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Abstract
A well-resolved rhizobial species phylogeny with 51 haplotypes was inferred from a combined atpD+recA data set
using Bayesian inference with best-fit, gene-specific substitution models. Relatively dense taxon sampling for the genera
Rhizobium and Mesorhizobium was achieved by generating atpD and recA sequences for six type and 24 reference
strains not previously available in GenBank. This phylogeny was used to classify nine nodule isolates from Sesbania

exasperata, S. punicea and S. sericea plants native to seasonally flooded areas of Venezuela, and compared with a
PCR-RFLP analysis of rrs plus rrl genes and large maximum likelihood rrs and nifH phylogenies. We show that rrs

phylogenies are particularly sensitive to strain choice due to the high levels of sequence mosaicism found at this locus.
All analyses consistently identified the Sesbania isolates as Mesorhizobium plurifarium or Rhizobium huautlense. Host
range experiments on ten legume species coupled with plasmid profiling uncovered potential novel biovarieties of both
species. This study demonstrates the wide geographic and environmental distribution of M. plurifarium, that R. galegae

and R. huautlense are sister lineages, and the synonymy of R. gallicum, R. mongolense and R. yanglingense. Complex
and diverse phylogeographic, inheritance and host-association patterns were found for the symbiotic nifH locus. The
results and the analytical approaches used herein are discussed in the context of rhizobial taxonomy and molecular
systematics.
r 2005 Elsevier GmbH. All rights reserved.
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Introduction

The molecular systematics of rhizobia is largely based
and revised in the light of rrs phylogenies [33,55,56].
They are equated with species phylogenies and play
therefore a key role in species identification and
taxonomy. However, there are several caveats with rrs-
based taxonomy, particularly when dealing with closely
related species and genera. First, it is well established
that a single gene phylogeny should not be confounded
with a species phylogeny, as each gene tree is the
random outcome of a unique genealogical process
[10,23,45,46]. Second, ribosomal operons are highly
prone to homologous recombination, often resulting in
a mosaic structure that causes problems for phylogeny
estimation using traditional tree reconstruction methods
[42,50], as illustrated herein. Finally, in several genera
the level of rrs sequence polymorphism is too low to
permit the resolution of statistically significant sequence
(species) splits [17,43].
When recombination and lateral transfer events are

shaping gene genealogies, several unlinked loci and
individuals per species should be analyzed to approx-
imate species phylogenies [8,23,43,45,46]. This is parti-
cularly so when only short stretches of individual loci
are sequenced. We present a well-resolved rhizobial
species phylogeny based on combined atpD+recA

sequences and show its utility as a molecular systematic
framework in which novel sequences can be inserted for
evolutionary, taxonomic and ecological investigations,
as compared with a rrs-based phylogeny. We took
advantage of the existing sequence databases, which are
extended herein with 9 Sesbania nodule isolates, six type
and 15 reference strains in the genera Rhizobium and
Mesorhizobium. Therefore a reasonably dense taxon
sampling was obtained for these genera. Maximum
likelihood and Bayesian statistical frameworks were
used for model selection, phylogeny estimation and
hypothesis testing. The merits of the phylogenetic
frameworks provided by the protein-coding loci and
rrs sequences were evaluated in relation to their relative
topological stability and resolving power. They were
further used to classify nine nodule isolates from
different Sesbania species native to Venezuelan wet-
lands.

Sesbania punicea (Cav) Benth, S. sericea (Willd.)
Link, and S. exasperata (Kunth) are flood-tolerant
shrubs that exhibit rapid growth during the rainy
season. S. sericea is widely distributed in Venezuela,
whereas the other two species are confined to sites in the
northeast of the country. Recent studies have shown
that tropical wetlands inherently have a low N-content
due to the strongly leached soils brought about by
seasonal flooding, along with the low N mineralization
and high denitrification rates prevalent in such environ-
ments [1]. Other reports have demonstrated the almost
ubiquitous N2-fixation capacity of diverse herbaceous
and tree legumes native to different tropical wetlands,
and showed that this process contributes significantly to
the N input in such ecosystems [16,18]. Sesbania species
are widespread and commonly found in tropical wet-
lands of both hemispheres, either as native or cultivated
plants. Reports from tropical Africa, Asia, Puerto Rico,
Central and South America indicate that Sesbania

species can be effectively nodulated by Bradyrhizobium

sp. [5], Rhizobium huautlense [49], R. gallicum and
R. tropici [57], Sinorhizobium saheli and S. terangae

[20], Azorhizobium caulinodans [6], Mesorhizobium sp.
and M. plurifarium [47,48].
Presently, no information is available on the rhizobial

strains harboured by native Sesbania species of Vene-
zuelan wetlands, or on their symbiotic effectiveness.
Therefore, additional objectives of this study were (i) to
gain basic knowledge on the diversity and taxonomic
identity of rhizobia associated with the native Sesbania

species mentioned above, (ii) to determine key symbiotic
properties of these bacteria such as host range and their
effect on total N content in shoots, (iii) to evaluate the
suitability of combined rrs+rrl PCR-RFLPs for rapid
and accurate strain identification at the species level.
Finally, inferences about the phylogeography and

inheritance patterns exhibited by the symbiotic nifH

locus of these bacteria were made from a maximum
likelihood phylogeny of forty eight nifH haplotypes
representative of the currently reported sequence diver-
sity of this locus for the genera Rhizobium, Sinorhizo-

bium and Mesorhizobium.
Materials and methods

Bacterial isolation and basic microbiological

characterization

Field-grown S. punicea (Cav.) Benth, S. exasperata

(Kunth) and S. sericea (Willd.) Link plants were
collected at the localities of Rio Negro, San Casimiro
and Charallave in the Aragua State of Venenzuela,
respectively. All plants were at the vegetative stage of
growth and were harvested during the rainy season.
They were classified by botanists from the Botanical
Garden of the Central University of Caracas. Nodules
of these species were exclusively found on the under-
water roots and were embedded within a thick white
aerenchyma (Izaguirre-Mayoral, unpublished observa-
tions). The root nodule endosymbionts were isolated
and purified on solid (1.5% agar) yeast extract-mannitol
mediumYEM [37]. Doubling times were calculated from
the exponential growth phase of cultures grown in YEM
broth. The native isolates from S. punicea, S. exasperata
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and S. sericea were denoted as Sp, Se and Ss,
respectively.

