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ABSTRACT (235 words)

Insertion sequences (IS) are mobile genetic elements that are distributed in many
prokaryotes. In particular, in the genomes of the symbiotic nitrogen fixing bacteria
collectively known as rhizobia, IS are fairly abundant in plasmids or chromosomal
islands that carry the genes needed for symbiosis. Here, we report an analysis of the
distribution and genetic conservation of the IS found in the genome of Rhizobium etli
CFN42, in a collection of 87 Rhizobium strains belonging to populations of different
geographical origins. We used PCR to generate presence/absence profiles of the 39 1S
found in R. etli CFN42, and evaluated whether the IS were located in consistent
genomic contexts. We found that the IS from the symbiotic plasmid were frequently
present in the analyzed strains, whereas the chromosomal IS were observed less
frequently. We then examined the evolutionary dynamics of these strains based on a
population genetic analysis of two chromosomal housekeeping genes (g/yA and dnaB)
and three symbiotic sequences (nodC and the two IS elements). Our results indicate that
the IS contained within the symbiotic plasmid have a higher degree of genomic context
conservation and a lower nucleotide diversity, genetic differentiation and fewer
recombination events compared with the chromosomal housekeeping genes. These
results suggest that the R. etli populations diverged recently in Mexico, that the
symbiotic plasmid also had a recent origin, and that the IS elements have undergone a

process of infection and expansion cycle.
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Introduction

Insertion sequences (IS) are the smallest transposable elements found in
prokaryotes (usually less than 3 kb in size). They encode a transposase and may also
encode small hypothetical proteins (4, 9). IS are distinguished by their ability to move
within prokaryotic replicons, including both the chromosome and plasmids, and copy
themselves into various genomic sites. In this manner, IS elements can inactivate or
alter the expression of adjacent genes (4). When IS occur in two or more identical
copies within a genome, they can participate in various types of genetic rearrangements
(e.g., duplications, inversions and deletions) suggesting that IS may play an important
role in the evolution of their hosts by promoting genomic plasticity (34). Due to these
evolutionary dynamics, the diversity and distribution of IS elements differs greatly
between taxa and even within strains of the same species (27).

Various theories have been proposed to explain the evolution of IS elements in
laboratory model strains and environmental bacterial populations (8, 18, 25, 29). Two
main hypotheses seek to explain how these elements are maintained over the long term
in their host genomes: The first proposes that they occasionally generate beneficial
mutations, and therefore may represent a selective advantage to their hosts (34). The
second suggests that IS elements are genomic parasites that are maintained by their high
rate of transposition and might be disseminated among different bacterial lineages by
horizontal gene transfer (HGT). Data supporting the second hypothesis has shown that
some IS elements may transpose at high rates upon entering a new host (43). After the
initial infection, however, purifying selection may continuously remove these elements
from the genome. Thus, IS may be under an infection-expansion-extinction cycle that

allows them to remain in different bacterial populations within the gene pool (43).
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These two hypotheses are not contradictory, and the evolutionary dynamics and
distribution of IS may differ greatly depending on several factors, including (most
notably) the rate of transposition and HGT, as well as selective pressures, population
size and the host’s habitat (18, 25, 27, 29, X, Y).

In the nitrogen-fixing symbiotic bacteria of the genera Rhizobium,
Sinorhizobium, Mesorhizobium, Bradyrhizobium (of the a-proteobacteria), Cupriavidus,
and Burkholderia (of the B-proteobacteria), IS are particularly abundant in symbiotic
plasmids (pSym) and symbiotic chromosomal islands (SI) (2, 12, 14, 19, 20, 42). SI and
pSym encode most of the genes needed to establish symbiosis in the roots of
leguminous plants through nodule formation and nitrogen fixation (11). It is generally
believed that these elements entered the rhizobial genomes through HGT (39, 40).
Comparative genomic analyses have shown that both pSym and SI are highly variable
with the exception of a common set of genes encoding factors critical to nitrogen
fixation (nif) and nodulation (nod) (5, 14). SI and pSym have been found to have lower
GC contents and different codon usages than the corresponding chromosomal and non-
symbiotic plasmid sequences, suggesting that they were recently acquired by HGT.

Some of these symbiotic elements, such as in the cases the pSym of R. etli
CFN42 and the SI of Mesorhizobium loti, are conjugative and mobile (30, 32). Genomic
analysis of R. etli CFN42 revealed the presence of 39 IS belonging to different families
(14); these were found in the chromosome (11 IS), the 371-kb symbiotic plasmid (14
IS), the smaller 192-kb conjugative plasmid, p42a (13 IS) and two other plasmids, p42b
and p42c (2 IS). Interestingly, this particular strain shows no evidence of IS disrupting
ORFs or having transpositional activity. However, another 42 incomplete IS may be
found in the chromosome, pSym, and the conjugative plasmid; these incomplete

sequences are truncated or contain stop codons in their coding sequences.
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Here, we focused on the dynamics and distribution of IS in different populations
of the nitrogen-fixing symbiont Rhizobium etli. Since the maintenance of IS in bacterial
species might depend on their transpositional activity and horizontal transfer rate, the
identification of IS in the same genomic contexts across different strains of the same
species could provide new insights into their persistence and divergence over short
evolutionary periods. To examine the evolutionary dynamics of IS in natural
populations of R. etli, we characterized the distributions, genomic contexts and
sequence variations of IS in isolates of R. etli from three populations of different
origins, as well as in some other Rhizobium species. More specifically, we used PCR to
generate presence/absence profiles of the 39 IS found in R. erli CFN42, in a collection
of 87 strains representing different geographical sites and a gradient of domestication of
the bacterial host, the common bean (Phaseolus vulgaris). We also evaluated whether
the IS were conserved in the same genomic context relative to their position in R. etli
CFN42, and determined the nucleotide sequence of two IS found in most of the isolates.
Several population genetic tests applied to these IS, another pSym gene (nodC) and two
chromosomal housekeeping genes (dnaB and glyA) suggest that these two IS elements
have been inherited vertically and represent recent components of the R. etli gene pool.
Finally, the present study strongly suggests that symbiotic plasmids have a recent origin

within the R. etli populations.

