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Symbiosis genes show a unique pattern of introgression and
selection within a Rhizobium leguminosarum species complex
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Abstract

Rhizobia supply legumes with fixed nitrogen using a set of symbiosis genes. These can cross rhizobium species boundaries,
but it is unclear how many other genes show similar mobility. Here, we investigate inter-species introgression using de novo
assembly of 196 Rhizobium leguminosarum sv. trifolii genomes. The 196 strains constituted a five-species complex, and we
calculated introgression scores based on gene-tree traversal to identify 171 genes that frequently cross species boundaries.
Rather than relying on the gene order of a single reference strain, we clustered the introgressing genes into four blocks based
on population structure-corrected linkage disequilibrium patterns. The two largest blocks comprised 125 genes and included
the symbiosis genes, a smaller block contained 43 mainly chromosomal genes, and the last block consisted of three genes with
variable genomic location. All introgression events were likely mediated by conjugation, but only the genes in the symbiosis
linkage blocks displayed overrepresentation of distinct, high-frequency haplotypes. The three genes in the last block were core
genes essential for symbiosis that had, in some cases, been mobilized on symbiosis plasmids. Inter-species introgression is
thus not limited to symbiosis genes and plasmids, but other cases are infrequent and show distinct selection signatures.

DATA SUMMARY

(1) The genomic data that support the findings of this study
were deposited in the INSDC database under BioProject
ID PRJNA510726 (https://www.ncbi.nlm.nih.gov/bio-
project/PRJNA510726/). Accessions numbers are from
SAMN10617942 to SAMN10618137 consecutively and
are also provided in Table S10 (available in the online
version of this article).

(2) Orthologous gene alignments and SNP matrices are
available on FigShare (file Data.zip): https://doi.org/10.
6084/m9.figshare.11568894.v5

(3) The source code of the present analyses is available at
https://github.com/izabelcavassim/Rhizobium_analy-
sis

INTRODUCTION

Mutation and meiotic recombination are the main sources
of genetic variation in eukaryotes. In contrast, prokaryotes
can rapidly diverge through other types of genetic exchange
collectively known as horizontal gene transfer (HGT). These
include transformation (through the cell membrane), trans-
duction (through a vector) and conjugation (through cell-to-
cell contact) [1, 2]. These processes can introgress adaptive
genes to distantly related species, creating specific regions of
high genetic similarity.

It has often been suggested that HGT would blur the bounda-
ries between species to the extent that species phylogenies
would be better represented by a net-like pattern than a
tree [3]. This notion may have arisen when the methods
for studying prokaryotic evolution and species delineation
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were still rudimentary, making it challenging to accurately
evaluate the rate of HGT [4]. With ever-increasing numbers
of bacterial whole-genome sequences (WGS), it has become
possible to re-evaluate bacterial-species classification [5, 6].
HGT, or introgression, events can be inferred using para-
metric or phylogenetic methods. Parametric methods rely
on comparing gene features such as nucleotide composition
or k-mer frequencies to a genomic average in order to detect
outliers, which may be associated with HGT [7, 8]. Explicit
phylogenetic methods are based on comparisons of gene
and species trees aimed at detecting topological differences,
whereas implicit phylogenetic methods rely on detecting
aberrant distances to an outgroup reference [9].

Whether sympatric species frequently exchange genetic mate-
rial through HGT is still an open question and the nitrogen-
fixing symbiont of legumes, Rhizobium leguminosarum, is
a useful model for investigating inter-species introgression
through HGT. There is extensive literature documenting the
sharing of symbiosis-related genes among distinct, and some-
times distant, species of rhizobia [10-12]. This occurs whether
the genes are on plasmids [13-18] or on conjugative chromo-
somal islands [19, 20]. It has been previously observed that
R. leguminosarum can be divided into distinct genospecies
(gsA, gsB, gsC, gsD and gsE), but the host-specific symbio-
vars that nodulate white clover (R. leguminosarum sv. trifolii)
and vetch (R. leguminosarum sv. viciae) are not confined to
distinct genospecies [21]. This provides another example of
symbiosis-gene transfer between sympatric rhizobia.

Symbiosis genes are known to increase the fitness of both
symbiont and plant host (reviewed by [22]), but it is still
unclear if their frequent introgression represents a special
case, or if HGT is common for a wide range of genes in
sympatric rhizobia. To address this question and obtain a
more general understanding of introgression characteristics
and mechanisms among sibling bacterial species, we assem-
bled 196 R. leguminosarum genome sequences and carried
out an unbiased introgression analysis.

METHODS
Rhizobium sampling and isolation

White clover (Trifolium repens) roots were collected from three
breeding trial sites in the United Kingdom (UK), Denmark
(DK) and France (F) (Fig. Sla, available in the online version
of the article), and 50 Danish organic fields (DKO) (Fig.
S1b). Roots were sampled from 40 plots from each trial site.
The total number of plots was 170. The samples were stored
at ambient temperature for 1-2 days and in the cold room
(2 °C) for 2-5days prior to processing. Pink nodules were
collected from all samples, and a single bacterial strain was
isolated from each nodule as described in [23]. From each
plot, one to four independent isolates were sampled. In total,
249 strains were isolated from T. repens nodules. For each
site the clover varieties were known, and representative soil
samples from clover-free patches were collected and sent for
chemical analysis. Furthermore, latitude and longitude data
were collected (Table S1).