Plant material and growth conditions

Seeds from field-grown and mature S. punicea,
S. exasperata, and S. sericea were surface-sterilized in
a 3% sodium hypochlorite solution for 10min, and
sown in Leonard jars [15]. Uninoculated plants served as
controls. Plants were grown in controlled-environment
chambers for 25 days at 12/12 h light/dark cycle, 27/
24 1C, 60% relative humidity and a photosynthetic
photon flux density (400–700 nm) of 620 mmol photon
m�2 s�1, emitted by fluorescent lamps at the CHBC-
Caracas facilities. To study the capacity of native
isolates to form stem nodules, pre-germinated seeds
of S. rostrata, S. punicea, S. exasperata, and
S. sericea were placed in 20� 3 cm sterilized test tubes
containing 5 cm of 1.5% agar–N-free Fahraeus nutrient
solution. Nutrient solution was added up to the base of
the stem. For stem inoculation, the liquid inoculum
(2� 109 cells ml�1) was rubbed onto the non-flooded
area of the stem with a sterilized cotton tip. Total N
content determination and statistical analysis of the
growth parameters were performed using one-way
analysis of variance, as described previously [15].

Isolation of genomic DNA and plasmid profiling

Genomic DNA of the native isolates was prepared
with a CTAB-based protocol as described elsewhere
[44]. The plasmid content of the isolates was analyzed in
0.7% agarose gels by a modified Eckhardt procedure [7].

PCR-RFLP analysis of the rrn operon

The SSU rRNA gene region (rrs) was amplified using
primers fD1and rD1 [52]. A 2.2 kb fragment of the rrl

(23S rDNA) gene was amplified with primers P3 and P4
[41], using the same cycling parameters and reaction
mixture as for the rrs amplification reported previously
[44]. The rrs amplification products were digested with
CfoI, DdeI, and MspI, and the rrl amplicons with CfoI,
HaeIII and HinfI (Amersham and New England
Biolabs, UK). The restriction patterns were resolved
electrophoretically on 2% (w/v) MetaPhor agarose gels
(Biozym, Hess. Oldendorf, Germany), as described [44].

Computer-assisted analysis of electrophoretic

patterns

Comparative analysis of PCR-RFLPs was performed
with GelComparII V.2 (Applied Maths BVBA, Bel-
gium) as described [44], based on binary band-matching
tables from which pair-wise similarity matrices were
calculated using Dice’s similarity coefficient [4], and
used for cluster analysis with the neighbor-joining
method [31]. Nodal support was inferred by non-
parametric bootstrap analysis with 1000 pseudorepli-
cates [9]. This was performed in GelCompar by
randomly resampling characters (presence–absence of
bands) with replacement from the binary band-matching
table and calculation of the corresponding Dice
coefficients.

Amplification and sequencing of rrs, atpD, recA and

nifH loci

Nearly full length SSU rRNA sequences were
obtained as described [43]. Partial atpD, recA and
nifH gene fragments were amplified with primer
pairs (atpD255F/atpD754R, recA41F/recA640R and
nifH40F/nifH817R; the coordinates correspond to B.

japonicum USDA110 gene positions) and amplification
protocols reported elsewhere [46]. Amplification pro-
ducts were purified and subjected to cycle sequencing as
described previously [46].

Evolutionary analyses of nucleotide sequences

Multiple nucleotide sequence alignments were gener-
ated by ClustalW, as implemented in DAMBE [53],
guiding the alignment of coding sequences by the
corresponding protein alignments. The rrs sequences
were aligned using the Ribosomal Database Project-II
[21]. Multiple alignments were scanned for intragenic
recombination using Bootscanning [32], Chimaera [27]
and GENECONV1.81 [34], as implemented in RDP2
[22] and explained in more detail previously [46].
Phylogenetic trees were inferred under the maximum
likelihood optimality criterion using PhyML2.4.3 [12]
and the nucleotide substitution model selected by the
Akaike information criterion (AIC), as implemented in
MODELTEST3.06 [26] and described in detail else-
where [25,46]. Among-site rate variation was approxi-
mated by a discrete gamma distribution with eight rate
categories [54], each category being represented by its
mean. The robustness of ML topologies was inferred by
non-parametric bootstrap tests [9] using PhyML and
100 data pseudoreplicates. The Shimodaira–Hasegawa
test [36] was used for hypothesis testing in a ML
framework as implemented in PAUP*4b10 [39] under
the RELL model with 10 000 replicates.
Bayesian phylogenetic analyses [14] of concatenated

