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Cowpea (Vigna unguiculata) and peanut (Arachis hypogaea) in southern Africa are nodulated by a genet-
ically diverse group of Bradyrhizobium strains. To determine the identity of these bacteria, a collection of
22 isolates originating from the root nodules of both hosts in Botswana and South Africa was investigated
using the combined sequences for the core genome genes rrs, recA, and ginll. These data separated the
majority of the isolates into one of three unique lineages that most likely represent novel Bradyrhizobium
species. Some isolates were also conspecific with B. yuanmingense and with B. elkanii, although none
grouped with B. japonicum, B. canariense or B. liaoningense. To study the evolution of nodulation genes
in these bacteria, the common nodulation gene, nodA, and host-specific nodulation genes, nodZ, noek,
and noel, were analyzed. The nodA phylogeny showed that the cowpea and peanut Bradyrhizobium iso-
lates represent various locally adapted groups or ecotypes that form part of Clade III of the seven known
Bradyrhizobium nodA clades. This large and highly diverse clade comprises all strains from sub-Saharan
Africa, as well as some originating from the Americas, Australia, Indonesia, China and Japan. Some similar
groupings were supported by the other nodulation genes, although the overall phylogenies for the nod-
ulation genes were incongruent with that inferred from the core genome genes, suggesting that horizon-
tal gene transfer significantly influences the evolution of cowpea and peanut root-nodule bacteria.
Furthermore, identification of the nodZ, noel, and noeE genes in the isolates tested indicates that African
Bradyrhizobium species may produce highly decorated nodulation factors, which potentially represent an
important adaptation enabling nodulation of a great variety of legumes inhabiting the African continent.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Cowpea, Vigna unguiculata (L.) Walpers, a legume native to Afri-
ca, is an important annual crop in tropical and sub-tropical regions
worldwide, especially in sub-Saharan Africa, Asia, and Central and
South America (Duke, 1981; Singh et al., 2003; Steele et al., 1985).
The young leafs, pods, and seeds of this plant are good sources of
dietary protein, vitamins, and minerals for humans and animals
(Barrett, 1990; Bressani, 1985; Singh et al., 2003). Cultivation of
cowpea and other legumes also help maintain soil quality through
biological nitrogen fixation by symbiotic rhizobial bacteria (Dakora
and Keya, 1997; Graham and Vance, 2003). Many soils in cultivated
areas contain rhizobia from the so-called ‘cowpea group’ that effec-
tively nodulate this and other tropical hosts, yet agricultural prac-
tices usually include application of commercial inoculant strains
(Allen and Allen, 1981; Singleton et al., 1991; Strijdom, 1998).
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Rhizobia representing the ‘cowpea group’ are usually slow-
growing bacteria of the genus Bradyrhizobium in the order Rhizobi-
ales of the class Alphaproteobacteria (Garrity et al., 2005a; Jordan,
1989; Kuykendall, 2005a; Kuykendall, 2005b). Bradyrhizobium is a
cosmopolitan and diverse group capable of nodulating a variety of
legumes, as well as the non-legume host Parasponia (Kuykendall,
2005a; Lafay et al., 2006). A member of this genus has also been
associated with tumour-like deformations on the roots of sugar
beet (Rivas et al., 2004). Despite their wide-ranging and overlap-
ping metabolic abilities and lifestyles (Kuykendall, 2005a), Brady-
rhizobium species are readily distinguishable using DNA sequence
information for marker-genes that form part of the so-called “core
genome”. For example, sequence analyses of the internally tran-
scribed spacer (ITS) region between the 16S (rrs) and 23S (rrl) ribo-
somal RNA (rRNA) genes and the genes encoding recombination
protein RecA (recA) and glutamine synthetase isoform II (glnll), al-
low separation of this genus into seven described species (B. japon-
icum, B. elkanii, B. liaoningense, B. yuanmingense, B. canariense,
B. betae, and B. denitrificans), two so-called genospecies and a


mailto:emma.steenkamp@fabi.up.ac.za
http://www.sciencedirect.com/science/journal/10557903
http://www.elsevier.com/locate/ympev

1132 E.T. Steenkamp et al./ Molecular Phylogenetics and Evolution 48 (2008) 1131-1144

number of distinct phylogenetic lineages (Rivas et al., 2004;
Stepkowski et al., 2007, 2005; van Berkum et al., 2006; Vinuesa
et al., 2005a,b; Weir et al., 2004).

At the genetic level, rhizobial nodulation is controlled by the
nodulation genes nod, noe, and nol (Dénarié et al., 1996; Schultze
and Kondorosi, 1998). These genes form part of the accessory gen-
ome sensu Young et al. (2006) and appear to be dispensable for cell
function (Stepkowski and Legocki, 2001). In the model Bradyrhizo-
bium species, B. japonicum, the nodulation genes, together with
those controlling nitrogen fixation (nif genes), are flanked by inser-
tion sequence (IS) elements in a large symbiosis (sym) island that is
integrated into a valine tRNA-encoding gene (Kaluza et al., 1985;
Kaneko et al., 2002). The nodulation genes determine the forma-
tion and structure of Nod factors (NFs), which represent the pri-
mary signaling molecules implicated in host infection and nodule
organogenesis (van Rhijn and Vanderleyden, 1995). The structural
nodABC genes are absolutely essential for symbiosis and their
products (NodA, acyl transferase; NodB, deacetylase; NodC, N-acet-
ylglucosaminyl transferase) produce a p-1,4-linked N-acylated-p-
glucosamine backbone molecule consisting of three to five sugar
units and a fatty-acid group (with varied length and saturation) at-
tached to the non-reducing end. This lipo-chitooligosaccharide
constitutes the NF core and may be decorated by the products of
a class of nodulation genes that are often referred to as host-spe-
cific nodulation (hsn) genes. Various studies have shown that such
modifications of the NF core, especially at the reducing end, are
important determinants of the host range of a specific rhizobial
strain (e.g., Carlson et al., 1993; Lopez-Lara et al., 1996; Perret
et al., 2000). As rhizobia use different sets of hsn genes for decorat-
ing their NFs, rhizobial species and lineages differ broadly in their
complement of these genes (e.g., Moulin et al., 2004; van Rhijn and
Vanderleyden, 1995).

Numerous studies have demonstrated that horizontal gene
transfer (HGT) plays a significant role in the evolution of rhizobia
(e.g., Flores et al., 2005; Sullivan and Ronson, 1998; Young et al.,
2006), as well as their host range (e.g., Moulin et al., 2004; Suomi-
nen et al., 2001; Vinuesa et al., 2005b). In some instances, HGT may
result in “patchy” compositions of individual genomes where not
all individuals have the same complement of genes (Koonin
et al.,, 2001; Ochman et al., 2000; Welch et al., 2002) as is evident
from the erratic distribution of nodulation genes among rhizobial
species and lineages (Moulin et al., 2004). Also, the evolutionary
histories of genes acquired through HGT (and usually genes en-
coded on the accessory genome) are mostly incongruent with
those of genes that form part of the core genome (Koonin et al.,
2001; Philippe and Douady, 2003). Phylogenetic analyses of nodu-
lation or nif genes typically reveal substructures in rhizobial popu-
lations that are remarkably different from those using core genome
genes (e.g., Laguerre et al., 2001; Mutch et al., 2003; Qian and Par-
ker, 2002). For example, Bradyrhizobium nodC and nodA sequences
from a specific host and/or geographic region, regardless of the
Bradyrhizobium species harboring the sequence, are more closely
related to one another than to those from other legume hosts
and/or geographic regions (Stepkowski et al., 2005; Vinuesa
et al., 2005b). Current models for the evolution of rhizobia there-
fore hold that different rhizobial lineages in various geographic
areas, diversify through HGT of sym loci to generate locally adapted
genotypes or so-called biovarieties that are associated with a spe-
cific group of hosts (Laguerre et al., 2001; Mutch and Young, 2004;
Parker et al., 2002; Vinuesa et al., 2005a,b).