MATERIALS AND METHODS

Bacterial strains, growth conditions and DNA extraction

The 87 Rhizobium strains used in this study correspond to three different

collections (Table 1). Two of the strain collections are from Mexico. The first collection
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(36) was derived from two plots in a traditional milpa system of native bean landraces
(San Miguel Acuexcomac, Puebla); the collection consists of 30 strains that were the
dominant strains for several years. The second collection (13) comes from the
Michoacan-Guanajuato area, which is the reported center of origin of bean
domestication (24); the 30 strains in this collection include a bean plant domestication
gradient from wild non-domesticated Phaseolus vulgaris to milpa landrace cultivars, as
well as wild bean plants that are probably the descendants of cultivated plants. The third
collection (33) represents R. etli from Spain and includes 27 strains obtained from 21
soil samples collected along the Guadalquivir River Valley. These are believed to
represent either original native rhizobia or a sub-sample of New-World rhizobia that
travel along the original bean seeds (Table 1). Some strains from the Puebla and
Spanish collections were previously characterized as R. gallicum, R. giardini, R. fredii
and R. leguminosarum (Table 1).

The various Rhizobium strains were grown in LY medium for 24-48 h. Genomic
DNA was extracted with a GenomicPrep DNA Isolation Kit (Amersham Biosciences)
and the DNA concentration was determined with a DyNA Quant 200 fluorometer
(Hoefer). Two complete sequenced R. etli strains, CFN42 and CIAT652, were used as

references strains.

PCR amplification and DNA sequencing

We first localized each of the 39 selected IS within the CFN42 genome, thereby
“anchoring” our examination of whether these IS conserved their genomic locations
(i.e., their synteny) across the wild R. etli isolates from different geographical regions.
These 39 IS elements represent 11 different famlies and some of these families have

identical or near identical copies: 6 and 4 copies for 2 different elements of the IS66
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family, 5 copies for IS630, 2 for IS1111 and 2 for IS21. We then designed specific PCR
primers spanning the immediate neighborhoods of the 39 studied IS. These primers
allowed us to test for conservation (i.e. amplification of a fragment of similar size to the
one predicted in CFN42). In cases where we found two contiguous IS elements, we
designed primers in the neighboring genes of both IS. There were three possible results:
1) no PCR product, indicating that there were no identical priming sites in the wild
isolate (this was not an absolute positive or negative result for the presence of the IS); ii)
a small DNA fragment, equivalent to the distance between the two sequences near the
insertion site but lacking the IS (a negative result for the IS); and iii) a large DNA
fragment of similar size to that in CFN42 (a positive result for the IS). The PCR
reactions were performed in a DNA thermal cycler (Gene Amp 9700; Applied
Biosystems) in a 25 pl reaction mixture containing approximately 10 ng genomic
template DNA, 2 mM MgCl,, 1 mM dNTPs, 5 pmol of each primer, and 2 U of TAQ
Polymerase (AltaEnzymes). The mixtures were subjected to 5 min denaturation at 94°C
followed by 30 cycles of 1 min at 94°C, 1 to 3 min at 58 to 62°C, and 3 min at 72°C.

For a comparison of evolutionary dynamics, we performed direct sequencing on
the following: two IS elements, ISRel4 and ISRel2 from pSym, which were present in
the highest proportion of test samples (see Results and Fig. 2); nodC, which is a pSym
gene encoding an N-acetylglucosaminyltransferase that participates in the nodulation
process; and two  chromosomal  housekeeping  genes, glyA  (serine
hydroxymethyltransferase) and dnaB (replicative DNA helicase), which have been
proposed to serve as predictors of genome relatedness because their sequence
divergence rates reflect the overall rate of genome divergence (44). Internal PCR
primers were designed for the latter three genes to obtain partial sequences of each

gene. The sequencing reaction mixtures contained approximately 10 ng genomic
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template DNA, 1 mM MgCl,, 1 mM dNTPs, 5 pmol of each primer, and 1U of rTth
Polymerase XL (Applied Biosystems). The mixtures were subjected to 5 min
denaturation at 92°C followed by 30 cycles of 30 sec at 92°C and 1 to 6 min at 58 to
62°C. The PCR products were purified with an Exo/SAP kit (Affymetrix) and
sequenced using a Dye-terminator cycle sequencing kit (Perkin Elmer Applied
Biosystems). The sequencing reactions were run on an ABI 3730 sequencer (Applied

Biosystems).

Sequence analysis, alignments and phylogenetic reconstruction

Sequence quality analysis, assembly and comparison were performed using the
SeqScape software V2.5 (Applied Biosystems). For IS characterization, we compared
all of the putative transposases in the complete annotated genome sequence of R. etli
CFN42, to the nr Database of the NCBI and the Insertion Sequence Database (35), with
BLASTDp (1).