sequence alignments using mixed models were per-
formed with MrBayes3b4 [30]. Characters within
combined sequence sets were partitioned by gene, as
described previously [46], using the substitution model
selected by the AIC. The different data partitions were
allowed to evolve at different rates, but branch lengths
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were assumed to be proportional across partitions using
a rate multiplier [30]. All substitution model parameters
were also allowed to be independent across partitions.
Default MrBayes priors on model parameters were used,
except for Ratepr ¼ variable (for multiple partition
analyses). Metropolis-coupled Markov chain Monte
Carlo (MCMCMC) was used to estimate the posterior
probability distribution using three incrementally heated
chains with the temperature parameter set to 0.15, all
four chains starting from different random trees. Each
analysis was replicated twice for 2� 106 generations,
sampling the posterior distribution every 200th genera-
tion. Evidence for convergence of the different Markov
chains was obtained by examining the correlation
between the posterior probabilities of individual clades
in pairwise comparisons among runs, and by comparing
their generation plots for overall model likelihood
(marginal – lnL against generations) and all model
parameters. We checked that all runs had similar mean
and variance of model likelihood and parameter values
after discarding the burn-in trees [14], and pooled the
samples from the stationary phases of the two indepen-
dent runs (with burnin set to 50% of sampled trees) to
obtain a 50% majority rule consensus tree using
MrBayes, as explained previously [46].
Accession numbers for nucleotide sequences

The 71 nucleotide sequences generated in this
study (4 rrs, 30 atpD, 30 recA and 7 nifH) are depo-
sited in GenBank under the acc. nos. AY688589–
AY688623, AY907351-AY907378, AY907427, AY907434,
AY907436, AY907441, AY907449, AY907452, AY907456
Table 1. Classification, plasmid profiles, symbiotic efficiency and h

Sesbania speciesa Isolate Classificationb Plasmid profilec S

S. punicea Sp42 M. plurifarium None 29

Sp45 M. plurifarium P2/500 26

Sp53 M. plurifarium P4/450 28

S. sericea Ss121 R. huautlense P3/900, 300, 25 28

Ss140 M. plurifarium P2/500 32

Ss145 R. huautlense P1/900, 400, 50 28

S. exasperata Se127 R. huautlense P1/900, 400, 50 29

Se128 R. huautlense P1/900, 400, 50 28

Se130 R. huautlense P1/900, 400, 50 29

aOriginal hosts of the nodule isolates.
bBased on the combined results of rrs+rrl PCR-RFLPs, rrs and atpD+r
cPlasmid profile type (P1–P4) and estimated sizes of the plasmid bands in
dResults are the mean of four replicates using the original hosts of the isola

different at po0:05. Plants were grown for 25 days.
eHosts are Vu ¼ Vigna unguiculata; Pv ¼ Phaseolus vulgaris; Ll ¼ Leucaen

pubescens. E ¼ effective; NE ¼ non-effective; — ¼ not nodulated; Nd ¼ not
and AY907460. They are individually specified on the
phylograms shown in Figs. 3, 4 and 6.
Results

Symbiotic efficiency and host range of Venezuelan

Sesbania spp. isolates

Three isolates were obtained from the nodules of
native S. exasperata (Se), S. punicea (Sp) and S. sericea

(Ss) plants respectively (Table 1). They were fast-
growers, with a mean generation time of 2–4 h.
All isolates formed effective and determinate (lacking

a persistent apical meristem) root nodules when
inoculated on their original hosts. The only significantly
superior combination in terms of shoot mass production
was the symbiosis between Ss140 and S. sericea (Table
1), whereas the worst combination was that of Sp45 with
S. punicea; the other combinations appeared to be
equally efficient. None of the isolates formed nodules on
Glycine max, Stylosanthes guianensis, Medicago sativa,

Clitoria alternata or Aeschynomene spp. Nodulation
results for the other hosts tested are shown in Table 1.
Notably, the Se and Ss isolates displayed the broadest
range of efficient symbiotic interactions, whereas the Sp
isolates nodulated efficiently only their original hosts
and Vigna unguiculata. However, the Se isolates did not
nodulate the latter host or Leucaena leucocephala plants.
Non-inoculated control plants did not survive the
seedling stage, dying after the abscission of cotyledons.
All Venezuelan nodule isolates, as well as

A. caulinodans strain ORS571T [6], formed effective
root nodules when inoculated on S. rostrata (Table 2).
ost range of the Venezuelan Sesbania spp. nodule isolates

hoot weightd (mg dry wt pl�1) Host rangee

Vu Pv Ll Ma Cp

.071.7 b E NE NE NE NE

.271.7 c E NE NE NE NE

.971.8 b E NE NE NE NE

.371.7 b E E E E Nd

.072.1 a E E E E Nd

.472.0 b E E E E Nd

.572.0 ab — E — E Nd

.272.1 b — E — E Nd

.672.0 ab — E — E Nd

ecA phylogenies.

kilobases.

tes. Numbers in column followed by the same letter are not statistically

a leucocephala, Ma ¼ Macroptilium atropurpureum; Cp ¼ Centrosema

determined.
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Table 2. Root and stem nodulation, shoot and nodule mass, and total nitrogen content in the shoots of S. rostrata plants

inoculated with Venezuelan rhizobial isolates and A. caulinodans ORS571T

Isolatea Root nodules Stem nodules Shoot weightb (mg

dry wt pl�1)

Root nodule massb

(mg dry wt pl�1)

Total nitrogenb

(mg N g�1)

Mp Sp42 + � 187bc 29c 14c

Mp Sp45 + � 129e 36b 16b

Mp Sp53 + � 162d 35b 16b

Rh Ss121 + + 190b 24d 16b

Mp Ss140 + � 173c 17e 14c

Rh Se127 + + 203b 25d 17b

Rh Se128 + + 190b 16e 15c

Rh Se130 + + 132e 5f 13c

ORS571T + + 629a 68a 43a

+ ¼ presence of nodules, � ¼ absence of nodules.
aThe species assignations of the isolates are indicated as Mp for M. plurifarium and Rh for R. huautlense. The host species of original isolation are

denoted by Se ¼ Sesbania exasperata; Sp ¼ S. punicea; Ss ¼ S. sericea, respectively.
bResults are the mean of four replicates. Numbers in columns followed by the same letter are not statistically different at pp0:05. Plants were

grown for 25 days in 20� 3 cm tubes containing medium-logged agar as the rooting substrate.