A recent study demonstrated that Bradyrhizobium isolates asso-
ciated with the root nodules of cowpea and peanut (Arachis hypo-
gaea) in Botswana and South Africa are genetically diverse (Law
et al., 2007). Genomic fingerprints of these bacteria revealed sev-
eral clusters of isolates that are less than 60% similar. This diversity
was also reflected by the symbiotic properties of these bacteria, as

they displayed a range of nodulation and nitrogen fixation abilities
on one or both hosts. The aim of the present study was to deter-
mine the extent to which the observed diversity in this collection
of ‘cowpea group’ Bradyrhizobium isolates may be ascribed to the
processes of vertical descent due to divergence of the core genome
and subsequent inheritance in progeny and to acquisition of spe-
cific nodulation genes via HGT. For this purpose we first selected
a diverse range of Bradyrhizobium isolates from the larger set of
strains obtained from different localities in South Africa and Bots-
wana, using ITS PCR-RFLP (restriction fragment length polymor-
phism) analyses. Second, we determined the gene sequences for
glnll, recA, and rrs located on the core genome, as well as nodA,
nodZ, noeE, and noel encoded at the sym loci in the selected Brady-
rhizobium isolates. Phylogenetic analyses of the core genome re-
gions were used to determine the possible identities of the
bacteria, while comparisons of core and nodulation gene trees
were used to detect and study HGT.

2. Materials and methods
2.1. Bacterial isolates

The location, isolation, and strain diversity of 74 ‘cowpea group’
Bradyrhizobium isolates from soils in Gaborone, Francistown, Good
Hope, Maun, and Rasesa in Botswana and Roodeplaat in South Afri-
ca was described in an earlier study (Law et al., 2007). None of the
soils included in that study had a history of inoculation with rhizo-
bial strains (Law et al., 2007). Twenty-two Bradyrhizobium isolates
(of which five were isolated from peanut root nodules) that repre-
sent the thirteen diversity groups identified by ITS PCR-RFLP in the
present study (see below), were selected for sequence analysis (Ta-
ble 1). We also included the cowpea inoculant strain CB756, as well
as the B. japonicum (LMG6138) and B. elkanii (LMG6134) type
strains. All isolates are maintained in the South African Rhizobium
Collection (Agricultural Research Council, Plant Protection Re-
search Institute, Roodeplaat, South Africa). Yeast extract mannitol
medium (Somasegaran and Hoben, 1994) and incubation at 25-
28°C were used for routine growth of the isolates.

2.2. ITS PCR-RFLP analysis

Whole-cell DNA was extracted as described before by Botha
et al. (2002). The rRNA ITS region for the 74 ‘cowpea group’ Brady-
rhizobium isolates was amplified with primer set SM + BR3 (Wil-
lems et al, 2001a), using Promega PCR buffer and Taq
polymerase (Promega Corp., Madison, WI, USA) and previously de-
scribed reaction and cycling conditions (Willems et al., 2001a).
Each of the resulting amplicons were then digested at 37 °C for
4 h in the presence of 0.2 U/l of the restriction endonucleases Alul
and Haelll (Promega) and commercially supplied digestion buffer.
Restriction products were separated with agarose (2%, w/v) gel
electrophoresis and results were recorded using previously de-
scribed information capture methods (Botha et al., 2004). Bionum-
erics version 4.0 (Applied-Maths, Sint-Martens-Latem, Belgium)
was used to normalize gel images and to convert RFLP profiles into
binary matrices based on the presence and absence of restriction
fragments. This software was also used to construct UPGMA dend-
ograms from the binary matrices using the Dice similarity
coefficient.

2.3. Amplification and sequencing of the rrs, recA, and glnll genes
In this study we utilized the sequence information for rrs, ginll,

and recA, as extensive nucleotide information for the known spe-
cies and lineages of Bradyrhizobium are available in public domain
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Origin, identity, cluster and sequence information for the Bradyrhizobium isolates used in this study

Isolate Geographic Host 1S + recA + glnll nodA ITS PCR-RFLP GenBank Accession Nos.4
origin lineage® Clade® diversity group®
BM1 Maun, Botswana V. unguiculata SA-3 111.3-D 7 EU364697(S), EU364674(R), EU364651(G), EU364720(A)
BM25 Maun, Botswana V. unguiculata SA-3 II1.3-D 7 EU364698(S), EU364675(R), EU364652(G), EU364721(A),
EU364743(Z), EU364752(E)
FC1b Francistown, V. unguiculata SA-3 1.3-A 2 EU364700(S), EU364677(R), EU364654(G), EU364723(A),
Botswana EU364744(Z), EU364754(E), EU364762(I)
FP1c Francistown, A. hypogaea SA-3 IIL.3-A 2 EU364701(S), EU364678(R), EU364655(G), EU364724(A)
Botswana
FP4f Francistown, A. hypogaea SA-3 1I1.3-A 1 EU364702(S), EU364679(R), EU364656(G), EU364725(A)
Botswana
GC1d Gaborone, V. unguiculata SA-1 IL.3-C 12 EU364703(S), EU364680(R), EU364657(G), EU364726(A),
Botswana EU364749(Z), EU364755(E), EU364763(1)
GP2e Gaborone, A. hypogaea SA-3 IIL.3-A 6 EU364708(S), EU364685(R), EU364662(G), EU364731(A)
Botswana
GHa Good Hope, V. unguiculata SA-1 I1.3-G 11 EU364704(S), EU364681(R), EU364658(G), EU364727(A),
Botswana EU364750(Z), EU364756(E), EU364764(I)
GHx Good Hope, V. unguiculata SA-1 1I1.3-G 11 EU364707(S), EU364684(R), EU364661(G), EU364730(A)
Botswana
GHiv Good Hope, V. unguiculata SA-1 IL.3-C 12 EU364705(S), EU3646820(R), EU364659(G), EU364728(A)
Botswana
GHvi Good Hope, V. unguiculata SA-1 I.3-C 10 EU364706(S), EU364683(R), EU364660(G), EU364729(A)
Botswana
R2m Rasesa, V. unguiculata B. yuanmingense IIL.3-F 4 EU364709(S), EU364686(R), EU364663(G), EU364732(A),
Botswana EU364747(Z), EU364757(E), EU364765(1)
R3 Rasesa, V. unguiculata B. yuanmingense 111.3-B 3 EU364710(S), EU364687(R), EU364664(G), EU364733(A),
Botswana EU364745(Z), EU364758(E), EU364766(1)
R5 Rasesa, V. unguiculata B. elkanii IIL.3-H 9 EU364711(S), EU364688(R), EU364665(G), EU364734(A),
Botswana EU364746(Z), EU364767(I)
R8 Rasesa, V. unguiculata B. yuanmingense  1I.3-A 5 EU364712(S), EU364689(R), EU364666(G), EU364735(A)
Botswana
R8m Rasesa, V. unguiculata B. yuanmingense II1.3-F 13 EU364713(S), EU364690(R), EU364667(G), EU364736(A)
Botswana
R10 Rasesa, V. unguiculata B. yuanmingense I1.3-F 13 EU364714(S), EU364691(R), EU364668(G), EU364737(A)
Botswana
R10m Rasesa, V. unguiculata B. yuanmingense I11.3-F 3 EU364715(S), EU364692(R), EU364669(G), EU364738(A)
Botswana
RC2d Roodeplaat, V. unguiculata SA-3 IIL.3-A 6 EU364716(S), EU364693(R), EU364670(G), EU364739(A)
South Africa
RC3b Roodeplaat, V. unguiculata SA-2 I1.3-E 8 EU364717(S), EU364694(R), EU364671(G), EU364740(A),
South Africa EU364759(E), EU364768(1)
RP6b Roodeplaat, A. hypogaea SA-3 IIL.3-A 5 EU364718(S), EU364695(R), EU364672(G), EU364741(A),
South Africa EU364751(Z), EU364760(E), EU364769(1)
RP7b Roodeplaat, A. hypogaea SA-3 IL.3-A 1 EU364719(S), EU364696(R), EU3646673(G), EU364742(A)
South Africa
CB756 Zimbabwe Macrotyloma SA-4 I1.3-E 3 EU364699(S), EU364676(R), EU364653(G), EU364722(A),
africanum EU364748(Z), EU364753(E), EU364761(1)
LMG6138  Japan Glycine max B. japonicum
LMG6134  United States of G. max B. elkanii
America

. b.and ¢ Gee Figs. 2, 3 and 1, respectively.