To define a complete and (most likely) functional IS, we used the same criteria
applied by the authors of the Insertion Sequence Database, as follows: (i) similar
organization of the genes; (ii) sequence similarity of the transposases and inverted
repeats; and (iii) the presence of direct repeats (14). Gene alignments for the assessed
genes and IS elements were done using the MUSCLE program (7). For each alignment,
the best substitution model was determined using FindModel (31). Phylogenetic
reconstruction was performed using the maximum likelihood method implemented in
PHYML (16). The analysis was carried out with a nonparametric bootstrap analysis of
100 replicates for each alignment. The complete chromosome and plasmid sequences of
R. etli CFN42 and CIAT652 were compared with the Mummer program (23). The

genomic contexts of the IS in the two strains were examined using Perl programs. The
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rate of synonymous and non-synonymous substitutions, dn/ds ratio, was evaluated using

SNAP (22).

Population genetic parameter estimation

DNASP version 4 (26) was used to assess the following parameters: the average
nucleotide divergence between populations (D,y); the average nucleotide diversity
within populations; the average nucleotide divergence per site (w); the average
nucleotide diversity at synonymous (z;) and non-synonymous sites (7,,); gene flow
estimates (F, and Nm); genetic differentiation estimates (K, K, Z and S,,,); the numbers

of shared haplotypes, fixed and shared polymorphisms; and Tajima’s D neutrality test.

Recombination analysis

Recombination tests were performed with RDP3 (28) and SplitsTree4 (17) for the five
genes studied in each of the collections. The RDP3 software was applied to detect and
analyze recombination signals using eight different methods (RDP, GENECONYV,
Bootscan, MaxChi, Chimaera, SiScan, 3SEQ and LARD), with 100 permutation steps, a
Bonferroni correction for multiple tests, and a P-value threshold of 0.05. Recombination
events and breakpoints were accepted if they were detected by two or more methods
that used different approximations to detect recombination. The recombination events
were then confirmed independently for each recombinant strain, as suggested in the
literature (RDP website user manual; http://darwin.uvigo.es/rdp/rdp.html). Specific
parameter modifications were used for each gene alignment depending the number of
sequences in the analysis. Split decomposition and neighbor net analyses were
performed with the SplitsTree4 software. Both phylogenetic networks represent

incompatibilities within and between datasets with the use of splits. For the neighbor net
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analysis, we applied a split filter based on the network weight and a threshold value of

95% (3).

Nucleotide sequence accession numbers
The relevant sequence data have been deposited in the GenBank database under

accession numbers GUO84443 to GUO84796.

RESULTS
Differentiation of R. etli populations

To study the evolutionary dynamics of the IS of R. etli, we first asked if the three
studied collections of R. etli strains, which were obtained from the root nodules of P.
vulgaris plants located in different areas, were geographically structured. The
phylogenies constructed based on the chromosomal housekeeping genes, glyA and
dnaB, were relatively similar to each other, with a few differences in the groupings of
some strains (data not shown). In order to obtain a phylogenetic reconstruction that
more accurately represent the evolutionary relationships among the 87 strains contained
within the three collections, we concatenated the sequence alignments (2238 bp) of both
genes. We obtained three large R. etli clusters that broadly corresponded to the three
different geographical areas from which the strains were collected. The Puebla
collection formed one group with some intermingled strains from the Michoacan-
Guanajuato and Spanish collections (Fig. 1). The second group consisted of the
Michoacan-Guanajuato strains with three intermingled sequences belonging to the
Spanish collection. The third R. etli group represented the Spanish collection with a
single intermingled sequence from the Puebla collection. The Michoacan-Guanajuato

and Spanish collections were more closely related to one another than to the Puebla
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collection (Fig. 1). A distant fourth group, which was later used as outgroup, contained
several R. gallicum strains from Puebla and Spain. Since this phylogenetic
reconstruction clearly separates the three different collections according to their
geographic origins, we considered them to be different populations in the following

analyses.

IS profiles of the R. etli populations

We next examined which IS from R. etli CFN42 were also maintained in the
same genomic context among the R. etli isolates from the three different populations.
Our PCR-based profiling (see Methods) yielded either positive or negative results for 24
of the 39 IS, and showed marked differences in the conservation of the various IS
among the tested populations (Fig 2). ISRel4 and ISRel2 (from pSym of R. etli CFN42)
were the most common IS, present in more than 50% of the individual strains.
Sequencing experiments showed that ISRel9 (also from pSym) in most cases was
actually a hypothetical protein (hyp304) not related to any IS element and similar in size
to ISRel9. Only five isolates (all from Puebla) had an intact ISRel9 in the expected
genomic context; these elements had an average identity of 100%. ISRel5 and ISRel12
of pSym were relatively frequent, as they were present in 25% of the tested strains. The
other seven IS from pSym were not common. The IS from p42a were found in the
Puebla and Michoacan-Guanajuato populations, but not in the collection from Spain,
while the chromosomal IS were found only in the Puebla strains. Interestingly, the

CFN42 reference strain was found to be close to the Michoacan-Guanajuato population

(Fig. ).