R. tropici IIA CFN299

R. gallicumUSDA2918T
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Fig. 1. Dice (SD) neighbor-joining analysis of combined

rrs+rrl PCR-RFLPs using three restriction enzymes to digest

each amplification product, showing the genetic affinities of

the nine Venezuelan Sesbania isolates (underlined) with respect

to selected reference strains. Those highlighted with a super-

script T are type strains. Bootstrap support values out of 1000

pseudoreplicates of the data set are provided as percentages at

the corresponding nodes when450%. The bar indicates 10%

distance, calculated as 1—SD.
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Stem nodules (actually on lateral root primordia) were
detected on S. rostrata plants inoculated with strain
ORS571T and with the R. huautlense isolates Ss121,
Se127, Se128 and Se130. None of the M. plurifarium

isolates formed nodules on the stems of S. rostrata (Table
2). Plants inoculated with the Se, Ss and Sp isolates
displayed significantly smaller aerial and root nodule
mass as well as lower shoot nitrogen content, than the
plants inoculated with A. caulinodans ORS571T (Table 2).
The low shoot masses and total N levels recorded are due
to the constrained growth of the plants in the test tubes
used for these assays. None of the Se, Sp and Ss isolates,
nor A. caulinodans ORS571T, formed stem nodules on the
three native Venezuelan Sesbania species.

Analysis of combined 16S+23S rDNA restriction

patterns

The rrs and rrl PCR-amplifications yielded single
bands of approximately 1.5 and 2.2 kb respectively. A
Dice/NJ analysis of the combined rrs+rrl PCR-RFLPs
is shown in Fig. 1. All three Se strains and isolates Ss121
and Ss145 were grouped with high (83%) bootstrap
support (BS) in a cluster that contained the
R. huautlense type strain. All Sp isolates and Ss140
were grouped in a weakly supported cluster (62% BS)
that included the type strains of M. amorphae and
M. plurifarium. Bootstrap analysis resolved very well the
Mesorhizobium spp. strain cluster (99% BS) but not the
Rhizobium spp. cluster (Fig. 1).

Plasmid profiling

Four plasmid profiles (P) could be discerned among
the nine Venezuelan Sesbania spp. isolates (Table 1 and
Fig. 2). The most abundant profile (P1) was shared by
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the three Se isolates and strain Ss145, all classified as
R. huautlense. Profile P1 was very similar to that of
R. huautlense S02T, except for the presence of an
additional small plasmid (Fig. 2). The R. huautlense

strain Ss121 displayed a distinct and unique profile (P3)
with three plasmid bands, the central one possibly
representing a doublet. Two profiles (P2 and P4) were
found among the M. plurifarium isolates, both consist-
ing of a single plasmid, whereas no plasmids could be
observed in strain Sp42 (Table 1 and Fig. 2). In
summary, the Venezuelan R. huautlense isolates har-
boured three (or more) plasmids, whereas in M.

plurifarium strains a single or no plasmid was observed.

Maximum likelihood rrs gene phylogeny
Fig. 3 shows the phylogenetic placement of four

Venezuelan Sesbania isolates (Se128, Se130, Sp42 and
Sp45) in the context of a maximum likelihood (ML)
topology including forty nine rrs haplotypes from the
type strains of most of the species currently described in
the genera Rhizobium, Mesorhizobium and Sinorhizo-

bium. Some additional sequences closely related to those
from M. plurifarium and R. huautlense were included to
get a better delineation of these particular clades. Basic
alignment characteristics are listed in Table 3.
The sequences from the Sesbania exasperata isolates

Se128 and Se130 were recovered in a highly sup-
ported (100% BS) clade along with those from the
R. huautlense and R. galegae type strains and Rhizobium

sp. OK-55, which is congruent with their grouping in the
the rrs+rrl PCR-RFLP analysis (compare with Fig. 1).
The Sp42 and Sp45 sequences were recovered in a
weakly supported (70% BS) clade along with those from
three M. plurifarium strains isolated in Mexico or
Africa, including that of LMG11892T, the type strain.
This result is also consistent with the PCR-RFLP
analysis (Fig. 1). However, the sequences of strains
Ls38 and Sn2, also classified as M. plurifarium [47], were
not recovered in the previous clade.
At a higher taxonomic level, the generic clades grouping

Mesorhizobium and Sinorhizobium rrs sequences are well
(94% BS) to moderately supported (80% BS), respectively,
both having a similar level of nucleotide diversity and no
clear internal subdivisions. The Rhizobium-Agrobacterium

clade is also well supported (90% BS), but has a
significantly higher nucleotide diversity (about 2.5 times
higher) than that found in the Sinorhizobium or Mesorhi-

zobium clades. Some internal structure is apparent in the
Rhizobium clade, the sequences related to those of R.

gallicum, R. leguminosarum and R. galegae forming a
moderately supported cluster (87% BS), those from R.

giardinii, R. daejeonense, R. rubi, R. radiobacter, R. vitis

and R. undicola representing independent lineages with
uncertain relationships among them. These sequences were
found to contain significant internal mosaicism as illu-
strated in Figs. 4D and E, which contributes to the poor
phylogenetic resolution found among most bipartitions in
that group and other clades. In particular, the sequences
from S. morelense LMG20571 (AJ42077) and Ensifer

adhaerens LMG20582 (AJ420775) were excluded from the
analyses because their presence strongly distorted the
topology of the Rhizobium clade, making it paraphyletic
(data not shown). This is most likely due to the mosaic
structure of their rrs sequences, which contain segments
similar to Rhizobium while others are highly similar to
Mesorhizobium sequences, as shown in Figs. 4A–C.

