. We used 77eAXY alleles that were predicted in the model
above to confer high Ni tolerance or low Ni tolerance, from clade
1 and 2 strains (Fig. 3 A-C) as well as reference strain C089B,
which we find to have intermediate Ni tolerance. While nreAXY
alleles confer growth indistinguishable from that of the vector-only
control, in the absence of Ni, all #zreAXY alleles confer Ni resistance,
compared to the vector-only control, in 1.5 mM NiCl, (Fs 4 = 27,
P < 0.001; Fig. 3F). However, at higher Ni levels, the predicted
high tolerance alleles confer greater tolerance to Ni than the pre-
dicted low tolerance alleles (2 mM nickel: Fs ;= 1044.7, P< 0.001;
2.5 mM nickel: F5 44 = 1342.8, P < 0.001; 3 mM nickel: Fs ¢, =
14.28, P<0.001; Fig. 3F). Genetic variation conferred by different
alleles occurs across both clades 1 and 2.

These findings are consistent with a scenario in which zre alleles
that confer a level of Ni tolerance just sufficient to withstand local
levels of Ni enrichment could accumulate in a population. Thus,
allelic variation at the adaptive #7e locus contributes genetic var-
iation that has the potential to fine-tune environmental adaptation
driven by the gain or loss of the Ni GI.

nre across the Landscape.

Replicated clines in nre. Our findings document large-scale
observations of repeated clinal variation in the frequency of an
adaptive genetic variant in soil bacteria. Across the western United
States, Mesorhizobium strains from sites with higher levels of Ni
enrichment are more likely to contain nreAX or nreY’ (X3(1) = 48.2,
P <0.0001; X*(1) = 36.8, P < 0.0001; respectively; ST Appendix,
Fig. S11 A and B and Tables S10 and S11). Even at fine spatial
scales, including those separated by only hundreds of meters,
frequencies of strains possessing nre were dramatically elevated
on serpentine soils, often up to 100%, while strains from adjacent
sites with non-serpentine soils rarely possessed nre (Fig. 4 and
SI Appendix, Table S1). In fact, for every 1 ppm increase in soil Ni,
the log-odds of an isolate bearing nreAX increased by 1.15, and the
log-odds of an isolate bearing nre¢Y increased by 1.11. Similarly, soil
PC2, a major axis of soil chemistry variation heavily influenced by
Ni enrichment, also had a positive relationship with the presence
of nreAX [X*(1) = 21.3, P < 0.0001] and nreY [X(1) = 21.4,
P<0.0001]. Our findings are consistent for symbiont populations
collected from both Acmispon host species (S Appendix, Tables S10
and S11). Thus, despite the potential for high rates of soil microbial
migration via transport in wind, water flow, or on mobile animals
(33), spatial variation in natural selection due to soil chemistry
appeared to be sufficient to maintain the repeated evolution of
environmental adaptation to Ni via clines in the frequency of the
nre locus.

Conditional neutrality of nre. While adaptive loci that are
transmitted horizontally can be key to persistence across
environments, their fitness effects are rarely measured across
environmental conditions (5). To understand the evolutionary
dynamics that cause nre to segregate at high frequency (90%) in
Ni enriched serpentine soil, but low frequency (23%) in low Ni
non-serpentine soil, we tested whether n7e imposes a detectable
cost in the absence of Ni. Under antagonistic pleiotropy, a
variant beneficial in one environment can be costly elsewhere
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Fig. 4. Across natural Mesorhizobium populations in Oregon and California,
USA, nreAXY presence is higher at sites with higher soil Ni concentrations. Pies
indicate sites within a reserve. Reserve name is labeled by each cluster of sites.
Colors within the pie indicate the proportion of sequenced strains with the
nre locus (defined as genome containing nreAX and/or nreAXY locus) present
(dark green) or absent (light green). A total of 56 sites with strains sequenced
for this study are shown: 50 from the from this study (2019 sampling); and 6
from a similar study from 2009 (27). The outer circle around each pie indicates
the level of Ni enrichment in soil at a site (darker green indicates higher Ni).
Serpentine sites (defined as soil Ca:Mg < 1; Right) and non-serpentine soil (Left)
are shown clustered by soil type. S/ Appendix, Table S1 gives the number of
strains sequenced per site and reserve.