DNA sequence divergence of ISRel4 and ISRel2



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

The observation that some IS occur in the same genomic context suggests that
these IS may have been present since the arrival of the pSym in the populations, as it is
far less likely that independent transposition events could have inserted the IS into the
same genomic sites. It is important to mention that the ISRel4 and ISRel2 belong to IS
families, ISAs1 and IS481 respectively, that do not have specific target sequences for
transposition. To investigate the evolutionary dynamics of the two IS elements, ISRel4
and ISRel2, that show conservation of their genomic contexts, we looked for differences
in the degree of diversification and selection pressures among these IS elements, as well
as in other symbiotic and chromosomal housekeeping genes (Supp. Table 1). The DNA
sequence conservation was very high for ISRel4 and ISRel2, with an average identity of
98.7% and 99.4%, respectively. This is surprisingly high compared to the sequence
identities for the housekeeping genes glyA and dnaB, which were 75.3% and 76.4%,
respectively. Given that the diversification of chromosomal genes could differ from that
on the symbiotic plasmid, we sequenced the nodC gene, which encodes an N-
acetylglucosaminyltransferase involved in the synthesis of sugar backbones for the
production of lipo-oligosaccharides (critical to nodulation signaling). This was done in
order to have another gene to trace the diversification differences between the pSym and
the chromosome. The average nucleotide identity among the 44 analyzed nodC
sequences was 96.7%. The nucleotide diversity (w) values for the pSym sequences
(ISAsl, IS481 and nodC) were very low compared with those of glyA and dnaB (Table
2). The total average m values of dnaB and glyA were 0.066 and 0.088, respectively,
whereas those for ISRel4, ISRel2, and nodC were 0.002, 0.002, and 0.014, respectively
(Table 2). Since the number of polymorphic sites and the © values for ISRel4, ISRel2,
and nodC were very low, we hypothesize that these sequences may have entered the

gene pool of the three populations relatively recently.
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Recent origins of ISRel4, ISRel2, and pSym

To evaluate the hypothesis that ISRel4 and ISRel2 may have originated recently,
we measured their average nucleotide diversities at synonymous sites (ns) and non-
synonymous sites (nns), and compared these values with those for nodC, glyA, and
dnaB. The ms value reflects the age of an allele in the genetic pool; genes with lower s
values are generally considered to have recent common ancestor. Our results revealed
that the ©ts values were low for ISRel4, ISRel2, and nodC, but high for dnaB and glyA,
whereas the nns values were low for all five sequences (Table 2). Similar results were
obtained when these ns and mns values were measured within each population (Supp.
Table 2). These findings indicate that both the IS elements and nodC might have entered
recently in the gene pool of the three populations.

Overall, the dn/ds ratio was lower for the chromosomal genes than for the pSym
genes. To test what this might mean in terms of pSym evolution, we compared the
shared haplotypes for chromosomal and pSym genes among the three populations. We
did not find any shared dnaB and glyA (i.e. chromosomal) haplotypes between the
populations. In contrast, we identified a number of shared haplotypes for the pSym
genes (nodC, ISRel2 and ISRel4) (data not shown). These results suggest either that
pSym has a relatively recent origin, or that there is high gene flow among pSym
sequences; regardless of either option, it seems that the pSym sequences have a different
evolutionary history than the chromosomal genes. To further test the possible recent
origin of pSym sequences in the gene pool of the three populations, we compared the
mean genetic divergence values between populations (Dxy) to the © values describing
the mean genetic divergence within the populations. Higher values of Dxy indicate

increasing time since population divergence. Table 3 shows that the Dxy values were
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higher than the mean within-group divergence (m) for the chromosomal genes,
potentially reflecting phylogenetic differentiation among the three populations. In the
case of the pSym sequences, however, the Dxy and nt values were very low and did not
show clear phylogenetic differentiation between the populations. This further supports
the idea that the pSym sequences have a relatively recent origin in the gene pool of the
three populations, and have followed a different evolutionary history than the
chromosomal genes.

We applied additional genetic differentiation tests (Ks*, Kst, Z, Z*, Snn) to the
pSym and chromosomal sequences to test whether the two IS and nodC have a lower
level of genetic differentiation than the chromosomal sequences which would further
support a recent origin within the three populations. The results of the genetic
differentiation tests for the two housekeeping genes were highly significant (p<0.001),
supporting the idea of genetic differentiation among the three populations (Table 4 and
Supp. Table 3). In contrast, the three pSym sequences had much lower levels of genetic
differentiation across the three populations. For example, comparison of the pSym
sequences from the two Mexican populations (those from Puebla and Guanajuato-
Michoacan) yielded Kst values that were either non-significant or were just barely
significant at p<0.05 (Table 4). Although the chromosomal housekeeping genes showed
evidence of genetic differentiation, we did not find evidence of fixed polymorphisms;
this may indicate that the three populations also diverged recently. Given that the pSym
sequences had low s values, their Dxy and n values were not well differentiated, had
several shared alleles, and the genetic differentiation tests were not significant, it is not
surprising that these sequences also lacked fixed polymorphisms.

Next, we analyzed whether there was some degree of gene flow across the three

populations. If a Fst value above 0.25 and a Nm value > 1 were taken to represent a



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

significant between-population gene flow (37), most of the analyzed genes could be
considered to have evidence of gene flow. The pSym sequences often had higher Fst
values than the chromosomal genes (Table 4). A comparison between the Mexican and
Spanish populations also yielded values indicative of gene flow. Given the geographical
distance between these populations, it seems conceivable that these values could reflect
a recent divergence of the three populations and a recent origin for the pSym genes.

There is published evidence indicating that genetic exchange occurred within R.
etli populations from a single field; this process involved both plasmid and
chromosomal loci (36). Accordingly, we hypothesized that the number of recombination
events would be different between the chromosomal and pSym genes if their divergence
times were clearly distinct. To assess this, we used the RDP3 software package to
implement eight different recombination tests to search for recombination events across
the three populations (Supp. Table 4). The chromosomal genes, dnaB and glyA, showed
evidence of four and two intragenic recombination events, involving ten and five
strains, respectively. In contrast, only one pSym sequence (ISRel4) showed a
recombination event, even though the low sequence divergence make it harder to detect
recombination. Interestingly, some of the same recombination events were found in
strains of both R. etli and R. gallicum; moreover, four recombination events found
between populations could explain some intermingled strains in the phylogeny of the
three populations (Fig. 1 and Supp. Table 4).