Maximum likelihood and Bayesian species phylogenies of

the Rhizobiaceae and Phyllobacteriaceae inferred from

combined atpD+recA sequences

The Bayesian phylogeny shown in Fig. 5A adds 30
new atpD and recA sequences to those reported in
previous papers [11,46,51]. Among them are those
corresponding to the 9 Venezuelan Sesbania isolates
(underlined), those for the type strains of R. huautlense

S02T, M. amorphae ACCC19665T and M. plurifarium

USDA4413T, R. gallicum R602T, Rhizobium mongolense

USDA1844T, and R. yanglingense SH22623T, and 15
reference strains. Our atpD and recA sequences for
the type strain of M. amorphae ACCC19665T and
M. plurifarium USDA4413T are different from those
reported by Weir and colleagues for M. amorphae

ICMP15022T and for the recA sequence of M. pluri-

farium ICMP13640T [51].
The atpD and recA partitions were combined since

the Bayesian majority-rule consesus trees inferred for
each of them resulted in non-significant Shimodaira–
Hasegawa test values when compared with the topology
inferred from the combined partitions (Table 4). When
directly compared to each other, the atpD and recA
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R. yanglingense SH22623T AF003375

R. gallicum R602T U86343

R. yanglingense CCBAU71462 AF195031

R. mongolense USDA1844T U89817

R. indigoferae CCBAU71714T AF364068

R. rhizogenes IFO13257T D14501

R. tropici CIAT899T U89832

R. leguminosarum bv. viciae USDA2370T U29386

R. etli CFN42T U28916

R. hainanense I66T U71078

R. huautlense Se130 AY688621
R. huautlense Se128 AY688622
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Substitution model : TN93+I+G 

Transition/transversion ratio for purines :  1.597

Transition/transversion ratio for pyrimidines : 2.937

Discrete gamma model : 

- Number of categories : 8

- Gamma shape parameter : 0.150

Proportion of invariant : 0.184

Nucleotides frequencies :

- f(A)= 0.24443

- f(C)= 0.23678

- f(G)= 0.31806

- f(T)= 0.20072

Likelihood :

lnL = -6131.06991
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Fig. 3. Maximum likelihood phylogram based on nearly full-length rrs (16S rDNA) sequences of 49 rhizobial strains, including four

Venezuelan Sesbania isolates (underlined) recovered under the best-fit model shown. Maximum likelihood bootstrap support values

for 100 pseudoreplicates of the data set are provided at the corresponding nodes. Accession numbers for the sequences generated in

this work are shown in bold face. The codes after the acc. nos. indicate strains used in other analyses (R ¼ RFLP, B ¼ Bayesian

phylogeny of atpD+recA sequences, N ¼ ML nifH phylogeny). p refers to nucleotide diversity estimates using Tamura-Nei

distances. Basic alignment characteristics are listed in Table 3.
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partitions yielded significant values (Table 4), indicating
the presence of conflicting signals. However, the 95%
credible set of trees for the combined data contained
about 5.9–6.1 times fewer topologies than those
obtained for the individual atpD and recA partitions
(Fig. 5F), demonstrating in rigorous statistical terms the
adequacy of combining both data sets.
The model selected by the AIC for the separate and

combined atpD and recA partitions was GTR+I+G in
all cases. Basic alignment characteristics for each gene
are listed in Table 3.
Since the focus of this study is on the Mesorhizobium

and Rhizobium clades, the phylogeny was rooted with
three Bradyrhizobium sequences. Two major perfectly
Table 3. Basic sequence alignment characteristics

Loci No.

seqa
No. aln

sitesb
No.

gaps

No. C

sitesc
No. V

sitesd
No./%

Pi sitese

rrs 49 1422 64 1087 323 258/18

atpD 32 453 12 265 188 167/37

recA 32 480 0 271 209 197/41

nifH 48 506 3 252 252 209/41

aNumber haplotypes (unique sequences).
bNumber of aligned sites.
cNumber of constant sites.
dNumber of variable sites.
eNumber and percentage of parsimony informative sites.

(A)

(B)

(C)

(D)

(E)

Fig. 4. Evidence for intragenic mosaicism in some of the rrs sequ

identified by GENCONV, Chimera and BootScan. Panels A, B and

derived from different genera. Panels D and E show examples of gen

species. Only significant (Po0:05) predictions made by at least tw

multiple comparisons) are presented. The predicted recombinant segm

in the corresponding alignemts are provided. Acc. nos. for the S. m

respectively. For the other strains the acc. nos. are those given in F
monophyletic ingroup clades are recognized, the Me-

sorhizobium and the Rhizobium-Sinorhizobium lineages.
Several species relationships within the Mesorhizo-

bium clade were not resolved in the ML analysis.
However, that corresponding to M. plurifarium, which
contains four Venezuelan isolates, the type strain
USDA4413T (isolated from Acacia senegal in Senegal),
and two additional reference strains is strongly sup-
ported (PP ¼ 1; 89% BS).
The Sinorhizobium clade is strongly supported and

splits off at a basal position with respect to the
Rhizobium clade, both genera clearly sharing a recent
common evolutionary ancestor.
Four highly supported species lineages (I–IV in