Impact Statement

Bacteria are notorious for horizontal gene transfer, and
it has often been asserted that this process will blur the
boundaries between species to the extent that species
cannot be clearly defined. Our study provides strong
evidence that this is not necessarily so. Using 196 newly
sequenced genomes of the Rhizobium leguminosarum
species complex, we find five clearly distinct genospecies
that occur in sympatry but show little evidence of recent
between-species gene transfer affecting either the core
or the accessory genome, except for a few highly mobile
genetic regions. These findings are based on a global
analysis of gene introgression, where we develop and
apply novel methods for detecting introgression events
and for grouping introgressed genes based on patterns
of intergenic linkage disequilibrium corrected for popula-
tion structure. This study provides a significant advance
in our understanding of gene-transfer rate and mecha-
nisms among sympatric bacterial species.

Genome assembly

A set of 196 strains was subjected to whole-genome shotgun
sequencing using 2x250 bp Illumina (Illumina, USA) paired-
end reads by MicrobesNG (https://microbesng.uk/, IMI -
School of Biosciences, University of Birmingham, UK). In
addition, 8 out of the 196 strains were re-sequenced using
PacBio (Pacific Biosciences of California, USA) sequencing
technology (Table S2; Figs S3-S5). Analysis of 16S rDNA
confirmed that all 196 of the strains were Rhizobium
leguminosarum.

Genomes were assembled using SPAdes (v. 3.6.2) [24]. SPAdes
contigs were cleaned and assembled further, one strain at a time,
using a custom Python script (Jigome, available at https://github.
com/izabelcavassim/Rhizobium_analysis/tree/master/Jigome).
First, low-coverage contigs were discarded because they were
mostly contaminants from other genomes sequenced in the
same Illumina run. The criterion for exclusion was a SPAdes
k-mer coverage less than 30% of the median coverage of putative
single-copy contigs (those >10kb). Next, putative chromosomal
contigs were identified by the presence of conserved genes that
represent the syntenic chromosomal backbone common to all
R. leguminosarum genospecies. A list of 3215 genes that were
present, in the same order, in the chromosomal unitigs of all
eight of the PacBio assemblies was used to query the Illumina
assemblies using BLASTN (=90 % identity over >90% of the
query length). In addition, contigs carrying repABC plasmid
replication genes were identified using a set of RepA protein
sequences representing the twenty distinct plasmid groups
found in these genomes (TBLASTN search requiring >95%
identity over 290% of the query length). A ‘contig graph’ of
possible links between neighbouring contigs was created by
identifying overlaps of complete sequence identity between the
ends of contigs. The overlaps created by SPAdes were usually 127
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nt, although overlaps down to 91 nt were accepted. Contigs were
flagged as ‘unique’ if they had no more than one connection
at either end, or if they were >10kb in length. Other contigs
were treated as potential repeats. The final source of information
used for scaffolding by Jigome was a reference set of R. legu-
minosarum genome assemblies that included the eight PacBio
assemblies and 39 genomes publicly available in GenBank. A
500 nt tag near each end of each contig, excluding the terminal
overlap, was used to search this database by BLAsTN; high-
scoring matches to the same reference sequence, with the
correct spacing and orientation, were subsequently used to
choose the most probable connections through repeat contigs.
Scaffolding was initiated by placing all the chromosomal back-
bone contigs in the correct order and orientation, based on
the conserved genes that they carried, and extending each of
them in both directions, using the contig graph and the pool of
remaining non-plasmid contigs, until the next backbone contig
was reached or no unambiguous extension was possible. Then
each contig carrying an identified plasmid origin was similarly
extended as far as possible until the scaffold became circular
or no further extension was justified, and unique contigs that
remained unconnected to chromosomal or plasmid scaffolds
were extended. Finally, scaffolds were connected if their ends
had appropriately spaced matches in the reference genomes.
Scaffold sequences were assembled using overlap sequences to
splice adjacent contigs exactly, or inserting an arbitrary spacer
of 20 ‘N’ symbols if adjacent contigs did not overlap. The dnaA
gene (which was the first gene in the chromosomal backbone set
and is normally close to the chromosomal origin of replication)
was located in the first chromosomal scaffold, and this scaffold
was split in two, with chromosome-01 starting 127 nt upstream
of the ATG of dnaA and chromosome-00 ending immediately
before the ATG. The remaining chromosomal scaffolds were
numbered consecutively, corresponding to their position in the
chromosome. Plasmid scaffolds were labelled with the identifier
of the repA gene that they carried. Scaffolds that could not be
assigned to the chromosome or a specific plasmid were labelled
‘fragment’ and numbered in order of decreasing size. Subse-
quent analysis revealed large exact repeats in a few assemblies.
These were either internal inverted repeats in the contigs created
by SPAdes (five instances) or large contigs used more than once
in Jigome assemblies (18 instances). They were presumed to
be artifacts and removed individually. Assembly statistics were
generated with QUAST (v 4.6.3, default parameters) [25] (Fig. S3).
Genes were predicted using PROKKA (v 1.12) [26]. In summary,
genomes were assembled into 10 to 96 scaffolds, with total
lengths of 6 966 649 to 8 355 366 bp containing 6,642 to 8,074
annotated genes, indicating that we have produced assemblies
of reasonable quality, which comprehensively captured the gene
content of the sequenced strains (Tables S2 and S3).

Orthologous gene prediction

Orthologous gene groups were identified among a total
of 1 468 264 predicted coding sequences present across all
(196) strains. We used two software packages for orthologue
identification: Proteinortho [27] and Syntenizer3000 (https://
github.com/izabelcavassim/Rhizobium_analysis/tree/master/

Syntenizer3000). The software Proteinortho (v5.16b), was
executed with default parameters and the synteny flag enabled,
to predict homologous genes while taking into account their
physical location. For the analysis in this paper, we were only
interested in orthologues and not paralogues. Paralogous
genes predicted by Proteinortho were filtered out by analysing
the synteny of homologous genes surrounded by a 40-gene
neighbourhood (see Synteny section). After this filtering step,
the orthologous gene groups were aligned using CLUSTALO
([28], v. 1.2.0). Each gene sequence was translated into its
corresponding amino acid sequence before alignment and
back-translated to the original nucleotides. Each gap was
replaced by three gaps, resulting in a codon-aware nucleotide
alignment.