Next, we used a phylogenetic network approach, consisting of split
decomposition and neighbor net analyses to test whether the inconsistencies in the
phylogenetic reconstructions could be due to recombination events. The split
decomposition analysis of the two chromosomal genes showed a partition in the data

between sequences from the R. etli and R. gallicum species. In the case of glyA, we
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found some splits within the R. etli strains; these could come from the detected
recombination events. ISRel4 was the only pSym sequence for which we obtained a
split that clearly represents the unique recombination event we detected in the R. etli
and R. gallicum strains. The neighbor net analysis, which is more sensitive to the
conflicting sequence data that may represent recombination events, showed that the two
chromosomal genes had several splits, some of which were related to the detected
recombination events (Supp. Fig. 1). ISRel4 yielded the same split we had found in the
split decomposition analysis. The other two pSym sequences failed to reveal splits with
either analysis; this was consistent with the lack of any recombination events detected
by our RDP3 analysis of these sequences. The relative lack of splits and recombination
events in the pSym sequences supports our hypothesis that these genes (and probably
the symbiotic plasmid itself) originated relatively recently in the three populations.
Another possibility that could explain the high DNA conservation of the pSym
sequences and the conserved genomic contexts of ISRel2 and ISRel4 is that selection
pressures may inhibit variation at these sequences. However, Tajima’s D neutrality tests
showed that most of the observed nucleotide substitution patterns in the chromosomal
and pSym sequences from the three populations were under a neutral equilibrium model
(i.e., all statistical results were non-significant; Table 2 and Supp. Table 2). The neutral
equilibrium model was rejected only for nodC. However, this could be due to the effect

of a decrease in population size and/or balancing selection.

IS elements in Rhizobium etli symbiotic plasmids
We recently sequenced another Rhizobium etli strain, the Costa Rican strain
CIAT652, which has one chromosome, three plasmids, and 22 IS elements distributed

mainly in the chromosome and the symbiotic plasmid (15). Comparative analysis of the



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

CFN42 and CIAT652 symbiotic plasmids showed that their sequences were highly
conserved, with a nucleotide identity value of 99% (Fig. 3). In contrast, the identities of
the chromosome and other plasmid sequences ranged from 90 to 95%. The two pSyms
differed mainly in the presence/absence of certain genomic regions, the diversity of IS
families, and presence/absence the IS elements in a given genomic context. This
indicates that the major evolutionary events modifying these two symbiotic plasmids
were the gains/losses of genomic regions and the losses/translocations of IS elements. In
contrast, the chromosomes and other plasmids did not contain IS in the same genomic
contexts. Comparison of the IS elements in the chromosomes and plasmids indicated
that the symbiotic plasmids may have originated externally, and harbored IS that
thereafter transposed to the chromosomes. Both CFN42 and CIAT652 harbored IS
elements that were 100% identical in sequence between the chromosome and pSym. If
these plasmids have a recent origin (as suggested by our population genetic analyses),
this would seem to indicate that the IS had recently moved to the chromosome in both

strains, in the manner of an infection-expansion-extinction cycle (43).

DISCUSSION

In order to examine the evolutionary dynamics of IS elements in relation to the
evolutionary history of the chromosomal and symbiotic plasmid genes, we herein
compared the distribution and genetic diversity of these sequences in three R. etli
populations. First, we used the concatenated alignment of the chromosomal g/yA and
dnaB genes to perform a phylogenetic reconstruction, and found that the three tested R.
etli populations were almost completely differentiated according to their geographic

origins. Moreover, they were clearly differentiated from the R. gallicum strains, which



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

formed a fourth clade. The close phylogenetic relationship between the Michoacan-
Guanajuato and Spanish populations was highlighted by the individual phylogenies of
dnaB and glyA especially the one based on glyA, where several strains appeared to be
intermingled in both populations. This pattern might be explained by recombination
events, which were assessed using the RDP3 software (Supp. Table 4). However,
another possibility is that the intermingled strains from Guanajuato could be closely
related to migrant strains isolated from the Spanish population. The phylogeny made
with the concatenated alignment of dnaB and glyA was used as the reference for
mapping the IS distributions.

Comparison of the IS presence/absence profiles of the R. etli populations to that
of the CFN42 reference strain showed that the most conserved IS were on the symbiotic
plasmid. Because the majority of the IS elements did not maintain their genomic
context, the presence/absence profiles were inconsistent with the housekeeping genes
phylogeny; some strains that were closely related in the phylogeny had very different IS
profiles. For example, most of the Puebla strains had more similar IS profiles to that of
the model strain, CFN42, which belonged to the Guanajuato-Michoacan clade. These
data demonstrate that the distribution of IS elements between and within populations is
strain-specific in concordance with the HGT and transpositional dynamics of IS (4).

We analyzed two of the IS elements, ISRel2 and ISRel4 (both from pSym) in
detail, as they were the most conserved, in terms of their genomic context, across the
three R. etli populations. This pattern may indicate that some selective advantage is
conferred by the presence of these IS elements, or it could be a consequence of the
apparently recent origin of the pSym plasmid. Other studies on the evolutionary
dynamics of IS elements have offered different explanations for the maintenance of

such elements in populations or strains of the same species. For example, a report on IS
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in strains of Helicobacter pylori from different geographical origins suggested that IS
are ancient components of the H. pylori gene pool, and they evolve at approximately the
same rate as normal chromosomal genes (18). A paper on IS within a single population
of the hyperthermophilic archaeon, Pyrococcus, suggested that the high frequencies of
some IS were due to genetic drift (8). Neither of these explanations seems to be
applicable to the IS in R. etli examined herein. Instead, we think that the IS have
undergone rapid turnover in the population, and that the contextual and sequence
conservation of ISRel2 and ISRel4 should be viewed within the evolutionary history of
pSym.