Fig. 5A) were resolved within the Rhizobium clade.
However, the relationships among them are not
resolved. The mean pairwise between-lineage genetic
distances for lineages I–IV and the Sinorhizobium clade
(lineage V) are shown in Fig. 5D. Notice that the mean
between-lineage genetic distances for species grouped in
the genus Rhizobium are smaller than that between the
Rhizobium and Sinorhizobium clades (Fig. 5E), indicat-
ing that a small but significant genetic differentiation is
found between both genera with the sequences used.
However, a more exhaustive locus and taxon sampling,
particularly of sinorhizobia, would be required to make
a more robust estimate of the genetic differentiation
between these genera.
S. morelense LMG20571
R. indigoferae AF364069
M. chacoense LMG19008T

Beginning: 784; Ending: 1269
Methods:          Avg. P-value
GENCONV       2.06X10-02

BootScan 9.18X10-03

Chimera             6.72X10-04

R. rubi_IFO13261T

M. huakuii IFO15243T

S. morelense LMG20571

Beginning: 134; Ending 895
Methods:           Avg. P-value
GENCONV       1.76X10-03

Chimera            1.20X10-03

M. chacoense_LMG19008T

R. tropici CIAT899T

S. adhaerens LMG20582

Beginning: 564; Ending: 784
Methods:           Avg. P-value
BootScan 4.75X10-02

Chimera            1.20X10-02

Beginning: 159; Ending: 584
Methods:           Avg. P-value
GENCONV       6.04X10-03

BootScan 5.27X10-03

Chimera             2.48X10-02

R. leguminosarum USDA2370T

R. loessense_AF364069
R. radiobacter NCPPB2437

Beginning: 120; Ending: 743
Methods:           Avg. P-value
GENCONV       7.30X10-03

BootScan 3.48X10-07

Chimera             2.02X10-03

M. chacoense_LMG19008T

R. rubi_IFO13261T

R. huautlense Se128

ences used to reconstruct the phylogeny shown in Fig. 3, as

C show sequences containing probable recombinant sequences

e mosaicism resulting from recombination between congeneric

o independent programs (using the Bonferroni correction for

ents are indicated by a solid bar. Their positions (coordinates)

orelense and S. adhaerens strains are AJ420776 and AJ420775,

ig. 3.
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Lineage I groups R. huautlense (containing five of the
Venezuelan isolates) and R. galegae as sister species,
lineages, which is also consistent with the result from
PCR-RFLP (Fig. 1) and rrs sequence analyses (Fig. 3).
Lineage II tightly groups R. gallicum, R. mongolense and
R. yanglingense strains from China, France and Mexico
as a monophyletic lineage with very low genetic
diversity. Lineage III groups R. tropici with bona fide

agrobacteria such as Agrobacterium tumefaciens and
A. rhizogenes, which is clearly in conflict with their
grouping in the rrs phylogeny (Fig. 3). Lineage IV
groups R. etli and R. leguminosarum strains. The type
strain of R. etli (CFN42T ) is placed as an outlayer of
this lineage (also on the trees inferred from single
partitions), whereas the other well characterized R. etli

strains from different geographic regions form a well
supported sister group to R. leguminosarum strains. It is
worth noting that the R. etli-R. leguminosarum clade has
no sister relationship to the R. gallicum-R. mongolense

clade, as suggested by our rrs-based phylogeny (Fig. 3)
and other published rrs trees [33].
Compelling evidence for the convergence and ade-

quate mixing of the Markov chains [14] is shown by the
overlapping overall model likelihood (marginal –lnL)
generation plots for two independent runs started from
random topologies (Figs. 5B), and the high correlation
found between the posterior clade probabilities in pair-
wise comparisons among runs (Fig. 5C).

Evolutionary inferences from a maximum likelihood nifH
gene phylogeny

Fig. 6 shows a ML phylogram for 48 nifH haplotypes,
7 of which are reported in this study. Basic alignment
characteristics are shown in Table 3. Nine major
sequence clusters of Mesorhizobium, Rhizobium and
Sinorhizobium are resolved with X97% BS (labeled
I–IX) when the phylogeny is rooted with outgroup
Fig. 5. Bayesian phylogeny inferred from 51 combined and con

Venezuelan Sesbania isolates (underlined) and key reference strain

topology represents the 50% majority rule consensus tree derived

pooled post burn-in samples (burnin ¼ 5001 ¼ 50%) obtained f

generations and sampled every 200th, using gene-specific substitu

significant posterior probability (X0.95) are indicated. Significant M

model) are also provided when X70%. Clades significantly resolve

Nodes significantly resolved in both the Bayesian and ML analyse

partitions are indicated by up- and downward pointing arrow heads

study are highlighted in bold face. Those from R. leguminosarum 384

retrieved from the corresponding genome sequence databases. The r

et al. [46]. The codes after the acc. nos. indicate strains used in othe

phylogeny). Panel B shows the superimposed marginal –lnL gener

correlation plot for clade posterior probabilities of trees randomly s

shows the pairwaise between-group average distances for lineages

distances for Rhizobium/Agrobacterium lineages (I–IV) and that

Sinorhizobium (V) strains. Panel F presents a comparision of the

measured by the number of topologies present in the corresponding

MCMCMC samplers as described above).
sequences from Rhodobacter capsulatus, Azotobacter

chroococcum and Klebsiella pneumoniae. The 45 ingroup
sequences form a strongly supported clade that reveals
their common (monophyletic) evolutionary origin. The
relationships among the nine ingroup clades are not
resolved. All, but clade I, group only congeneric
sequences, although many of them group different
species, highlighting frequent lateral transfer of the
locus within genera. The boxed area of clade I (subclade
I-D) groups Rhizobium huautlense and Sinorhizobium

spp. nifH sequences from isolates recovered from
different Sesbania species growing in different conti-
nents, highlighting a possible case of transfer of the
locus across genera. However, not all Sesbania isolates
contain nifH sequences grouped in the I-D clade. The
S42, S53 and S140 sequences were recovered in clade
VII, which contains exclusively M. plurifarium isolates,
regardless of the host or geographic origin. Therefore,
some sequence clades (i.e. I-A, I-B, I-C) seem to
correlate with broad geographic subdivisions as pre-
viously suggested by Haukka et al. [13], but this does not
hold for most of them (i.e. I-D, IV, V, VI, VII).
Similarly, some (i.e. I-D, III, V, VIII, IX), but not all
clades correlate well with particular host genera or
tribes. Altogether, the nifH gene phylogeny reveals a
complex mode of inheritance, with vertical and hor-
izontal components, as well as contrasting phylogeo-
graphic patterns and diverse degrees of host
coevolution, as found in other studies [13,19,43,46].
Discussion