Pan-genome analysis

Pan-genome analysis was based on a total of 22115 ortholo-
gous genes across all (196) strains. Genomes were randomly
added one at a time and core (set of shared genes) and pan
(set of all unique gene families observed) genomes were esti-
mated. This procedure was repeated 50 times and estimates
were plotted (Fig. S8).

Synteny

First, gene groups were aligned with their neighbour-
hoods (20 genes each side) using a modified version of the
Needleman-Wunsch algorithm [29]. We counted the number
of neighbouring genes that were syntenic across strains before
a collinearity break. We used this score to disambiguate gene
groups that contain paralogues. Paralogues are the result
of gene duplication, and, as such, one of the paralogues is
the original, and the rest are copies. Based on similarity, we
kept the least divergent gene inside of the original homology
group while removing the copied paralogues, if possible into
anew gene group designated group name "-2". Orphan genes,
that were present in only one strain, were removed from the
analysis.

Variant calling

Codon-aware alignments were used in order to detect single
nucleotide polymorphisms (SNPs). For a given gene align-
ment and position, we first counted the number of unique
nucleotides (A, C, T, G). Sites containing two unique nucleo-
tides were considered variable sites (bi-allelic SNPs). After
finding variable sites, SNP matrices were encoded as follows:
major alleles were encoded as 1 and minor alleles as 0. Gaps
were replaced by the site mean. Later steps were executed
in order to filter out unreliable SNPs. PCA (Fig. S7b, ¢) and
ANI (Fig. 1a) analyses were restricted to genes found in at
least 100 strains. By looking at the variants and their codon
context, we excluded multi-allelic SNPs and SNPs placed in
codons containing gaps or more than one SNP. Based on
these criteria we ended up with 6529 out of 22115 genes and
441 287 SNPs. Scripts and pipelines are available at a GitHub
repository (https://github.com/izabelcavassim/Rhizobium_
analysis/).
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Fig. 1. Genetic divergence across 196 rhizobium strains. Pairwise comparisons of genetic diversity were analysed at different levels.
(a) Proportion of shared SNPs in genes that were present in at least 100 strains and that passed filtering criteria (6529 genes, 441 287
SNPs). Clusters of strains with SNP identity above 96% were recognized as five genospecies: gsA (blue), gsB (salmon), gsC (green), gsD
(purple), gsE (pink) as indicated in the legend. (b) Average nucleotide identity for concatenated sequences of 305 housekeeping genes.
(c) Number of shared genes. Strain origins are indicated by coloured bars at the left (DKO in red, DK in purple, F in yellow, and the UK in

green). Strains were ordered by clustering of the SNP data.

Plasmid replicon groups

Plasmid replication genes (repABC operons) were located in
the genome assemblies by TBLASTN, initially using the RepA
protein sequences of the reference strain 3841 (see Data bibli-
ography) as queries [30]. Hits covering >70% of the query
length were accepted as repA genes, and those with 290%
amino acid identity were considered to belong to the same
replication group (putative plasmid compatibility group). Hits
with lower identity were used to define reference sequences
for additional groups, using sequences from published Rhizo-
bium genomes when available, or from strains in this study.
Groups were numbered (RhO1, etc) in order of decreasing
abundance in the genome set. RepB and RepC sequences
corresponding to the same operons as the RepA references
were used to check whether the full repABC operon was
present at each location, requiring >85% amino acid identity.

Presence of symbiosis genes in all strains

Since all sequenced strains were isolated from white-clover
nodules, they are expected to carry the canonical symbiosis
genes. One strain, SM168B, carried no symbiosis genes.
Subsequent nodulation tests showed that the strain could
colonize white clover and produce pink nodules, suggesting
that the genes were lost during the pre-sequencing processing.
On the other hand, strains SM165B and SM95 were found to
have duplicated symbiosis regions.

Population genetic analysis

Population genetic parameters (Tajima’s D, nucleotide diver-
sity, average pairwise differences and number of segregating
sites) were estimated using the python library dendropy [31].

Introgression score

Despite the clear grouping of the 196 strains into distinct
species, there was still extensive cross-species sequence

conservation, allowing the construction of high-quality
orthologous gene groups (Table S5). We took advantage of
these for detecting introgression events by generating and
traversing gene trees for each of the gene groups. Individual
gene trees were first constructed using the neighbour-joining
clustering method (software RapidNJ version 2.3.2) [32].
Each tree was traversed based on a depth-first traversal algo-
rithm [33] by visiting each node after visiting its left child
and before visiting its right child, searching deeper in the tree
whenever possible. When the leaf of the tree was reached, the
strain number and its genospecies origin were extracted. A
list containing the genospecies was stored for the entire tree.
The introgression score was computed as follows:

Introgression score=number of shifts -set(genospecies)+1.

The introgression score evaluates the number of times a shift
(from one genospecies to another) is observed in a branch.
The minimum possible is the total number of genospecies
—1 shifts. A tree congruent to the species tree would have an
introgression score equal to zero (Fig. S9).

Intergenic linkage disequilibrium corrected for
population structure

Sample structure or relatedness between genotyped indi-
viduals leads to biased estimates of linkage disequilibrium
(LD) and increase of type-I error. In order to correct for the
population structure present in this data, the genotype matrix
X (coded as 0s and 1s) was adjusted as exemplified in [34]
and [35].