and this genetic trade-off maintains the spatial distribution of
adaptive variants. However, trade-offs are not ubiquitous. Under
conditional neutrality, variants beneficial in one environment have
no impact on fitness elsewhere, and here, barriers to gene flow can
maintain the non-random spatial distribution of adaptive variants
(67). We found that while the C089B Ni tolerant streptomycin-
resistant strain, which bears the 7re locus, grows more rapidly in
the presence of Ni than does the isogenic n7eXY deletion strain
(F560 = 51.3, P < 0.001), these strains show indistinguishable
growth at 48 h in TYC media supplemented with streptomycin
in the absence of Ni (Fig. 2E). Thus, while the nre locus increases
fitness in the presence of Ni, it has no detectable cost in the
absence of Ni under our experimental conditions, consistent with a
conditionally neutral adaptive variant. In fact, across the set of 296
Mesorhizobium strains we tested, Ni tolerance and the presence/
absence of nre do not predict a strain’s growth rate in media that
lacks Ni enrichment (S/ Appendix, Fig. S12 A-L and Table S12),
in contrast to findings from a smaller previous study (27). Thus,
our present findings are consistent with growing evidence that
horizontally transmitted adaptive loci can segregate across habitat
types despite imposing no detectable costs (68). However, future
experiments could test for other pleiotropic costs of metal efflux
proteins like 77e that might be missed in in vitro assays, such as a
reduction of survival under natural biotic and abiotic conditions,
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due to factors such as increased susceptibility to biotic antagonists
present in non-serpentine soil (29, 69).

The lack of a detected fitness trade-off at the single locus level (70) is
consistent with findings from other systems in which low expression
of gene modules in the absence of an environmental cue results in very
weak costs for bearing inducible adaptations (29). Given the absence
of detectable costs to bearing #7e, it is possible that its low frequency
in strains at sites with low levels of Ni could be explained by genomic
streamlining, whereby genetic variants that are neutral in a given
environment tend to be lost due to random genetic drift leading to the
reduction of excess DNA (71, 72). The variable gene content in the
putative Gl in which 77e resides may arise from HGT combined with
“soft” selective sweeps, which preserve genomic diversity surrounding
a sweeping locus that confers an environment-specific selective
advantage (10, 73). Neutral variants, such as 77e in a low-Ni context,
can persist in populations long enough to recombine or undergo HGT
into different genomic backgrounds. Despite the lack of benefit 77e
confers in the absence of Ni, 77e operons present in strains from low-
Ni non-serpentine soil still appear to confer functional Ni tolerance to
the strains that bear them (S/ Appendix, Fig. S13; P < 0.001; Wilcoxon
two-sided test). If these lineages subsequently migrate onto high-Ni
serpentine soil, the selective advantage 7re would confer could cause
them to rise to high frequency (10). This could cause different Ni
island variants to rise to high frequency as strains bearing different 7re
alleles migrate onto Ni-enriched patches of serpentine soil, a process
akin to adaptation via standing genetic variation in organisms like
plants where HGT is uncommon.

Conclusions

Remarkably little is known about the impacts of horizontally trans-
mitted loci on evolutionary dynamics and outcomes of adaptation in
wild microbial communities across the landscape. This work eluci-
dates the molecular genetics of environmental adaptation to stress in
wild soil bacteria across variable selection in natural environments.
We observe a repeated pattern along the western United States
whereby wild Mesorhizobium bacteria adapt to the presence of nickel
in their native soil conditions by acquiring 77, an operon that
increases fitness in the presence of nickel. This key adaptive locus is
harbored by diverse Mesorhizobium clades and resides in putative
MGE:s exchanged horizontally among lineages. Our results highlight
the importance of HGT gene modules and GIs to microbial adapta-
tion to spatially varying selection, analogous to inversions in organ-
isms like plants, in that they are transferred by recombination but
protected from being broken up by their genomic architecture.