Our typing and phylogenetic analyses strongly sup-
port the classification of the nine Venezuelan Sesbania

spp. isolates analyzed herein as M. plurifarium [2] or
gruent atpD+recA sequences (panel A), including the nine

s from the families Rhizobiaceae and Phyllobacteriaceae. The

from 9998 (4999� 2) trees resulting from the convergent and

rom 2 independent MCMCMC samplers, run for 2� 106

tion model (GTR+I+G) parameters. Clades resolved with

L-bootstrap support values (obtained under the GTR+I+G

d only in the Bayesian analysis are marked with an asterisk.

s (X0.95/70%, respectively) of the individual atpD and recA

, respectively. The acc. nos. for the sequences generated in this

1, B. japonicum USDA110 and M. huakuii MAFF303099 were

emaining ones were generated by Gaunt et al. [11] and Vinuesa

r analyses (R ¼ RFLP, r ¼ ML rrs phylogeny, N ¼ ML nifH

ation plots for the two MCMCMC runs. Panel C shows the

ampled from runs 1 and 2 and their correlation value. Panel D

I–V, while panel E shows the mean between-group genetic

for the pooled Rhizobium/Agrobacterium lineages vs. the

phylogenetic uncertainty present in the different data sets as

Bayesian 95% credible set of trees (pooled samples from two
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1.00/98
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1.00/100

1.00/86
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R. galegae HAMBI2578 (AY907370, AY907356) 
1.00/99
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1.00/98

R. huautlense Se127 (AY688591, AY688603) R

R. huautlense Se128 (AY688592, AY688604) R,r

1.00/96
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R. gallicum IE4868 (AY907427, AY907449)
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M. mediterraneum USDA3392T [11] R,r
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Table 4. Pairwise Shimodaira–Hasegawa tests

Treea atpDb recAb

D lnL=P D lnL=P

AtpD+recA 4.473/0.58 21.614/0.21

atpD — 163.696/0.0001

recA 160.627/0.0001 —

aBayesian 50% majority rule consensus topologies inferred under

the best-fit model selected by the Akaike Information Criterion

(GRT+I+G in all cases), after pooling the convergent samples of two

independent runs and discarding the first 50% of trees sampled from

each Markov chain as burn-in trees.
bRefers to the atpD or recA alignments and GTR+I+G parameters

optimized under the maximum-likelihood criterion in PAUP*, given

the corresponding Bayesian 50% majority rule consensus topologies.

The first digit in each column corresponds to the difference in log

likelihood between topologies and the second one is the P value of the

SH test (significant ifo0.05).
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R. huautlense [49]. We showed that the analysis of
combined rrs+rrl PCR-RFLPs [29,41] is an efficient
tool for the rapid and accurate identification of Sesbania

isolates at the species level, as they were recovered in
well supported clusters that were consistent with the
corresponding sequence-based phylogenetic clades.
Interestingly, although Mesorhizobium sp. strains

were reported to be outcompeted by R. huautlense

under flooding conditions in Mexican soils [48], this
appears not to be the case in the naturally flooded areas
of Venezuela, as both species were recovered from
S. sericea, indicating that not only R. huautlense, but
also M. plurifarium, has ecotypes adapted to aquatic
environments. The host range of the Venezuelan
M. plurifarium isolates contrasts markedly with that
reported by de Lajudie et al. [3] for Brazilian, Senegalese
and Sudanese isolates, none of which nodulated
S. rostrata, S. grandiflora, S. pubescens nor Phaseolus

vulgaris. Therefore, our data indicate that different
biovars or ecotypes of M. plurifarium are found in
different ecosystems, and corroborate that this species
has a broad host range and a wide geographic and
environmental distribution in the tropics and subtropics
[3,13,28]. It is worth noting that strains Sp45, Sp53 and
Ss140 each had a single plasmid, although the species
has previously been described as lacking plasmids [47].
The nifH sequences of the Venezuelan M. plurifarium

isolates group in a well resolved clade along with other
Mesorhizobium strains isolated from divergent hosts in
the subfamilies Caesalpinioideae (Chamaechrista) and
Mimosoideae (Acacia and Leucaena). The reference
strains in this clade have contrasting geographic origins
(Kenya, Sudan, Mexico and Brazil). They were pre-
viously studied by Haukka et al. [13] and classified as
M. plurifarium by de Lajudie et al. [3]. This finding
indicates that M. plurifarium strains form a well
delineated lineage of widely distributed broad host
range strains that share monophyletic atpD, recA and
nifH alleles, allowing robust species identification using
a combination of these molecular markers.
In contrast, R. huautlense strains seem to have a

narrower ecological range and distribution. These were
previously known to occur only in wetlands of central
Mexico [48,49]. In this work we show that R. huautlense