The covariance V between individuals was calculated as
follows:

Let N denote the total number of individuals and M the
total number of markers, the full genotype matrix (X) has
N x M dimensions with genotypes encoded as 0s and 1s.
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For simplicity, each SNP information is looked at as vectors,
S(j,,-) =1,.., M_

The first step of the calculations was to apply a Z-score
normalization on the SNP vectors by subtracting each vector

S~ )
by its mean and dividing it by its standard deviation ( o /.

We then computed the covariance matrix between individuals
as follows:
M
Cov(X)) = V = g D (Xi = X)(X; — X
i=1
Cov (X), can also be computed by the dot product of the
genotype matrix:

Cov(X) = V=xx'

The resultis an N x N matrix, where N is the number of strains.
This matrix is also known as the genomic relationship matrix
(GRM) [36]. We then decomposed the GRM matrix using the
linalg function of scipy (python library).

Then the ‘decorrelation’ of the genotype matrix X was
achieved by multiplying X by the inverse of the square root
of V as follows:

Ty = VIX;

Tis therefore the pseudo SNP matrix, which is corrected for
population structure.

The correlation between gene matrices (intergenic LD) was
obtained by applying the Mantel test on the GRM (genetic
distances) between pairs of genes:

For a data set composed of a distance matrix of gene
X (Dy") and a genetic distance matrix of gene Y (D), the
scalar product of these matrices was computed, adjusted by
the means and variances [var (x) and var (y)] of matrices X
and Y
_ XW0p=X0=9)
Teor = Va0 Var(¥)

The standardized Mantel test is actually the Pearson correla-
tion between the elements of genes X and Y.

Filtering criteria for top introgressed genes

In order to identify genes that had trustable signals of intro-
gression we used stringent filtering criteria as follows: number
of sequences >50; number of segregating sites >10; average
pairwise differences >10, ANI>0.7, introgression score >=10.

RESULTS

Five distinct species constitute an R.
leguminosarum species complex

Previous work has shown the existence of five distinct R.
leguminosarum genospecies within one square meter of soil
[21]. To acquire a broader diversity sample from a wider
geographical area, we isolated 196 rhizobium strains from

white-clover root nodules harvested in Denmark, France and
the UK (Figs S1-S2; Table S1). We then sequenced and de
novo assembled the genomes of all 196 strains, followed by
genome annotation and construction of orthologous gene
groups (Figs S3-S5; Table S2). To determine the relationship
of our 196 strains with the previously identified genospecies,
we constructed a phylogenetic tree containing rpoB sequences
from known representatives of the five genospecies in addi-
tion to those from our 196 strains. This allowed us to assign
all of our strains to a specific genospecies based on their posi-
tion in the tree (Fig. S6). Since our extended sampling did
not result in identification of additional genospecies, the five
genospecies, gsA-E, likely represent a large part of northern
European R. leguminosarum diversity.

The 196 strains shared a total of 4204 core gene groups, which
had a higher median GC content than the 17911 accessory
gene groups (Fig. S7). This species complex has an open pan
genome, since the total number of accessory genes identified
increased indefinitely with the inclusion of more genomes. In
contrast, the core genome gene count was stable at 4204 after
inclusion of more than 100 genomes (Fig. S8).

We calculated average nucleotide identity (ANI) based on
305 conserved genes (Table S3) and on 6529 genes present
in at least 100 strains, and clustered the strains based on
pairwise ANI (Fig. 1a, b). The strains were collected from
different countries and field-management regimes, but they
clustered mainly by genospecies, although substructure
related to geographic origin was also evident (Fig. 1a, b).
These patterns were similar when clustering was carried out
based on shared gene content (Fig. 1¢; Fig. S7). In conjunc-
tion with earlier evidence that the standard whole-genome
measure of ANT was lower than 0.95 for inter-genospecies
comparisons [21], these results confirm that the genospecies
should be considered genuinely distinct species constituting
an R. leguminosarum species complex (Fig. 1a).

Plasmids are not genospecies specific

The genome of R. leguminosarum consists of a chromosome and
a variable number of low-copy-number plasmids, including two
that can be defined as chromids due to their size, ubiquitous
presence across strains, and core-gene content [21, 30, 37]. In
order to characterize the plasmid diversity within this species
complex, we examined the sequence variation of a plasmid
partitioning gene (repA) that is essential for stable maintenance
of nearly all plasmids in Rhizobium. From all 196 genomes, 24
distinct repA sequence groups were identified. However, four of
these correspond to isolated repA-like genes that are not part of
repABC operons, and 12 others were rare (in no more than four
genomes), so eight repA types account for nearly all plasmids
identified (Fig. 2; Table S4). We numbered them RhO1 to Rh08
in order of decreasing frequency in the set of genomes. Of these,
RhO1 and Rh02 correspond to the two chromids pRL12 and
PRLI1 of the reference strain 3841 [30] and are present in every
genome. The distribution of the other plasmids shows some
dependence on genospecies, but none are confined to a single
genospecies. For example, Rh03 is present in all strains of gsA,
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Genospecies
I gsA
[ gsB
I gsC
I gsD
N gsE

Genomic compartments
Chromosome

Fig. 2. Characterization of plasmid diversity. Species phylogeny based on the concatenation of 305 core genes using the neighbour-
joining method. Branches are coloured by genospecies. Circles represent the genomic compartments observed in each strain. Chromids
(RhO1 and Rh02) and plasmids (Rh03, Rh04, Rh05, Rh06, Rh07, Rh08) were defined based on the genetic similarity of the RepA plasmid

partitioning protein.

gsB and gsC, but absent from gsE and in just one gsD strain,
while Rh05 is universal in gsA and gsB but absent elsewhere
(Fig. 2; Table S5).