4 S, R, G, A, ZE, and I in parentheses refer to rrs, recA, ginll, nodA, nodZ, noeE, and noel sequences, respectively.

nucleotide databases. Total DNA was isolated from the selected 22
‘cowpea group’ isolates, as well as the inoculant and reference iso-
lates of Bradyrhizobium using the DNeasy Tissue kit (QIAGEN, Ger-
many). For all these isolates, 1500 base pair (bp), 600 and 500 bp
portions of the genes encoding rrs, recA, and ginll were PCR-ampli-
fied using the primer sets 16S-F + 165-R (Molouba et al., 1999),
TSrecAf + TSrecAr (Stepkowski et al.,, 2005) and ginll 12F + glnil
689R (Vinuesa et al., 2005b), respectively. Amplification of these
regions was accomplished using FastStart Tag DNA polymerase
(Roche Diagnostics GmbH, Germany) and previously described
reaction and cycling conditions (Molouba et al., 1999; Stepkowski
et al., 2005; Vinuesa et al., 2005b). PCR products were purified by
polyethylene glycol precipitation (Steenkamp et al., 2006) and sub-
jected to automated sequencing using the original PCR primers and
Applied Biosystems’ ABI PRISM BigDye Terminator v3.0 Cycle
Sequencing Kit and the 3730 DNA Analyzer (Applied Biosystems,
Foster City, Calif.).

2.4. Amplification and sequencing of the nodA, nodZ, noeE, and noel
genes

Total genomic DNA was isolated from the 22 Bradyrhizobium
isolates identified in the ITS PCR-RFLP analysis, as well as CB756
and the two type strains. For this purpose, the QlAamp DNA mini
kit (QIAGEN) or the sodium dodecyl sulfate-proteinase K lysis pro-
cedure (Moulin et al., 2004) was used. For all of the isolates, a frag-
ment comprising the intergenic region between nodD and nodA,
the entire nodA gene, and part of the nodB gene, was amplified
using the primers TSnodD1-1c and TSnodB2N (Stepkowski et al.,
2005). From selected isolates, portions of the genes encoding nodZ
and noel were amplified with the primer sets TSnodZ3 + TSnodZ4,
and TSnoell + TSnoel2 (Moulin et al., 2004). These amplification
reactions utilized FastStart Taqg DNA polymerase and previously de-
scribed reaction and cycling conditions (Moulin et al., 2004;
Stepkowski et al., 2005).
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We also amplified a portion of the noeE gene using primers
TSnoeE1 (GAGGCGTTTGGCARGGTGGA) and TSnoeE3
(CGGTYAYSGTTTGCATCTCYTCGA). These primers were designed
using the single noeE gene sequence available (Freiberg et al.,
1997) together with the interrupted noeE gene sequences from
soybean strains, B. japonicum USDA110 (Kaneko et al., 2002) and
B. elkanii USDA94 (Yasuta et al., 2001). They amplify a region cor-
responding to nucleotide positions 142-817 of the noeE gene of
Sinorhizobium sp. NGR234. Primers TSnoeE1 and TSnoeE3 were
used to detect and amplify the noeE gene in representative ‘cowpea
group’ isolates using the same conditions described above. These
primers were also applied to template DNA originating from the
recent study of Stepkowski et al. (2007) to determine the extent
to which noeE is distributed among the different nodA clades of
Bradyrhizobium (see below). For nodA Clade III, DNA extracts for
the following strains were used: C8, CCBAU10071, CH2310,
CH2318, CH2437, CH2490, CH2498, CH2506, CH2510, CPAC-M9,
F3b, FTA6, KFR22, Lcampl, Lcamp6, Lcamp8, ORSAT6, ORSATS,
ORS88, Ppau3-41, QA4, and USDA3259. DNA extracts for strains
BLUH1, BLUT1, C4, CH2391, CH2352, CH2355, CH2443, CH2438,
cytisus11, FTA7, ICEA, ICEB, ICED, PL41, MCLAO7, Os9, RLA08, and
Zaluz80 were used to represent nodA Clade II. For nodA Clade V,
DNA from strain CH2493 was used, and for Clade VII, DNA from
strains CH2509, Da3-1 and Rp2-1 were used, while those for
strains USDA3002, USDA3475 and USDA3001 were used to repre-
sent nodA Clade 1. All nodulation gene PCR products were purified
with the QIAquick gel extraction kit (QIAGEN) and sequenced using
the original PCR primers and the ABI PRISM BigDye Terminator
v3.0 Cycle Sequencing Kit on the ABI3100 Automated Capillary
DNA Sequencer (Applied Biosystems).

2.5. Phylogenetic analyses

Prior to phylogenetic analyses, each of the raw sequence files
were inspected and corrected, where necessary, using Chromas
Lite 2.0 (Technelysium) and BioEdit version 5.0.9 (Hall, 1999).
These sequences were also compared to those in GenBank (Na-
tional Centre for Biotechnology Information;  http://
www.ncbi.nlm.nih.gov/) using blastn (Altschul et al., 1990) to ver-
ify gene identity. All rrs sequences were also analyzed with CHI-
MERA_CHECK version 2.7 hosted by the Ribosomal Database
Project I (RDP II; http://rdp8.cme.msu.edu/html/). Multiple nucle-
otide alignments were compiled for our new sequences, as well as
published sequences obtained from GenBank. Alignments were
generated with ClustalX version 1.83 (Thompson et al., 1997) and
BioEdit. For the protein-coding regions, nucleotide alignments
were based on aligned amino acid sequences. For this purpose,
amino acid sequences were inferred in BioEdit prior to alignment
using ClustalX, and nucleotide alignments were generated from
the subsequent amino acid alignments by converting amino acid
sequences to nucleotides in BioEdit. To determine whether the
rrs, recA, and ginll Bradyrhizobium gene sequences represent
homogenous partitions that are combinable into a single dataset,
the incongruence length difference (ILD) test (Farris et al., 1995)
implemented in PAUPx version 10b (Swofford, 2002) was used
on parsimony informative sites only (Darlu and Lecointre, 2002;
Dolphin et al., 2000; Lee, 2001). For this purpose 1000 repartitions
of the datasets were subjected to heuristic searches using 100
rounds of random sequence additions and tree bisection reconnec-
tion branch swapping.