Due to the transpositional nature of IS elements, they are not expected to be
found at the same genomic site in populations of different geographical origin.
However, we herein observed such conservation for ISRel2 and ISRel4. One
explanation for our observation is that that the IS might have been frequently found in
the same genomic context as consequence of the small population size of the R. etli
collections analyzed in this work. The probability of finding several strains with the
same IS in the same location is lower for large populations than for small populations
(38). In our case, however, this may not be the best explanation given the characteristics
of the three populations (see Methods) and the geographical distances separating the
collection sites. Another possibility is that these IS elements were recently acquired by
the studied R. etli strains. Comparisons among these IS elements, nodC and the
chromosomal genes suggested that the pSym sequences recently entered the R. etli gene
pool of the three populations. Population genetic analyses of the pSym sequences
showed that they have the following features: i) low « values; ii) Dxy and & values thet
imply no clear differentiation; iii) several different shared alleles; and iv) non-

significant results from their genetic differentiation tests. In contrast, opposing results



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

were obtained for the chromosomal genes, glyA and dnaB. Thus, the differences noted
in our population genetic analyses suggest that the chromosome and pSym have
different evolutionary histories in the studied R. etli populations. These findings, along
with the high sequence conservation found in the pSym sequences of CFN42 and
CIAT652, support the proposition that pSym could have a recent origin in Rhizobium
etli (14). However, the pSym sequences from CFN42 and CIAT652 have clear
differences in terms of the presence/absence of certain genomic regions (some as large
as 50 kb) and IS elements; notably, the gains and losses of IS elements appear to be the
main events differentiating these two pSyms.

A prior analysis of the complete genomes of R. etli CFN42 and R. etli CIAT652
demonstrated that the IS do not disrupt genes (with one exception), and these strains
appear to harbor the same pSym plasmid (15). Horizontal transfer of this plasmid to R.
etli CFN42 and R. etli CIAT652 could explain the asymmetric distribution of IS, which
were only found in these plasmids and in the chromosome. Some IS elements probably
moved from the plasmids to the chromosome, but they do not appear to have moved to
other plasmids. The asymmetrical distribution of IS in the chromosome and plasmids
could be due the size of the different replicons in the R. etli CFN42 genome (41). In the
chromosome of CFN42 there are six probable recent transposition events of IS elements
(100% identity between the chromosomal IS and another IS in the pSym or conjugative
plasmid). This implies a transposition rate of one IS per 730 kb, which is higher than the
size of any other replicon of CFN42 (14), so the asymmetrical distribution could be the
product of the chromosome size.

The complete genomes of the two strains of R. etli CFN42 and CIAT652,
revealed the presence of different IS family members in different copy numbers. It has

been proposed that when new IS elements enter the genome, they actively transpose to
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different genomic positions (43). This hypothesis may help explain the behavior of
some of the IS in R. etli CFN42. For instance, members of the IS66 family, which is a
very common IS family in rhizobial species (27), were found in several copies in the
pSym plasmids of CFN42 and CIAT652, and IS66 copies with 100% nucleotide
sequence identity can also be found in the chromosome. The most plausible explanation
for this finding is that the IS originally entered the genome via plasmids and were then
transposed to the chromosome.

The present work provides useful new insights into differences of the
distribution and genomic context maintenance of IS elements in natural populations of
Rhizobium etli. Although the pSym in these populations seems to be of relatively recent
origin, the harbored IS appear to be active elements that may participate in the genomic
plasticity of these organisms. Our comparisons of the two genomes of R. etli and across
the natural populations provides further evidence that different IS can rapidly expand

when they arrive in a new host genome, as recently proposed by Wagner (2006).
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Figure 1. Phylogenetic reconstruction representing the evolutionary relationships across
the three collections. The circles inside the branches represent bootstrap support >70%.
The external circles represent R. etli strains intermingled from one of the other
collections. The arrows represent other species intermingled (4872, GR42 and GR60 are
R. gallicum; GR93 is R. giardinii; and GR84 is R. leguminosarum). The underlined
strains represent recombinant strains for dnaB or glyA between the three populations

and the R. gallicum strain.
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Figure 2. Presence/absence profile of the IS elements present in the chromosome,
conjugative and symbiotic plasmids across the three populations. The bottom line
represents CFN42 control strain. Red bars represent positive confirmation of the IS
element (a DNA fragment of similar size to that in CFN42), blue bars represent a
negative result for the presence of the IS element (a DNA fragment equivalent to the
distance between the two sequences near the insertion site but lacking the IS), no colour
represents no PCR product and yellow bars represent DNA fragments bigger in size

than expected.

Figure 3. Dot plot graphic of pSym from R. etli CFN42 and CIAT652. Diagonal red

lines represent DNA regions that were aligned between the two replicons. The blue and

red points represent small DNA regions, in many cases repeated sequences, that were

aligned in different regions of each replicon.