Materials and Methods

Strain Isolation and Soil Analysis. A. wrangelianus and A. brachycarpus were
gathered during March 2019 from natural reserves in California and May 2019
from areas in Oregon. Within reserves, both serpentine and non-serpentine sites
were sampled for 1) plant root nodules, and 2) the soil directly below the plant,
if available. Some strains collected in the same manner from additional sites in
2009 were also included in this study. Details on strain isolation and soil analysis
procedures are in S/ Appendix.

Phenotyping Ni Tolerance. The MIC of Ni was determined for 668 field-
collected strains of Mesorhizobium by growing the strains on NiCl, enriched
media plates that ranged from 0 mM to 5 mM increasing by 1 mM for each
treatment with three replicates. Ni tolerance for 296 sequenced strains was also
determined by the growth (ODy) in liquid media containing 0 or T mM NiCl,.
Details of these procedures are in S/ Appendix.

Genome Sequencing and Assembly. Genomic reads from lllumina sequenc-
ing were de novo assembled with SPAdes (v. 3.14.1) (74) within Shovill (75).
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Long-read sequence data for 18 strains was generated with Pacific Biosciences'
(PacBio) sequencing and assembled with the PacBio SMRT cell portal. For genome
assemblies passing quality control, protein coding sequences were predicted and
annotated with Prokka (v. 1.13.3) (76) using Prodigal (v. 2.6.3) (77). Details on
genome sequencing and assembly are in S/ Appendix.

Phylogenetics and Pangenomics. Amino acid sequences from 1,542 single-
copy core genes were aligned with MUSCLE (78), concatenated, and trimmed
with Trimal (79). We then constructed a ML tree using RAXML (80) with rapid
bootstrapping. An additional phylogeny containing newly sequenced genomes
and reference Mesorhizobium genomes was built with the PhyloPhlan pipeline
(81,82)(v. 3.0.58) with RAXML(80) from a set of 345 amino acid markers highly
conserved in bacterial genomes (81-83). Trees were visualized with the R package
"ggtree” (84).To delineate clades, pairwise calculations of ANI distances between
the concatenated alignments of marker genes identified by PhyloPhlan were
performed with the tool FastANI (85) and a cutoff of 95% for clustering of medoid
genomes (86). For understanding the pangenome, we used MCL (36) to cluster
amino acid sequences into orthologous clusters within the Anvi'o v7 (37) “anvi-
pan-genome” pipeline. SNPs from the genomes of Clade 1and 2 (S/ Appendix,
Table S13) were detected separately using Parsnp from the Harvest tools suite
(87)to understand variation at the nucleotide level. Details on phylogenetics and
pangenomics are in S/ Appendix.

GWAS. To assess genomic patterns correlated with Ni tolerance, we used a linear
mixed model (FaST-LMM) (44) asimplemented in pyseer (v. 1.3.6) (43) using phy-
logenetic distances, first with the marker gene phylogeny, then with the core gene
phylogeny, to control for population structure. To further bolster our confidence in
our results, we used pyseeragain, this time with Mash distances (46) and a fixed
effects model. Clade 1 and Clade 2 were analyzed separately. Gene presence/
absence and SNPs were both tested. Full GWAS methods are in S/ Appendix.

Bacterial Strains and Culture Conditions for Ni Island Testing. Strains used
in the process for testing of a putative Ni island were Mesorhizobium C089B
(a streptomycin-resistant variant, KJ094, was used for convenience), A. fabrum
D224 (a streptomycin-resistant variant of UBAPF2) (88), Escherichia coli DH5ax,
and helper strain BO01 (89). Culture conditions are described in S/ Appendix.

Plasmid Construction. Details on plasmid construction for testing of NiTUs and
nre genes are available in S/ Appendix. Alist of plasmids and primers used in this
study are provided in S/ Appendix, Tables S13 and S14, respectively.

Strain Construction. Modified Mesorhizobium and A. fabrum strains were cre-
ated through triparental matings using the helper strain (B001) and donor strains
(DH5a) containing the experimental plasmids. For conjugation, strain mixtures
were co-cultured on TYC agar at 30 °C for 4 to 24 h and plated on TYC agar
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