Phylogenies were constructed based on maximum likelihood
(ML) using PhyML version 2.4.3 (Guindon and Gascuel, 2003),
and Neighbor-Joining (NJ; Saitou and Nei, 1987) genetic distances
using PAUPx. As indicated by Modeltest (Nylander, 2004; Posada
and Crandall, 1998), ML and NJ analyses of the nodA and nodZ data
utilized the transversional model (TVM; Posada, 2003) with un-

equal base frequencies, a specific proportion of invariable sites (I)
and gamma correction for among-site variation (G). ML and NJ
analyses of the noeE data utilized Tamura and Nei’'s (1993) model
with unequal base frequencies (TN) plus G, while the noel data
used Zharkikh’s (1994) symmetrical model (SYM) with equal base
frequencies plus G. ML and NJ analyses of the rrs data used the TN
model, the ginil data used the general time reversible (GTR; Tavaré,
1986) model and the recA data used the transitional model (TIM;
Posada, 2003), all three with I+G. ML and NJ analyses of the rrs + re-
cA + glnll dataset utilized the GTR+1+ G model as indicated by
Modeltest. Robustness of ML and NJ phylogenies was evaluated
with non-parametric bootstrap analyses (Felsenstein, 1985) using
1000 pseudoreplicates and the same best-fit model parameters.
For Bayesian inference (BI) we used MrBayes version 3b4 (Huel-
senbeck and Ronquist, 2001). The Metropolis-coupled Markov
chain Monte Carlo search algorithm was used with 2,000,000 gen-
erations running one cold and three heated chains and sampling
every hundredth tree. Bayesian posterior probabilities were calcu-
lated using the trees sampled after burin, which was determined
using visual inspection of the log-likelihood scores of the sampled
trees for stationarity (see Supplementary data). All BI analyses
were performed at least 3 times. As the models that best fit the
nodA data and the individual core gene regions were all submodels
of the GTR model, BI analyses of the rrs + recA + ginll dataset and
the nodA data both utilized the GTR + I + G model. In addition, un-
linked model parameters were used across the three gene parti-
tions for BI analysis of the rrs + recA + ginll dataset. All BI analyses
and ML or NJ analyses involving correction for among-site varia-
tion used eight-category gamma models. For BI, NJ, and ML analy-
ses of the nodA dataset, third codon positions were excluded as
they were previously shown to display significant levels of substi-
tution saturation (Moulin et al., 2004). To determine whether the
nodA data and the three individual core gene datasets support
the same phylogenetic groupings as those inferred from the
11s + recA + ginll dataset, and whether the nodZ, noekE, and noel data-
sets support the nodA and rrs + recA + ginll clades, the Shimodaira-
Hasegawa (SH) test (Shimodaira and Hasegawa, 1999) as imple-
mented in CONSEL (Shimodaira and Hasegawa, 2001) was used.

3. Results
3.1. ITS PCR-RFLP analysis

To select ‘cowpea group’ Bradyrhizobium isolates with a diverse
range of taxonomic relatedness, all isolates from the six localities
were compared by ITS PCR-RFLP. Of the two restriction enzymes
tested, the Haelll fingerprints revealed only two groups at the 60%
similarity level (data not shown). In contrast, thirteen clusters with
>70% similarity were evident among the Alul fingerprints (Fig. 1)
and the overall groupings appeared to reflect geographic origin
rather than legume host. Isolates in clusters 1 and 2 were predom-
inantly from Francistown and Roodeplaat, while those in 3, 4, and 5
were predominantly from Rasesa. Clusters 1-5 formed a single
group (ITS-A) at the 68% similarity level that included inoculant
strain CB756 from Zimbabwe. At the 77% similarity level, another
group (ITS-B) contained clusters 6 (mostly from Gaborone), 7 (all
from Maun) and 8 (two Roodeplaat isolates). A third group (ITS-C,
72% similarity level) contained B. japonicum type strain LMG6138,
as well as cluster 9 (consisting of B. elkanii type strain LMG6134
and Rasesa isolate R5) and clusters 10-12 that contained Good
Hope isolates. Cluster 12 also contained Gaborone isolates. The last
group, ITS-D, included cluster 13 representing isolates from Rasesa
that all shared less than 50% similarity with the rest of the isolates.
Isolates from each of the 13 clusters were selected for further anal-
ysis (Table 1).
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Fig. 1. UPGMA-dendrogram derived from PCR-RFLP fingerprints of Bradyrhizobium
reference strains and isolates obtained from cowpea and peanut nodules in
Botswana and South Africa generated by Alul digestion of amplified rRNA ITS PCR
products. The thirteen clusters (1-13) and four major groups (ITS-A to ITS-D) are
indicated to the left and the strains selected for sequencing are shown in bold. Scale
shows percentage similarity.

Overall, the ITS-based fingerprint clusters did not closely match
the relationships among the isolates based on the rrs + recA + ginll

data (see below). Although, lineages SA-3 and SA-2 were restricted
to groups ITS-A and ITS-B and to group ITS-C, respectively, the B.
yuanmingense isolates were located in both the ITS-A and ITS-D
groups. In some cases, isolates representing different rrs + recA + gl-
nil-based lineages displayed similar ITS-RFLP profiles, suggesting
that this method for detecting groups of like isolates underesti-
mates the true diversity among the isolates studied.

3.2. Phylogenetic analyses using rrs, recA, and gInll gene sequences

Comparison of the rrs sequences generated in this study to
those in GenBank, confirmed that the ‘cowpea group’ of isolates
form part of the genus Bradyrhizobium. In an attempt to determine
their relatedness to the known species and lineages of the genus,
we generated an alignment including rrs sequences for our ‘cow-
pea group’ isolates, the Bradyrhizobium type strains, as well as rep-
resentatives for most of the other genera of the Bradyrhizobiaceae
family (Garrity et al., 2005b). The alignment also included repre-
sentatives for the rrs PCR-RFLP-based genospecies reported by La-
fay and Burdon (1998, 2001), the rrs sequence-based genospecies
identified by Weir et al. (2004) and Lafay and Burdon (2006), and
those identified by Vinuesa et al. (2005b) using protein-coding
gene sequences. The rrs dataset consisted of 1357 aligned sites, se-
ven of which were alignment gaps. However, a well-resolved phy-
logeny was not generated (results not shown), which was to be
expected as this region is known to lack sufficient phylogenetic
information for resolving the relationships among most Bradyrhiz-
obium species (e.g. van Berkum and Fuhrmann, 2000; Vinuesa
et al., 2005a; Willems et al., 2001b). These data did, however, show
that none of the ‘cowpea group’ isolates appeared to be related to
B. betae (Rivas et al., 2004) and B. denitrificans (van Berkum et al.,
2006) and as representative recA and glnll sequences are not avail-
able in GenBank, they were not included in the other phylogenetic
analyses conducted in this study. The high degree of rrs sequence
similarity among species also complicated the detection of possible
chimeric sequences that potentially resulted from recombination
events between different Bradyrhizobium lineages as has been seen
for some other rhizobial rRNA genes (Parker, 2001; van Berkum
et al., 2003). Analysis with CHIMERA_CHECK did, however, show
that all parts of each rrs sequence share significant similarity with
Bradyrhizobium sequences only.

The recA and ginll alignments consisted of 590 and 601 aligned
nucleotide positions, respectively. In addition to the isolates exam-
ined in this study, these alignments also included all bradyrhizobi-
al taxa for which sequence information for rrs, recA, and ginll are
available in GenBank. ML analyses of all three datasets generated
trees with some similar groupings (details are shown as Supple-
mentary data), which supported the clades representing B. elkanii
and SA-3 identified in this study (see below, Fig. 2). The recA and
ginll datasets statistically supported the B. yuanmingense and
B. canariense clades, although the latter was also recovered from
but not supported by the rrs data. The B. japonicum clade was
supported by the recA data only. A clade containing members of
lineage SA-1 identified in this study (see below, Fig. 2) together
with Bradyrhizobium genospecies o (strain BC-C1), was recovered
from the recA and rrs data, but was statistically supported by the
rrs data only. The relative positions of most of these clades and
lineages varied considerably between the rrs, recA, and ginll
single-gene trees. Overall, the “backbone” of each tree generally
also lacked significant bootstrap support.