Table 1. Rhizobium isolates and reference strains used in this study

Table 2. DNA divergence in R. etli 1S elements, plasmid genes and chromosomal genes

Table 3. Comparision of mean genetic divergence between populations (Dxy) and mean

genetic divergence (m) within each population

Table 4. Genetic differentiation and gene flow tests in R. etli IS elements, plasmid genes

and chromosomal genes
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Supp. Table 1. Complete set of sequences obtained from PCR reactions

Supp. Table 2. DNA divergence and neutrality test in R. etli IS elements, plasmid genes

and chromosomal genes within populations

Supp. Table 3. Genetic differentiation analyses of R. etli IS elements, plasmid genes and

chromosomal genes

Supp. Table 4. Recombination events in plasmid and chromosomal genes between
populations. Each row represents a different recombination event for each gene. The
underlined strains represent recombinant strains for dnaB or glyA between the three
populations and the R. gallicum strains that could explain the intermingled strains in the

phylogeny reconstruction of the three populations (Fig. 1).

Supp. Figure 1. Phylognetic network analises with Neighbor Net for a) dnaB and b)
glyA. Underlined labels represent strains participating in recombination events
determined with RDP3 (Supp. Table 4): bold labels represent recombinant strains and

italic labels represents parental strains.
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Figure 2. Presence/absence profile of the IS elements present in the chromosome,
conjugative and symbiotic plasmids across the three populations. The bottom line
represents CFN42 control strain. Red bars represent positive confirmation of the IS
element (a DNA fragment of similar size to that in CFN42), blue bars represent a
negative result for the presence of the IS element (a DNA fragment equivalent to the
distance between the two sequences near the insertion site but lacking the IS), no
colour represents no PCR product and yellow bars represent DNA fragments bigger in

size than expected.
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Figure 3. Dot plot graphic of pSym from R. etli CFN42 and CIAT652. Diagonal red
lines represent DNA regions that were aligned between the two replicons. The blue
and red points represent small DNA regions, in many cases repeated sequences, that

were aligned in different regions of each replicon.



Table 1. Rhizobium isolates and reference strains used in this study

Origin No. Strains Species Identifier Reference
Rhizobium Isolates
Puebla, Mexico 30 Rhizobium etli 1009, 1006, 4771, 1004, 2737, 4815, 4803, 4777, 950, 2704, 4813, (34)
4794, 951, 994, 4837, 4804, 954, 4877, 4795, 2730, 4810
Rhizobium gallicum 4868, 4872, 4770, 4845, 988, 2751, 2735, 992, 2703
Guanajuato, Mexico 30 Rhizobium etli Domesticated: 6854, 6861, 6857, 6832, 6868, 6867, 6840, 6846, 6850, (12)
6851, 6833, 6845, 6862
Wild: 6779, 6778, 6760, 6794, 6805, 6795, 6766, 6784, 6797, 6798,
6776, 6768, 6763
Weedy: 6815, 6824, 6823, 6813
Valle Guadalquivir, Spain 27 Rhizobium etli 21PR-1, 16C-1, 21NJ-2, 8C-3, 8NJ-2, 14PR-2, 17NJ-2, 16NJ-2, 14C-1, 3D
4PR-2, 17C-2, 6PR-1, 6C-1, 4C-2, GR10, GR62, GR14, GR87, GR56
Rhizobium gallicum GR18, GR45, GR60, GR42
Rhizobium giardinni GR93, GRO3
Rhizobium fredii GR64
Rhizobium leguminosarum GR84
Rhizobium Reference Strains
Mexico 1 Rhizobium etli CFN42 (13)
Costa Rica 1 Rhizobium etli CIAT652 )




Polymorphic Nucleotide Nucleotide diversity at Nucleotide diversity at
Gene sites. dn/ds ® diversity synonymous sites nonsynonymous sites Tajima’s D
T T Tns
dnaB 263 (23.6) 0.019 0.047 0.066 0.237 0.009 1.39
glyA 278 (24.7) 0.029 0.070 0.088 0.122 0.075 0.84
nodC 19 (3.3) 0.355 0.007 0.014 0.028 0.009 0.72
ISRel2 6 (0.6) 0.267 0.001 0.002 0.001 0.002 2.72
ISRel4 13 (1.3) 0.325 0.002 0.002 0.003 0.007 1.50

* The percentages of polymorphic sites per sequence length are shown in parentheses.

Table 2. DNA divergence in R. etli IS elements, plasmid genes and chromosomal genes



Dxy n

dnaB

Pueb - Guanj 0.072 0.056 - 0.052
Pueb - Spain 0.068 0.056 - 0.064
Guanj - Spain 0.073 0.052 - 0.064
glyA

Pueb - Guanj 0.097 0.080 - 0.066
Pueb - Spain 0.100 0.080 -0.077
Guanj - Spain 0.089 0.066 - 0.077
ISRel2

Pueb - Guanj 0.003 0.002 - 0.002
Pueb - Spain 0.002 0.002 - 0.001
Guanj - Spain 0.002 0.002 - 0.001
ISRel4

Pueb - Guanj 0.002 0.001 - 0.003
Pueb - Spain 0.002 0.001 - 0.002
Guanj - Spain 0.002 0.003 - 0.002
nodC

Pueb - Guanj 0.003 0.001 - 0.005
Pueb - Spain 0.026 0.001 - 0.008
Guanj - Spain 0.025 0.005 - 0.008

Table 3. Comparison of mean genetic divergence between populations (Dxy) and
mean genetic divergence (m) within each population



Gene Kgt Fst Nm

dnaB

Pueb - Guanj 0.146%**  0.252 1.48
Pueb - Spain ~ 0.064***  0.118 3.72
Guanj - Spain ~ 0.118***  (0.208  1.90

glyA

Pueb - Guanj  0.144%**%  0.249  1.51
Pueb - Spain 0.142%**%  0.246 1.54
Guanj - Spain ~ 0.129%**  0.226 1.71