Identification of introgression events based on gene
trees

To evaluate the general rate of HGT within the present R. legu-
minosarum species complex, we developed a method to detect
and quantify introgression (see Methods). For a given gene,
present in all five genospecies, traversal of the gene phylogeny
should encounter only four inter-species transitions if no
introgression had occurred, yielding an introgression score
of 0. All transitions in addition to the four expected would
indicate introgression events, adding to the introgression
score (Fig. S9). Most gene groups (55%) displayed very low
introgression scores of 0 and 1 (Fig. 3a). On the other hand,
only 2.43% of the genes had an introgression score above or
equal to 10, showing that introgression events were generally
rare. After stringent filtering, we identified 171 genes with an
introgression score above or equal to 10, indicating that they
relatively frequently cross species boundaries (Fig. 3b).

Clustering genes using population structure-
corrected LD

Gene order was variable across the species complex (Fig. S10).
To understand the nature of the genes displaying introgression,

we therefore grouped them by linkage disequilibrium patterns
rather than relying on the gene order of a single reference
strain. The Mantel test is used to compare pairs of distance
matrices, and here we used it to calculate intergenic LD by
comparing genetic relationship matrices [36]. However,
when population structure exists, this approach suffers from
inflation [38], and we observed this effect in our data as unex-
pectedly high levels of LD between plasmid-borne symbiosis
genes and chromosomal core genes (Fig. S11a). To address
this issue, we calculated a genetic relationship matrix based
on all SNPs and used it to generate pseudo-SNPs corrected
for population structure for every gene (see Methods [34]).
We then compared the gene pseudo-SNP genetic relationship
matrices using the Mantel test in order to calculate intergenic
LD. After this correction for population structure, symbiosis
genes and chromosomal core genes no longer appeared to be
in LD (Fig. S11b). We then proceeded to cluster the 171 genes
that frequently crossed species boundaries based on their LD
patterns (Fig. S12). The genes separated into four clusters,
where LD blocks 1 and 2 comprised the plasmid-borne
symbiosis genes, LD block 3 contained mainly chromosomal
genes and block 4 comprised three genes with a distinct LD
pattern (Fig. 3b; Fig. S13). It is worth noting that, because of
our stringent criteria, the LD blocks detected by our method
are just a representation of some of the introgressed genes
within each LD block region (Fig. 4a—c).
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Chromosomal introgression depends on specialized
transfer systems

There was a clear substructure in the LD patterns among
the genes in the chromosomal cluster (Fig. 3b, LD block 3),
and we examined the larger LD blocks in greater detail. The
largest block comprised 12 genes (Fig. 3b, LD block 3.1),

most of which were present in nearly all of the 196 strains.
Cluster 3.1 included a number of hypothetical proteins, a
NIPSNAP family containing protein, a phage shock protein
PspA and others (Table S9; Fig. 4a). We also observed toxin-
antitoxin (VapC/YefM) genes (group696 and group697) in
LD with this cluster (Table S7). However, we did not find
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genes that could directly explain the mobility of this intro-
gressed region.

The second largest cluster (Fig. 3b, LD block 3.2) comprised
six genes including a LysR family transcriptional regulator,
an antibiotic biosynthesis monooxygenase, an exopolyphos-
phatase, TPR repeat-containing protein and an ABC trans-
porter ATP-binding protein. To check whether the cluster
could be in LD with genes that may explain its mobility,
but which had not been detected by the stringently filtered
introgression analysis, we extracted the genes in strongest LD
with the six genes in the cluster 3.2 (Table S7). Three genes
appeared to be in strong LD with at least one type-IV secre-
tion protein. The introgressing genes were found in different
genomic contexts, and are likely chromosomal core genes that
have been mobilized by different types of transfer systems
(Fig. 4b-d). In SM3 and SM121B the introgressing genes
were downstream of a complete type-IV secretion system,
which resembles the Agrobacterium tumefaciens AvhB system
[39] (Fig. 4b-d). In SM170C and SM153D, another type of
mobility system containing mostly hypothetical proteins

along with some DNA-rearrangement genes and integrases
neighboured the introgressed genes (Fig. 4d; Table S7). In
SM4 and SM100 the same core genes are present, but the
transfer system has likely been lost.

Symbiosis-gene introgression is driven by a few
conjugative plasmids

Symbiosis genes were in the tail of the introgression score
distribution (Fig. 3a), and a detailed analysis of three symbi-
osis genes (nifB, nodC and fixT) confirmed these patterns of
HGT (Fig. 5a-c). We also observed a complex LD pattern for
the clusters comprising the symbiosis genes (Fig. 3b; LD block
1-2), which is consistent with the presence of multiple acces-
sory genes in distinct symbiosis plasmids within the species
complex. To understand the mechanisms behind sym-gene
introgression, we investigated the symbiosis plasmids further.
Where the assembly was complete enough to assign symbiosis
genes to a specific plasmid, there was a clear pattern. Geno-
species A symbiosis plasmids are all Rh06, in gsB they are
Rh07, gsC has mostly Rh04 but some Rh07 and Rh08, gsD

Rh08
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Fig. 5. Evidence of horizontal symbiosis gene transfer between genospecies. (a)-(c) Examples of symbiosis-gene phylogenies, with
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Table 1. Mean introgression scores

LD block Introgression Introgression  Introgression score
score all strains  score without  without introgressed