The results of all three pair wise ILD tests indicated that none of
the three loci represent homogenous data partitions as P-values of
0.01 (recA + ginll), 0.02 (rrs +recA), and 0.04 (rrs + glnll) were ob-
tained. However, the ILD test has been shown to be associated with
an excessively high type I statistical error rate (Barker and Lutzoni,
2002; Cunningham, 1997) and it has been suggested that P-values
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Fig. 2. A maximum likelihood (ML) phylogeny for the genus Bradyrhizobium based on combined rrs, recA, and ginll nucleotide sequence data. The southern African ‘cowpea
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between 0.01 and 0.001 (making our P-values borderline) should
be taken as a more appropriate criterion for rejection of combin-
ability rather than the generally accepted 0.05 level. Previous re-
search (Barker and Lutzoni, 2002; Darlu and Lecointre, 2002) has
also shown that tests of combinability of data are strongly influ-
enced by the presence of lineage-specific and site-specific hetero-
geneity. Accordingly, removal of the taxa with variable positions
in our single-locus trees (e.g. Bradyrhizobium sp. strains IRBG231,
BRE-1, and CB756, and B. japonicum USDA122), generated P-values
of 0.07 for the recA + ginil dataset, 0.26 for the recA + rrs dataset and
0.15 for the ginll + rrs dataset. Finally, previous studies (Nixon and
Carpenter, 1996; Wenzel and Siddall, 1999) have shown that com-
bination of heterogeneous data (like our rrs, recA, and ginll se-
quences) may increase the accuracy of a phylogeny because
combination of multiple datasets with different levels of homo-
plasy (i.e. ‘phylogenetic noise’) enhances the underlying phyloge-
netic signal thus resulting in overall more robust phylogenies.
We therefore followed a ‘total evidence approach’ based on condi-
tional data combination (Bull et al., 1993; Huelsenbeck et al., 1996;
Kluge, 1989) and proceeded to combine the datasets for phyloge-
netic analyses.

Similar trees were generated using ML, NJ, and BI analyses of
our 1715 + recA + ginll dataset (Fig. 2). This topology was also not re-
jected (P> 0.05) by any of the three single-gene datasets based on
our SH-test results. Overall BI, ML, and NJ analysis of the sequence
data separated the taxa included into thirteen distinct lineages
(Fig. 2). These correspond to the described species and lineages

of Bradyrhizobium, as well as an additional four lineages (SA-1,
SA-2, SA-3, and SA-4) harboring the southern African ‘cowpea
group’ isolates and inoculant strain. Lineage SA-1 includes all the
Good Hope isolates as well as one of the Gaborone isolates
(GC1d). Lineage SA-3 include all of the Francistown and Maun iso-
lates, three from Roodeplaat (RC2d, RP6b, and RP7b), one from
Gaborone (GP2e) and one from Rasesa (R8). Roodeplaat isolate
RC3b and the inoculant strain CB756 from Zimbabwe appear to
represent unique lineages (SA-2 and SA-4). The majority of the iso-
lates from Rasesa (R2m, R3, R8m, R10, and R10m) form part of the
B. yuanmingense clade, although isolate R5 most probably repre-
sents B. elkanii as it forms part of the clade containing known
members of this species.

3.3. Phylogenetic analyses using nodA nodZ, noeE, and noel gene
sequences

The noeE primers designed in this study amplified a portion of
this gene in the selected ‘cowpea group’ strains (i.e. BM25, FC1b,
GC1d, GHa, R3, R2m, RC3b, and RP6b) and the commercial inocu-
lant strain CB756. It also amplified the noeE region from the DNA
extracts of the four nodA Clade III strains (USDA3259, F3b, KFR22,
and CCBAU10071), as well as from DNA extracts of two strains
(CH2509 and Rp2-1) representing Clade VII. The noeE primer set
did not allow amplification of the corresponding region of the gene
in any of the other representative samples included. This may be
attributable to the specific nature of the primers, thus not allowing
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amplification of more variable versions of the gene. However, these
primers target sequences that are sufficiently conserved to suc-
cessfully amplify the noeE gene even from unrelated bacteria such
as Sinorhizobium sp. NGR234. It is therefore unlikely that lack of
amplification result from our primers not being able to amplify
all potential noeE targets. Comparison of the deduced amino acid
sequences for each of the noeE fragments sequenced, revealed that
two of the examined isolates (CH2509 and the B. japonicum type
strain) carry mutations (i.e. insertions or deletions that cause
frameshits) that would inactivate the gene. Whether the remaining
isolates that do not harbor such mutations indeed produce func-
tional NoeE remains to be determined as we sequenced only part
of the gene.

ML, NJ, and BI analyses of our nodA dataset that includes the se-
quences generated in this study, as well as published Bradyrhizobi-
um nodA sequences (Chaintreuil et al., 2001; Chen et al., 2003;
Kalita et al., 2006; Kaneko et al., 2002; Lafay and Burdon, 2006;
Moulin et al., 2004; Stepkowski et al., 2007, 2005; Weir, 2006;
Weir et al., 2004), produced a well-supported phylogeny (Fig. 3).
The nodA phylogeny consisted of seven distinct clades that were
previously recognized and designated as Clades I-VII (Moulin
et al., 2004; Stepkowski et al., 2007, 2005). Clade III is further sub-
divided into Clades III.1, 1.2, and III.3 (Stepkowski et al., 2007),
with all of the ‘cowpea group’ Bradyrhizobium isolates, as well as
the inoculant strain CB756, residing in Clade II.3. Within this
clade, the ‘cowpea group’ isolates were included in eight well-sup-
ported groups (A-H). The only exception was Group E consisting of
the nodA sequences of Roodeplaat isolate RC3b and the inoculant
strain CB756, which lacked significant Bayesian posterior probabil-
ity and bootstrap support values (Fig. 3). The composition of nodA
Group A corresponds to that of lineage SA-3 (Fig. 2), except that the
isolates from Maun form a separate group (Group D, Fig. 3). In con-
trast, some of the lineages identified using the rrs + recA + glnll
dataset are split into several unrelated nodA groups. For example,
members of lineage SA-1 (Fig. 2) are separated into nodA Groups
C and G (Fig. 2), while the cowpea isolates identified as B. yuanmin-
gense were divided between Groups B and F (Fig. 3). Interestingly,
the ‘cowpea group’ isolates that were obtained from the root nod-
ules of peanut are restricted to Group A.

The nodA, nodZ, noeE, and noel datasets supported some similar
groupings, although the overall topology of the individual trees did
not match (compare Figs. 3 and 4). Also, neither of the noeE and
noel datasets supported the nodA clades inferred in this study as
these hypotheses were strongly rejected by the results of our SH-
tests (Table 2). These tests could, however, not reject the hypothe-
sis that the nodZ dataset support similar groupings to those in-
ferred from the nodA data (Table 2). Furthermore, none of the
individual nodulation genes supported phylogenetic groupings
similar to those inferred from the rrs + recA + glnll dataset (Fig. 2
and Table 2).

4. Discussion
4.1. A multigene phylogeny for Bradyrhizobium

To determine the identities of the ‘cowpea group’ isolates of
Bradyrhizobium nodulating cowpea and peanut from different loca-
tions in South Africa and Botswana, we used the sequence informa-
tion for three loci. Single-gene phylogenies are extremely sensitive
to unequal evolutionary rates among taxa and among nucleotide
sites within the gene, as well as phylogenetic tree-building arte-
facts (Nichols, 2001). Some genes may also lack phylogenetic infor-
mation for resolution of all the relationships (Gadagkar et al.,
2005). Thus analyses of single-gene data for classification purposes
seldom provide well-supported resolution among taxa (e.g., Gaunt

et al., 2001; Nichols, 2001; Vinuesa et al., 20054, b), while the anal-
ysis of concatenated datasets seem to produce more robust evolu-
tionary trees (e.g. Gadagkar et al., 2005; Vinuesa et al., 2005a,b).
This was also the case for our single-gene trees (see Supplementary
data) and concatenated tree (Fig. 2) as the combined phylogenetic
information incorporated in the rrs, recA, and ginll sequences out-
weighed that of the single loci and allowed the generation of a rel-
atively well-supported and robust Bradyrhizobium phylogeny.