is also native to seasonally flooded areas of Venezuela,
hence lending support to the notion that this species is
well adapted to water-logged soils [48]. Although the
three S. exasperata isolates had a plasmid pattern
similar to that of the R. huautlense type strain [49], the
host range of the Venezuelan isolates differed markedly
from the Mexican strains, particularly in that the former
were not able to nodulate Leucaena leucocephala plants,
but nodulated P. vulgaris effectively. The R. huautlense

isolates from S. sericea showed a broader symbiotic
effectiveness, both in terms of host range and N2-
fixation capacity. This observations again suggest the
possible existence of several biovarieties in this species.
Sequencing of nodulation genes in the future may
provide phylogenetic evidence for the existence of such
biovarieties as reported recently for Bradyrhizobium

strains [43,46]. A noteworthy feature of the nifH clades
I-D and VII is that they group haplotypes with a nearly
global distribution in diverse tropical and subtropical
ecosystems, corresponding to nodule endosymbionts
from the genera Rhizobium, Sinorhizobium and Mesor-

hizobium nodulating native legumes. This distribution
pattern most likely reflects a cosmopolitan distribution
of these particular nifH alleles.
The discussion above on the ecology phylogeography

and symbiotic features of the novel M. plurifarium and
R. huautlense strains rests upon a correct species
assignation of these isolates. One convenient approach
to infer species phylogenies is to combine sequences of
several unlinked and neutrally evolving loci which are
shown a priori to yield congruent topologies by
appropriate statistical tests [8,11,46]. Recombination
events within and across rhizobial species are invariably
found when large sequence sets are analyzed [42,46].
These represent a primary source for significant
topological incongruence among different partitions,
or among different regions of a particular locus.
Analyses to detect recombinant sequences (intra- or
intergenic mosaics) should be routinely performed when
phylogenies are to be estimated using standard tree-
reconstruction methods, as they all assume that a single
evolutionary path generated the observed data. Failure
to identify xenologous sequences can severely distort
phylogenies, leading researchers to reach wrong or poor
conclusions [35,42]. This was particularly evident with
the rrs data set, where a significant number of sequences
seemed to be mosaics resulting from interspecies
recombination events. Consequently, rhizobial phyloge-
nies inferred from ribosomal sequences are notoriously
sensitive to strain choice. This is the likely explanation for
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R. huautlense Se130 AY688615 (S. exasperata, Venezuela)
R. huautlense Ss145 AY688616 (S. sericea, Venezuela)
R. huautlense S02T AY688613 (S. herbacea, Mexico)

S. saheli bv. sesbaniae ORS609T Z95221.1 (S. cannabina, Senegal)
Sinorhizobium sp. S007 AF285968 (Sesbania, Taiwan)
R. huautlense Ss121 AY688614 (S. sericea, Venezuela)
Sinorhizobium sp. HAMBI1499 Z95224.1 (A. senegal, Sudan)
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some of the contradictory topologies published through-
out the taxonomic literature of rhizobia, although
different alignments, inadequate model choice and poor
reconstruction methods also contribute to this problem.
In multilocus comparisons, the identification and re-
moval of sequences subjected to lateral transfer within
and across species is also critical to infer well-resolved
species phylogenies [8,46]. However, these can be easily
recognized when multiple strains per taxon are analyzed.
The relatively short sequences generated for the atpD and
recA loci limited the power of detection methods to
identify intragenic sequence mosaicism [27]. However, the
atpD+recA topology was much less sensitive to taxon
choice than the rrs tree, which is consistent with lower
levels of gene mosaicism in the former loci.
In conclusion, we showed the power of multilocus

sequence analyses in rhizobial molecular systematics
when they are combined with dense taxon sampling and
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advanced phylogenetic inference methods. The Bayesian
approach was particularly powerful to estimate a well-
resolved phylogenetic hypothesis for species identifica-
tion. Current software implementations [30] are well
suited to deal with complex inference problems such as
those involving different sequence partitions [24,46].
This, along with the inherent property of Bayesian
MCMC-based samplers to accommodate phylogenetic
uncertainty [14], allowed the estimation of a topology
that reconciled reasonably well the conflicting phyloge-
netic signals present in the individual atpD and recA

partitions, reinforcing the congruent ones. Conse-
quently, the tree inferred from the combined data set
was better resolved and had about six times lower
uncertainty than the ones estimated for each partition
separately. However, Bayesian methods are known to
have a tendency to produce clade overcredibility,
especially when oversimplified models are used [38]. To
minimize this potential pitfall, we used the complex
models selected by the AIC [25] for all inferences, and
evaluated topological support also by the much more
conservative non-parametric bootstrap approach in a
ML setting. Interesting molecular systematic aspects
were highlighted by the resulting atpD+recA phylo-
geny: (1) the monophyly and low genetic diversity found
for the R. gallicum-R. mongolense-R. yanglingense

strains suggests that the latter two species are synonyms
of R. gallicum, as found previously by rrs [56] and ITS
[40] sequence analyses; (2) it confirms the apparent sister
relationships between the R. galegae-R. huautlense [49]
and the R. etli-R. leguminosarum lineages [11,56], which
indicates that they may be pairs of bona fide sister
species, or alternatively they may represent genetic
subdivisions within species generated for example by
geographic or ecological isolation and genetic drift; (3)
the Rhizobium-Agrobacterium clade is monophyletic in
our topology, which would support the proposal of
Young et al. [55] to include the species of the later genus
in the former. However, taxon sampling for Agrobacter-

ium is not comprehensive enough in our analysis to draw
definitive conclusions on this controversial topic.
Thorough phylogenetic and population genetic analyses
based on DNA polymorphisms of more loci and large
strain collections seem to be the most promising
approaches to clarify these interesting issues of rhizobial
systematics [46].
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