RhO8 strains clade

LD block 1 17.46 7.49 3.10

LD block 2 17.47 7.65 3.00

LD block 3 13.18 9.02 8.93

LD block 4 24.00 13.66 6.00

Symbiosis genes 20.81 9.43 3.00

has Rh08, gsE has mostly Rh08 but some Rh06 and Rh07
(Fig. 2; Fig. 5d; Table S5). There are striking differences in the
apparent mobility of these plasmids. Conjugal transfer genes
(tra and trb) are present in some Rh06 plasmids and in all
Rh07 and Rh08 plasmids, including those that are symbiosis
plasmids. These transfer genes are all located together imme-
diately upstream of the repABC replication and partitioning
operon, in the same arrangement as in the plasmid p42a of
R. etli CFN42, which has been classified as a class I, group
I conjugation system [40]. Some repA sequences of sym-
plasmids from strains of different genospecies are identical
or almost identical in sequence (Fig. 5e and Fig. S14). The
phylogenies of the corresponding conjugal transfer genes
(e.g. traA, trbB and traG) show the same pattern (Fig. S15),
indicating that symbiosis plasmids have crossed genospecies
boundaries through conjugation. Rh08 is the most striking
example (Fig. 5e), since all strains containing a Rh08 sym-
plasmid were found in an introgressed clade (Fig. S15). We
investigated the impact of this plasmid on introgression by
repeating the introgression analysis in the absence of strains
carrying Rh08. The mean introgression scores of all LD blocks
decreased as a result of removing Rh08, but did not fully drop
to background levels (Table 1). By randomly excluding the
same number of strains and excluding them from the align-
ments we observed a slight decrease from 16.81 to 14.97 in the
average introgression score across the 171 genes (Table S9).
When we excluded all strains found in the fixT introgressed
clade (Fig. 5c; Fig. S16), which includes strains carrying
RhO08 or Rh07, the introgression scores of the plasmid-borne
LD blocks (Fig. 3b, LD blocks 1 and 2) decreased greatly,
whereas the chromosomal genes (Fig. 3b, LD block 3) were
less affected (Table 1).

Symbiosis genes show a unique selection signature

The chromosomal and plasmid-borne genes that exhibited
introgression were not in LD and their mobility appeared to
depend on different transfer systems. We wanted to inves-
tigate if the differences between the two classes of genes
displaying introgression extended to selection signatures.
We therefore calculated Tajima’s D, which detects devia-
tions from the expected level of nucleotide diversity based
on the number of segregating sites and pairwise differences
within each gene group. Across all 196 strains, only rela-
tively few genes showed high Tajima’s D values (Table S5)
indicating deviations from neutral evolution. The genes
within the symbiosis clusters (LD blocks 1-2) were promi-
nent among these, making up to 57 out of the genes with
the top 250 Tajima’s D scores. Since Rh08 appeared to have
spread rapidly with very limited accumulation of diver-
sity, this plasmid could be the driver of the high Tajima’s
D observed for the symbiosis genes. Again, we evaluated
this by excluding Rh08-bearing strains from the analysis
and re-calculating Tajima’s D (Table 2; Table S9). We
found that plasmid LD blocks (LD blocks 1 and 2) showed
decreased Tajima’s D values on exclusion of Rh08 strains,
while Tajima’s D values for chromosomal genes (LD block
3) were generally unaffected (Table 2; Table §9). We then
calculated Tajima’s D values exclusively for strains found in
the introgressed clade (fixT, Fig. 5¢), which includes both
Rh08 and RhO07 carrying strains. The resulting Tajima's D
values for the symbiosis genes were negative, consistent
with fewer haplotypes than expected based on the number
of segregating sites (Table 2).

Interestingly, after excluding all Rh08 strains or the clade
of introgressed strains (Rh08 and some Rh07), symbiosis
genes still retained high Tajima’s D values. This indicates
that multiple symbiosis-gene haplotypes are also main-
tained at intermediate frequencies in the set of strains that
does not exhibit symbiosis-gene introgression. Therefore,
the elevated Tajima’s D values cannot be attributed solely to
the existence of distinct versions of mobile symbiosis plas-
mids that have spread rapidly through the species complex.

Although the known symbiosis genes showed Tajima’s D
patterns that were distinct from the average behaviour
of the genes in the plasmid-borne LD blocks, there were
other genes in these blocks that showed similar patterns
(Table S8), suggesting that they may be either under direct

Table 2. Mean Tajima's D values

LD block Tajima’s D all strains Tajima’s D without RhO8 strains Tajima’s D without introgressed clade Tajima’s D of only introgressed clade
LD block 1 2.40 1.00 1.13 -0.81
LD block 2 1.90 0.66 0.51 0.08
LD block 3 0.45 0.42 0.47 0.54
LD block 4 -0.15 -0.32 -0.001 0.24
Symbiosis genes 2.58 2.49 2.75 -0.62
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selection, e.g. having unknown roles in symbiosis, or might
be hitchhiking with symbiosis genes under selection.

Some fix genes show variation with respect to
replicon location

Our LD analysis also singled out a small group of three
genes that were in strong LD with each other, showed no
LD with the chromosomal cluster and limited LD with the
symbiosis cluster (Fig. 3b, LD block 4). These include fixH,
fixG and a gene encoding an FNR-like protein, which are
usually associated with a larger cluster of genes, fixNO-
QPGHIS, that are essential for symbiotic nitrogen fixation
[30] However, they are atypical in several ways, as they have
a high GC content similar to that of the core genome, they
do not show the high Tajima’s D values we found typical
of the main symbiosis genes, and they show variation with
respect to the replicon they are associated with. In some
strains, they are placed on symbiosis plasmids, in others
they are located in the chromosome; other strains have two
copies of the gene placed in two different genomic compart-
ments (Table S5). The introgression signal is greatly reduced
when the fixT introgressed clade is removed (Table 1),
implying that most of the introgression of LD block 4 is
mediated by the mobile Rh08 and Rh07 symbiosis plasmids.