ISRel2

Pueb - Guanj  0.007 0.025 19.75
Pueb - Spain 0.6527#%* 0.845  0.09
Guanj - Spain ~ 0.607** 0.750 0.17

ISRel4

Pueb - Guanj  0.056 0.217 1.80
Pueb - Spain 0.310%%* 0.634 0.29
Guanj - Spain ~ 0.156%%* 0.270 135

nodC

Pueb - Guanj 0.184* 0.374 0.84
Pueb - Spain ~ 0.118* 0.258 1.44
Guanj - Spain ~ 0.225%* 0.357 0.90

Table 4. Genetic differentiation and gene flow tests in R. et/i IS elements, plasmid
genes and chromosomal genes. Asterisks represent the probability obtained by the
permutation test with 1000 replicates (ns, not significant; *, 0.01<P<0.05; **,
0.001<P<0.01; ***, P<0.001).
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Supp. Figure 1. Phylogenetic network analyses with Neighbor Net for a) dnaB

and b) glyA. Underlined labels represent strains participating in recombination

events determined with RDP3 (Supp. Table 4): bold labels represent

recombinant strains and italic labels represents parental strains.



Gene No. of Sequence Puebla Guanajuato Spain
sequences length (bp)
dnaB 87 1113 30 30 25
glyA 88 1125 29 31 28
ISRel2 45 981 5 16 20
ISRel4 53 1035 6 23 21
nodC 44 576 7 22 15

Supp. Table 1. Complete set of sequences obtained from PCR reactions



Nucleotide Nucleotide Nucleotide

Gene (0] diversity diversity at diversity at Tajima’s D
T synonymous nonsynonymous
sites sites
s Tins
I 1 1 1 1 1

dnaB 0.047 0.066 0.237 0.009 1.39
Puebla 0.040 0.056 0.191 0.011 1.48
Guanajuato 0.040 0.052 0.194 0.005 1.08
Spain 0.042 0.064 0.227 0.010 2.15%*
glyA 0.070 0.088 0.122 0.075 0.84
Puebla 0.065 0.080 0.118 0.066 0.88
Guanajuato 0.057 0.066 0.091 0.057 0.57
Spain 0.070 0.077 0.098 0.061 0.07
nodC 0.007 0.014 0.028 0.009 2.72%*
Puebla 0.001 0.001 0.002 0 -1.01
Guanajuato 0.007 0.005 0.012 0.002 -1.16
Spain 0.010 0.008 0.015 0.005 -0.87
ISRel2 0.001 0.002 0.001 0.002 0.72
Puebla 0.001 0.002 0.002 0.001 0.70
Guanajuato 0.001 0.002 0.001 0.002 0.29
Spain 0.001 0.001 0 0.001 0.52
ISRel4 0.002* 0.002 0.003 0.002 -0.62
Puebla 0.001 0.001 0 0.001 -1.13
Guanajuato 0.003 0.003 0.005 0.002 -0.14
Spain 0.002 0.002 0.003 0.001 -0.65

Supp. Table 2. DNA divergence and neutrality test in R. etli IS elements, plasmid genes
and chromosomal genes within populations.



PM test

Gene Kg Kg* Z 7* Sin P-value
T T T T T T 1

dnaB
Pueb - Guanj 59.84 3.53 786.71 6.22 0.95 <0.001
Pueb - Spain 66.33 3.65 699.60 6.14 0.88  <0.01
Guanj - Spain ~ 63.80 3.79 672.31 6.10 0.93  <0.001
glyA
Pueb - Guanj 56.90 3.52 752.71 6.18 0.93  <0.001
Pueb - Spain 59.18 3.37 682.83 6.08 0.92  <0.001
Guanj - Spain ~ 53.62 3.52 729.46 6.15 0.86  <0.001
ISRel2
Pueb - Guanj 2.19 0.58 205.22 5.20 0.62  <0.05
Pueb - Spain 3.05 0.58 79.22 4.22 0.82  <0.05
Guanj - Spain 3.42 0.71 207.62 5.14 0.89  <0.01
ISRel4
Pueb - Guanj 2.73 1.14 199.90 5.04 0.76  <0.05
Pueb - Spain 2.13 0.90 120.35 4.52 0.81 <0.01
Guanj - Spain 2.82 1.12 404.66 5.64 0.78 <0.01
nodC
Pueb - Guanj 1.63 0.78 90.11 427 0.71 ns
Pueb - Spain 1.13 0.52 138.43 4.76 0.88  <0.001
Guanj - Spain 1.29 0.60 273.51 5.40 0.69  <0.001

Supp. Table 3. Genetic differentiation analyses of R. etli IS elements, plasmid genes
and chromosomal genes



Gene Recombinant strains Parental strains Methods P-value

dnaB 4877, 4872, 988 4868 - 4795 3 0.564
6851 6760 - 6778 4 0.509
14PR-2, GR60 6PR-1 - 4872 3 0.634
GR18, 17NJ-2, GR10, 6C-1, GR56 988 — GPR-1 4 0.621
glyA 4837 4803 — GR42 2 0.479
6815, 8NJ-2, 21NJ-2, GR62 GR14 - 4803 2 0.510
ISReld 954 GRS87 - 4795 4 0.549

Supp. Table 4.

Recombination events in plasmid and chromosomal genes between populations. Each
row represents a different recombination event for each gene. The underlined strains
represent recombinant strains for dnaB or glyA between the three populations and the
R. gallicum strains that could explain the intermingled strains in the phylogeny
reconstruction of the three populations (Fig. 1).
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