Our rrs + recA + glnll phylogeny (Fig. 2) is in agreement with the
current taxonomic structure of Bradyrhizobium (Sawada et al.,
2003; Vinuesa et al., 2005a,b; Willems et al., 2003), supporting pre-
vious findings on the increased accuracy of concatenated gene
trees (Cummings and Meyer, 2005; Gadagkar et al., 2005). We
show that the eight existing clades or lineages recognized in the
well-resolved Bradyrhizobium phylogeny constructed by Vinuesa
et al. (2005b) should be expanded to include the four ‘cowpea
group’ lineages reported here, as well as the genomic group G
bradyrhizobia isolated from New Zealand legumes by Weir et al.
(2004). Also, our tree clearly shows that B. japonicum, B. canariense,
B. yuanmingense, B. liaoningense and genospecies o and B, together
with genomic group G and our novel ‘cowpea group’ lineages form
a well-supported cohesive cluster representing a sistergroup to B.
elkanii. This sistergroup relationship is consistent with the results
of previous DNA-DNA hybridization studies showing that the
genomic content of B. elkanii differs markedly from those of other
Bradyrhizobium species (Willems et al., 2001b). Consistent with
these studies, our data also place the photosynthetic strains at
the base of the Bradyrhizobium phylogeny and supports the idea
that members of Bradyrhizobium are descended from photosyn-
thetic ancestors, possibly related to Rhodopseudomonas (Jarvis
et al., 1986). However, further clarification of the latter issue and
resolution of the exact relationships among all lineages in the
genus is required because the rrs + recA + glnll dataset, like those
previously reported (Vinuesa et al., 2005a,b), does not appear to
contain adequate information for resolving the relationships
among all groups in the genus. Our taxon sampling was also rela-
tively limited (only taxa for which all three sequences were avail-
able were included) and could have contributed to the lack of
resolution (Cummings and Meyer, 2005). Unequivocal reconstruc-
tion of the evolutionary history of the genus Bradyrhizobium will
undoubtedly involve the inclusion of all possible lineages of this
taxon and utilization of sequence information for additional core
genes to increase the phylogenetic information content of the data-
sets from which phylogenies are inferred.

4.2. Diverse Bradyrhizobium species nodulate cowpea and peanut

Most of the ‘cowpea group’ isolates examined in this study rep-
resent novel lineages of Bradyrhizobium (Fig. 2). The majority of
these form part of lineage SA-3, including isolates from the root
nodules of cowpea grown in soils from Maun, Rasesa, and Francis-
town in Botswana and Roodeplaat in South Africa, as well as pea-
nut nodules originating from Roodeplaat, Francistown, and
Gaborone (Botswana) soils. Formal description of lineage SA-3 as
a new species of Bradyrhizobium, will require additional population
studies to characterize its biological properties and clearly delin-
eate its species boundaries. The current data suggests that lineage
SA-3 is found in soils ranging from loamy sand to sandy clay loam
with pH between 6.2 and 6.9 (Law et al., 2007). Most of the mem-
bers of this lineage appear to be capable of nodulating and estab-
lishing an effective symbiosis with both cowpea and peanut (Law
et al., 2007). Lineage SA-3 also appears to be very diverse, as none
of the ten SA-3 isolates included in the rrs + recA + ginll tree shared
recA and ginll genotypes. The large variety of ITS PCR-RFLP profiles
(Fig. 1) and genomic fingerprints (Law et al., 2007) generated for
these isolates also suggest substantial diversity.
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All of the ‘cowpea group’ isolates originating from cowpea root
nodules induced in uninoculated soils from Good Hope and Gabo-
rone in Botswana, represent lineage SA-1 (Fig. 2). This separation is
supported by the ITS PCR-RFLP analysis (Group ITS-C; Fig. 1) and

previous genomic fingerprinting (Law et al., 2007). Law et al.
(2007) demonstrated that lineage SA-1 isolates from Good Hope
appear to be adapted to cowpea as they are all incapable of induc-
ing effective nodules on peanut. Identification and characterization

STRAIN BRADYRHIZOBIUM HOST PLANT HOST GEOGRAPHIC REF
NAME SPECIES/LINEAGE CLADE ORIGIN
(- )
RP6b SA-3 Arachis hypogaea Dalbergioid South Africa 1
FP4f SA-3 Arachis hypogaea “ Botswana 1
RP7b SA-3 Arachis hypogaea “ South Africa 1
R8 B. yuanmingense Vigna unguiculata Milletioid Botswana 1T A
RC2d SA-3 Vigna unguiculata “ South Africa 1
FC1b SA-3 Vigna unguiculata “ Botswana 1
FP1c SA-3 Arachis hypogaea Dalbergioid Botswana 1
GP2e SA-3 Arachis hypogaea “ Botswana 1
R3 B. yuanmingense Vigna unguiculata Milletioid Botswana 1 B
ORS1810 B. sp. Crotalaria lathyroides Genistoid Senegal 2
ORS1896 B. j Cassia absus C Senegal 1
GHuvi SA-1 Vigna unguiculata Milletioid Botswana 1
GC1d SA-1 Vigna unguiculata “ Botswana 1 C
GHiv SA-1 Vigna unguiculata “ Botswana 1
WSM1743 B.y i sp. “ Australia 3
ORS938 B. jap Rhynchosia minima “ Senegal 2
KFR22 B. sp. Faidherbia albida M Kenya 4
BM1 SA-3 Vigna unguiculata Milletioid Botswana 1
BM25 SA-3 Vigna unguiculata G Botswana 1 D
CB756 SA-4 Macrotyloma africanum “ Zimbabwe 1
RC3b SA-2 Vigna unguiculata “ South Africa 1 E
4A B. japonicum Lespedeza sp. “ Japan 4
CCBAU10071" B. y ing L cuneata “ China 4
USDA110 B. japonicum Glycine max “ Japan 2
LMG6138"  B. japoni Glycine max & Japan 4
R8m B. yuanmingense Vigna unguiculata “ Botswana 1
R2m B. yuanmingense Vigna unguiculata “ Botswana 1 "I 3
R 10 B. yuanmingense Vigna unguiculata « Botswana 1 F -
R10m B. yuanmingense Vigna unguiculata “ Botswana 1
ORS524 B.sp. Desmodium asperum “ Senegal 2
ORS1838 B. japonicum Sesbania rostrata Robinioid Senegal 2
ORS1832 B. japonicum Bryaspis lupulina Dalbergioid Senegal 2
ORS1844 B. japonicum Chamaecrista sp. C Senegal 2
ORS1816 B. japonicum Crotalaria hyssopifolia Genistoid Senegal 2
GHx SA-1 Vigna unguiculata Milletioid Botswana 1
GHa SA-1 Vigna unguiculata “ Botswana 1
CPAC-M9 B. elkanii Mucuna aterrima “ Brazil 4
ORS130 B. sp. Faidherbia albida M Senegal 2
USDA3152A  B. sp. Astragalus mollissimus IRL. USA 2
F3b B. elkanii Lespedeza cuneata Milletioid Japan 4
AEKY10 B. elkanii Amphicarpaea edgeworthii E Japan 4
Jweot-2 B. elkanii Amphicarpaea bracteata “ USA 4
STM270 B. sp. Cadia commersionana Genistoid Guinea 5
USDAG61 B. elkanii Glycine max Milletioid USA 2
USDA94 B. elkanii Glycine max “ USA 2
LMG6134™ B. elkanii Glycine max “ USA 2
CCT6220 B. elkanii Cajanus cajan “ Brazil 2
USDA3139 B. elkanii Astragalus canadensis IRL USA 2
R5 B. elkanii Vigna unguiculata Milletioid Botswana 1 H \
USDA135 B. japonicum Glycine max “ A 2
ORS166 B. elkanii Faidherbia albida M Senegal 2
ORS135 B. elkanii Faidherbia albida M Senegal 2
USDA3259 B. elkanii Phaseolus lanatus Milletioid USA 4
ANU289 B. elkanii Parasponia sp. Indonesia 2
STM251 B. sp. Chidlowia sanguinea C Guinea 5
ORS1812 B. elkanii Abrus stictosperma Milletioid Senegal 2
ORS170 B. sp. Faidherbia albida M Senegal 2
ORS88 B. elkanii Tephrosia purpurea Milletioid Senegal 2
USDA3517 B, elkanii Faidherbia albida M Senegal 2 .1
ORS138 B. elkanii Faidherbia albida M Senegal 2
CH2318 B. japonicum Lupinus bandelierae Genistoid Bolivia 4 D
CH2310 B. japonicum Lupinus bandelierae “ Bolivia 4
CH2510 B. japonicum Lupinus bracteolaris “ Brazil 4
CH2498 B. japonicum Lupinus rubriflorus “ Brazil 4
CH2490 B. japonicum Lupinus paranensis “ Brazil 4
CH2506 B. japonicum Lupinus uleanus “ Brazil 4
c8 B. japonicum Lupinus mutabilis “ Equador 4
Lcamp8 B. sp. Lupinus campestris “ Mexico 4
Lcamp6 B. sp. Lupinus campestris 0 Mexico 4 I I I 2
CH2437 B. sp. Lupinus tominensis “ Bolivia 4 -
NC92 B. japonicum Arachis hypogaea Dalbergioid 2
CBP70 B. japonicum Lupinus campestris Genistoid Mexico 2
CBP90 B. japonicum Lupinus campestris “ Mexico 2
Ppau3-41 B. sp. Phaseolus pauciflorus Milletioid Mexico 4
FTA6 B. sp. Lupinus nootkatensis Genistoid USA 4
Lcamp1 B. japonicum Lupinus campestris “ Mexico 4
ORSAT6 B. japonicum Ornithopus sativus Robinioid Mexico 4
\ORSATS B. japonicum Omithopus sativus “ Mexico 4
. . . Acacia, Albizia, Bossiaea,  \, \n.  Australia, Brazil,
11 strains B. sp., B. japonicum Daviesia, Gompholobium, belioid New Zealand, 2-4,6
Mirbelia South Africa
[ 2 strains B.sp. Indigofera, Rhynchosia '\ﬂgllg Australia 3 ]
4 A\
Australia, Bolivia,
e L
, Equador,
Mirbe- Flgaynpce, (%reece,
B. sp., B. canariense, Daviesia, Cytisus, Genista, G"grlﬁé- Iceland, Japan,
61 strains  B. japonicum, Lupinus, Mirbelia, Ornithopus, toid Mexico, 2-4,
B. liaoningense Sarothamnus, Ulex ROI ) Netherlands, 6,7
obin- New Zealand,
ioid Peru, Poland,
South Africa,
Spain, Ukraine,
UK, USA
‘ [4 strains  B.sp. Aeschynomene Dalbergioid ~ Senegal 2,8 ]
. P . Desmodium, Inga, Lupinus,  Dal, Gen, Brazil, Pan-
LG strains  B. sp., B. japonicum Machaerium, I%hyncﬁosfa MilM_ ama, Mexico 4 J
[ 1 strain B.elkanii Lupinus Genistiod Brazil 4 ]
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of additional isolates related to SA-1, will facilitate a better under-
standing of the host range and biology of this novel lineage.