DISCUSSION

Robust detection of introgression events based on
gene-tree traversal

HGT or introgression events in bacteria are often inferred
using parametric or phylogenetic methods. Parametric
methods [41-43] are most well suited for detecting intro-
gression events between distantly related species, where
introgression results in markedly different genomic signa-
tures, such as abrupt changes in GC content. Detection of
introgression between more closely related species, such
as the members of the R. leguminosarum species complex
described here, requires the use of phylogenetic methods that
rely on gene trees derived from carefully constructed groups
of orthologous genes. Because of the clear grouping of our
strains into five distinct species (Fig. 1), we chose a simplified
phylogenetic tree-traversal approach. Counting the number
of transitions between genospecies on traversal proved to be
a robust method for detecting introgression events, as we
detected the symbiosis genes, which were candidates a priori.
In addition, the method frequently detected groups of physi-
cally co-located and genetically linked genes, although the
genes were analysed independently (Fig. 3b). The method is
mainly limited by the accuracy of the gene trees and the level
of differentiation between the species for each gene group,
but we found that filtering away genes with too few segre-
gating sites was efficient in controlling the false-positive rate.
Another limitation is that our approach requires gene groups
of a certain size, meaning that it cannot be used to detect
introgression of accessory genes present at low frequency
within the population. Here, we focused the introgression
analysis on groups with more than 50 members, but we found
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no indication that the low-frequency genes showed extensive
introgression either. The few genes present in groups with
less than 50 members, which did show high introgression
scores, were mostly annotated as transposases or associated
with the introgressing chromosomal clusters (Table S6). The
large proportion of singletons and low-frequency genes that
were only present in a single genospecies could by definition
not show introgression in our analysis, but have likely been
acquired by HGT from strains outside the species complex.

Analysis of intergenic LD helps to resolve distinct
introgression events

Within the R. leguminosarum species complex, the symbiosis
genes are carried by different plasmid types (Fig. 2), and vari-
ation in gene order and content create complex syntenic rela-
tionships (Fig. S10). LD analysis is therefore a convenient way
of understanding which introgressed genes travel together.
The Mantel test has frequently been used in the comparison
of genetic divergence with geographical distances [44]. In
the present study, we have applied it to calculate the genetic
correlations (LD) among genes by comparing their GRMs
[36]. When autocorrelation of the GRM elements exists,
possibly driven by population structure, then a relatively high
false-positive rate is observed [45, 46]. Aware of this effect,
we used the method proposed by [34] and corrected the bias
due to population and phylogenetic structure. This approach
is also frequently used for population structure correction in
genome-wide association studies [47, 48]. To our knowledge,
this is the first example of using the Mantel test combined
with population structure-corrected pseudo-SNPs for estima-
tion of intergenic LD. We found that calculating LD using
this procedure resolved the LD inflation problem (Fig. S11),
allowing us to reliably cluster the introgressed genes based
on their LD patterns.

Introgression within the R. leguminosarum species
complex is rare

Our introgression analysis clearly showed that genes travel
across species boundaries within the species complex. Perhaps
the most surprising finding was that the vast majority of genes
showed no evidence of HGT, indicating that introgression events
are rare. These results are in line with previous comparative
genomic studies of sympatric isolates of rhizobium associated
with common bean [16] and Medicago truncatula [49]. Based on
the ratio of shared polymorphisms to fixed differences between
12 Sinorhizobium medicae and 32S. meliloti strains, few HGT
events (97 genes out of 3986 genes examined) were observed
[49]. Nearly all of the HGT events involved plasmid-localized
genes. Similar conclusions were drawn by Pérez-Carrascal et al
[16]. Based on samples from a single agricultural field, Rhizo-
bium species (R. phaseoli, R. etli, R. leguminosarum, R. vallis
and R. mesoamericanum) were observed to co-exist in sympatry
with low genetic recombination across their core genomes, but
extremely similar symbiosis plasmids [16]. Another study, by
Tian et al. [50], also examined recombination among core
genes based on genomes of multiple rhizobium species, but
reported a very high incidence of recombination because, by the
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Shimodaira-Hasegawa (SH) test [51], 247 out of 295 individual
core-gene phylogenies were incongruent with the consensus
phylogeny. At first sight, this is inconsistent with the findings of
low HGT by Epstein et al., [49] Pérez-Carrascal et al [16]. and
our present study, but Tian et al [50] included multiple strains of
some species, so this incongruence may have reflected intraspe-
cific recombination rather than interspecific HGT.

The sympatric, closely related species examined here were
thus well-separated with respect to gene flow, and specialized,
conjugative transfer mechanisms appear to be required for
genes to cross species barriers. We found that one of the chro-
mosomal introgressed regions (LD block 3.2) likely repre-
sented an integrative conjugative element (ICE). The avhB
gene cassette and the traG gene of the type-IV secretion system
of this putative ICE resembles a conjugative transfer system
encoded by the virB/traG of the plasmid pSymA of S. meliloti
[52, 53], and the virB/virD4 of Bartonella tribocorum [54].
However, both T4SSs in A. tumefaciens [55] and S. meliloti
(AvhB and VirB, respectively) mediate the transfer of whole
plasmids, whereas we are proposing that the T4SS encoded
in LD block 3.2 mediates the transfer of an ICE. Other ICEs
have been observed in the rhizobial genera (Mesorhizobium
loti: [56]; Azorhizobium caulinodans: [57], Sinorhizobium:
[58]) and in other species (Streptococcus agalactiae: [59],
Bacillus subtilis: [60], V. cholerae: [61]). Likewise, symbiosis
plasmid transfer appears to require that the plasmids harbour
a functional conjugal transfer system (tral,trbBCDEJKLFG
HItraRMHBFACDG), which is the case for all strains in the
introgressed clade (Fig. 5; Fig S14-S16).