Five of the seven ‘cowpea group’ isolates obtained from the root
nodules of cowpea plants grown in soil from Rasesa in Botswana
appear to represent B. yuanmingense (Fig. 2). The B. yuanmingense
clade includes the type strain (CCBAU10071) for this species that
was originally isolated from Lespedeza cuneata in Beijing, China
(Yao et al., 2002), as well as B. yuanmingense strain LMTR28 that
was isolated from Indigofera hirsuta in Peru (So et al., 1994; Vinue-
sa et al., 2005b). The rrs + recA + glnll data separate B. yuanmingense
into two smaller groups with one containing CCBAU10071,
LMTR28 and two Rasesa isolates (R3 and R10m), and the other,
three of the Rasesa isolates (R2m, R8m and R10). As indicated by
a recA + gInll tree (results not shown), the latter subgroup also in-
cludes another known B. yuanmingense strain TAL760 (for which
rrs data was unavailable) isolated from P. lunatus in Mexico (Or-
mefio et al., 2006). The available information on B. yuanmingense
is thus expanded regarding (i) its known geographic range of Chi-
na, Peru, and Mexico (Gu et al., 2006; Ormeifio et al., 2006; So et al.,
1994; Vinuesa et al., 2005b) to include an African locality in Bots-
wana; and (ii) its known host range of P. lunatus, I. hirsuta, L. cune-
ata, Desmodium racemosum and D. fallax (Gu et al., 2006) to include
the African legume, cowpea.

None of the ‘cowpea group’ Bradyrhizobium isolates examined
in this study represented B. japonicum , B. canariense or B. liao-
ningense, suggesting that they may be rare in southern African
soils. The lack of B. canariense and B. liaoningense could be re-
lated to the soil types, none of which were acid or alkaline as
preferred by the two species, respectively (Vinuesa et al.,
2005a; Xu et al., 1995). Alternatively, these other Bradyrhizobium
species may be unable to establish effective symbioses with pea-
nut, cowpea and possibly also related legumes. For example, the
predominant root-nodule bacteria of Genistioid legumes are
mostly B. japonicum and B. canariense, while Milletioid legumes
appear to be more commonly nodulated by B. yuanmingense, B.
elkanii and the various lineages reported here and in previous
studies (Moulin et al., 2004; Stepkowski et al., 2007, 2005; Vi-
nuesa et al., 2005a).

Ou data conclusively show that the widely used inoculant for
cowpea and peanut, CB756, is unrelated to the other ‘cowpea
group’ isolates examined in this study. Based on the rrs + re-
cA + glnll data, CB756 represents a unique and, as yet, single-tax-
on lineage (SA-4) within the Bradyrhizobium clade (Fig. 2), which
may reflect its original isolation from an unrelated host, Macroty-
loma africanum, in Zimbabwe. Previous rrs-based studies of elite
rhizobial commercial strains identified this strain as B. japonicum
and grouped it with the inoculant strains for peanut, Stylosanthes
species, Crotalaria spectabilis and Calopogonium (Germano et al.,
2006; Menna et al., 2006). Our results, however, clearly show
that CB756 is not directly related to B. japonicum or its close rel-
ative B. canariense. Furthermore, phylogenetic analyses of our
nodA data suggest that strain CB756 and Roodeplaat isolate
RCb3 potentially shared an ancestral homolog of the gene,
although this association lacks significant bootstrap support
(Fig. 3).

4.3. The nodA genes of African Bradyrhizobium species share a
common ancestor

Phylogenetic analyses of the nodA sequences of the Bradyrhizo-
bium isolates from Botswana and South Africa separated the mem-
bers of this genus into the seven well-supported Clades I-VII
(Fig. 3) (Moulin et al., 2004; Stepkowski et al., 2007). The overall
topology of the nodA tree corresponds to that presented by Moulin
et al. (2004) who demonstrated that these sequences form a mono-
phyletic lineage, suggesting that HGT of nodulation genes between
Bradyrhizobium and other rhizobial lineages is a rare event. In con-
trast, the non-monophyletic nature of the nodA sequences for indi-
vidual Bradyrhizobium lineages highlights the importance of HGT
among members of the genus (compare Figs. 2 and 3). Instead of
species relationships, nodA sequences appear to reveal geographic
origin or host range (Moulin et al., 2004; Stepkowski et al., 2007,
2005), with Clade I including strains isolated from Australian soils
or from native Australian Acacia species grown elsewhere. Clade II
includes strains isolated from Genisteae and serradella hosts that
are mostly of European origin. Clade IV includes strains isolated
from native Australian legumes. Clade V is currently represented
by a single strain isolated from Lupinus paraguariensis in Brazil.
Members of Clades VI and VII represent, respectively, the photo-
synthetic Bradyrhizobium strains and those originating from le-
gumes of the tribes Desmodieae, Ingeae, Dalbergieae and
Phaseoleae found in Central America and Mexico. Clade III com-
prises strains with tropical and sub-tropical origins (see below),
as well as our entire set of ‘cowpea group’ isolates. Among these
isolates, phylogenetic relationships also reflect geographic origin
(Groups A-H; Fig. 3) suggesting that the observed nodA distribu-
tion patterns probably reflect bacterial requirements for ability to
nodulate different sets of hosts native to the respective locations
in South Africa and Botswana.