Symbiosis-gene transfer is mediated by
conjugative plasmids

The occurrence of HGT of symbiosis genes within and
between distant rhizobial genera (Rhizobium, Bradyrhizo-
bium, Sinorhizobium, Azorhizobium and Mesorhizobium),
nodulating different legume species, has been widely reported
[10, 12, 16, 62, 63]. This shows that symbiosis-gene transfer is
not restricted by genetic divergence and in many cases is not
species specific [64, 65].

Here, we have shown that species-specific clades still exist
even among symbiosis genes (Fig. 5a—c). In most species-
specific clades, the genes were carried on a non-mobile
symbiosis plasmid (Rh04) (Fig. S16), suggesting that, in
this species complex, symbiosis-gene introgression was only
observed when the strain had a plasmid with a conjugation
apparatus. We verified this by characterizing the plasmid
diversity within the strain pool. Symbiosis plasmids belong to
a number of plasmid types (Rh04, Rh06, Rh07 and Rh08), and
phylogenetic evidence indicated that some of them (Rh07 and
Rh08) have been transferred through conjugation between
different genospecies (Fig. 5e; Fig. S14). These transfers are
likely recent since many of the sequences (repA and tra genes)
have not yet diverged. Because conjugation requires cell-to-
cell contact, plasmid transfer is not just constrained by genetic
similarity [16, 66], but also by the requirement that the donor
and recipient are found at the same location. This does not
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necessarily imply that the introgression events observed in
this work occurred only among strains that are currently
found at the same site. For instance, although most of the
strains with introgressed sym genes were from Denmark, they
were from a number of different farms (Table S1). It seems
that the geographic mobility of these strains has a similar or
shorter timescale than that of introgression.

This study, like previous work [21], has shown that distinct
genospecies co-exist at one site, and also that the same genospe-
cies are found in other regions where the local conditions (envi-
ronment, soil type, rhizosphere) must be substantially different.
Whether one genospecies is more adaptable to a multiplicity of
environments than others is still an open question.

There is introgression of fix genes that vary in
genomic location

The genes that displayed introgression and were on symbiosis
plasmids (LD blocks 1 and 2) were not in LD with the intro-
gressing chromosomal genes (LD block 3) (Fig. 3) and they
displayed different selection signatures (Table 2), indicating
that chromosomal and plasmid-associated introgression
events are independent. LD block 4 was atypical, because it
contained putative symbiosis genes that showed variation
with respect to replicon location and were conspicuously
absent from the immobile symbiosis plasmid Rh04 (Table
S5). These genes are part of the ixNOQPGHIS cluster, and it is
known that this set of genes is essential for symbiotic nitrogen
fixation, but that a single copy is sufficient [30]. Nevertheless,
their high GC content and frequent chromosomal location
indicates that these are core genes that have been co-opted
into a symbiotic role. Consistently, they show introgression
when a copy has been acquired by one of the mobile types
of symbiosis plasmid. This suggests that they have been
mobilized as a consequence of their symbiotic function,
perhaps because they confer an advantage when transferred
to a recipient that does not have an optimal fixNOQPGHIS
cluster for symbiosis.

Intermediate frequency symbiosis-gene haplotypes
co-exist in sympatry

Just as the five genospecies co-exist, so do different symbiosis-
gene haplotypes and plasmids. The symbiosis genes had
strikingly high Tajimas D values, indicating an excess of
intermediate-frequency haplotypes (Table S8). The fixT gene
is the gene with the fewest haplotypes, presenting only five
haplotypes in total (Fig. S16). Four of these are present in the
Danish organic fields, and the haplotype characteristic of the
introgressed clade was found at trial sites in Denmark, France
and the UK as well as in Danish organic fields (Table S5).

The presence of distinct groups of haplotypes at intermediate
frequency could be a result of negative frequency-dependent
selection [67-70]. This type of balancing selection could
actively maintain symbiont diversity by increasing the fitness
advantage of strains when they are rare. An alternative, not
necessarily mutually exclusive hypothesis, is that distinct
symbiosis haplotypes are maintained by host specialization. If
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the selective optimum between rhizobium and its host changes
over time, symbiosis-gene alleles that contribute to the inter-
action will experience repeated partial sweeps, increasing
the frequency of different adaptive alleles in different parts
of the allelic range. Under balancing selection, these partial
local sweeps can create elevated differentiation among allelic
haplotypes and reduce nucleotide and haplotype diversity in
the regions flanking each selected locus [71, 72].

The 196 strains characterized here were all collected from
clover root nodules, and the colonization of nodules is a
bottleneck that imposes strong selection. We see that certain
haplotypes of symbiosis-related genes have introgressed
across multiple genospecies, implying that these genes
provide a fitness benefit that is largely independent of the
genomic background. However, this pattern of selection
appears to be exceptional, because the number of other
genes that showed a similarly high introgression signal was
very limited. Judging from our results, the high mobility of
symbiosis genes, extensively documented in the literature, is
not typical of the accessory genome in general, at least not for
the accessory genes present at a frequency higher than 25%
within across the strains examined.

CONCLUSIONS

Using new methods for detection of introgression events and
intergenic LD analysis, we carried out an unbiased investigation
of introgression within an R. leguminosarum species complex.
We found that introgression was generally very limited, with
most genes displaying genetically distinct, species-specific
variants. Striking exceptions are the genes located on symbiosis
plasmids, especially the symbiosis genes, and a limited number
of chromosomal islands, which appear to travel across species
boundaries using conjugative transfer systems. The plasmid and
chromosomal introgression events are independent and subject
to different selective pressures, and some genes appear to move
both between species and between replicons.
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