Compared to the other nodA clades, the taxa in Clade III appear
to be more diverse as they are associated with longer terminal
branches (Fig. 3). The diverse nature of this clade is also reflected
by the host range of its members. Some Clade Il sequences origi-
nate from Bradyrhizobium isolates obtained from the non-legume
Parasponia species, while others were obtained from legumes in
the subfamilies Caesalpinioideae (from Cassia, Chamaecrista, and
Chidlowia) and Mimosoideae (from Faidherbia albida). However,
most Clade III nodA sequences were from bradyrhizobia of plants
in the major subclades of the Papilionioideae (Schrire et al.,
2005; Wojciechowski et al., 2004), i.e. the Genistoid sensu lato,
Robinioid, Dalbergioid sensu lato, IRL (‘inverted repeat-lacking’)
and Millettioid sensu lato clades. Although many Bradyrhizobium
strains isolated from these plant groups harbor nodA sequences
representing the other clades, the majority of the known nodA se-
quences associated with the milletioid legumes are located in
Clade III. The sequences in this clade further seem to have a pan-
tropical distribution with representatives originating in Africa,
Australia, North America, South America, Indonesia, China, Japan,
and Papua New Guinea. In this respect, all known members of
Clade I11.2 originate from the Americas, where they are associated
predominantly with genistoid hosts, while Clades IIl.1 and IIL.3

<

Fig. 3. A maximum likelihood (ML) nodA phylogeny for the genus Bradyrhizobium. The nodA Clades I-VII are indicated on the branches leading to each of the clades, while
subclades I11.1-111.3 are indicated on the outer right hand side of the figure. Southern African ‘cowpea group’ taxa are indicated with A-H. The species/lineage diagnosis for
individual strains, legume host, higher order classification of hosts according to Wojciechowski et al. (2004) (Caesalpinioideae and Mimosoideae are indicated with C and M,
respectively) and geographic origin are indicated to the right of the tree. References for each of the nodA sequences used in this study are indicated under the heading “REF”
and include the following: 1, this study; 2, Moulin et al. (2004), 3, Stepkowski et al., 2005; 4, Stepkowski et al., 2007; 5, Chen et al. (2003), 6, Weir et al. (2004) and Weir 2006;
7, Kalita et al. (2006), 8, Chaintreuil et al. (2001). Similar trees were generated using Bayesian inference (BI) and Neighbor-Joining (NJ) distance methods. Bootstrap values of
>90% and >60% for the ML and NJ analyses, respectively, as well as Bayesian posterior probabilities of 1.00 are indicated at the internodes with closed black circles. Branches
lacking NJ bootstrap support, but that have >90% ML bootstrap support and Bayesian posterior probabilities of >0.99 are indicated by open circles. All branches leading to each
of the seven nodA clades received >90% and >60% for the ML and NJ bootstrap support and Bayesian posterior probabilities of 1.00. The tree is rooted with the nodA sequences
of Burkholderia tuberum and Methylobacterium nodulans. See the Supplementary data for information on taxa that are represented in the tree by triangles.
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Fig. 4. Maximum likelihood (ML) phylogenies for nodZ (A), noel (B), and noel (C) gene sequences. Bradyrhizobium species identities, host species and geographic origin are
indicated in parentheses and sequences generated for strains examined in this study are indicated in bold. Bradyrhizobium species identities are indicated as follows: BJ, B.
Jjaponicum; BC, B. canariense; BE, B. elkanii; BY, B. yunamingense; BL, B. liaoningense; B?, Bradyrhizobium sp.; and SA-1 to SA-3, lineages identified in this study (see Fig. 2). Major
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indicated at the branches in the order ML/N]. The trees are rooted with corresponding sequences from Sinorhizobium sp. NGR234.
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Table 2

Comparison of alternative Bradyrhizobium nodulation gene tree topologies using the SH-test®

Dataset tested ®  Groups supported by the dataset tested ©

Groups based on the rrs + recA + ginll phylogeny ¢

Groups based on the nodA phylogeny ©

-InL A-InL P -InL A-InL P -InL A-InL P
nodA 12107.70 0.00 1.000 16735.72 4628.02 0.000: - - -
nodZ 9664.27 0.00 1.000 12024.02 2359.75 0.000, 9735.46 71.19 0410,
noeE 5392.50 0.00 1.000 5623.83 231.33 0.000, 5899.34 506.85 0.000,
noel 4981.32 0.00 1.000 5280.33 299.01 0.000 5108.85 127.54 0.001

¢ Alternative topologies were evaluated using the tests incorporated in CONSEL (Shimodaira and Hasegawa, 2001). Significantly worse (P < 0.05) topologies are indicated
with asterisks. Similar results were obtained with the other tests included in this package, i.e. non-weighted and weighted Kishino-Hasegawa (Kishino and Hasegawa, 1989),
weighted SH (Shimodaira and Hasegawa, 1999; Buckley et al., 2001), Approximately Unbiased (Shimodaira, 2002) and Bootstrap Probability (Felsenstein, 1985) tests.

b Datasets are the same as those used for inferring individual nodulation gene trees (Fig. 4).

¢ Tree topologies were the same as those inferred from the individual nodulation gene datasets (Fig. 4), but included only the well-supported deeper nodes with all other

non-supported nodes and the terminal clades collapsed to polytomies.

d Test topologies were based on the Bradyrhizobium species groupings (Fig. 2) and defined for each dataset as follows: (Outgroup, ((B. japonicum isolates), (B. elkanii
isolates), (B. yuanmingense isolates), (B. canariense isolates), (SA-1 isolates), (SA-2 isolate), (SA-3 isolates), (SA-4 isolate), Bradyrhizobium sp., Bradyrhizobium sp., etc.)).

¢ Test topologies were based on the Bradyrhizobium nodA Clades (Fig. 3) and defined for each dataset as follows: (Outgroup, (Clade Il isolates), ((Clade IIL.1 isolates), (Clade
II.2 isolates), (Clade III.3 isolates), (Clade IV isolates), (Clade V isolates), (Clade VI isolate), (Clade VII isolates))). “~" indicates SH-tests that were not done.

appear to predominate among Bradyrhizobium strains isolated in
sub-Saharan Africa. Indeed, Clades I1I.1 and I11.3 include all nodA se-
quences isolated in this and other studies from Botswana, Guinea,
Kenya, Senegal, and South Africa (Chen et al., 2003; Moulin et al.,
2004; Stepkowski et al., 2007, 2005). This is in contrast with other
continents (except Europe where all nodA sequences that have
been obtained to date group in Clade II), where nodA sequences
group in various clades (Moulin et al., 2004; Stepkowski et al.,
2007, 2005).

The diverse nature of nodA Clade III and its deep phylogenetic
divergences (Fig. 3), as well as the wide geographic distribution
and broad host range of its members, suggest that it might be
much older than other nodA clades. It is therefore possible that
Bradyrhizobium strains harboring Clade IlI-type nodA genes spread
with their hosts into other parts of the world during the Eocene,
following the late Cretaceous or early Tertiary origin of legumes
possibly north of the Tethys Sea (Doyle and Luckow, 2003; Schrire
et al., 2005; Sprent, 2007). Although such a scenario of co-dispersal
would explain current nodA distribution patterns in Africa, North
and South America, Indonesia, Japan, China, Australia, and Papua
New Guinea, it does not explain the absence of nodA Clade III in
Europe. Then during the Holocene, formation of the Sahara desert
in Africa (Kuper and Kropelin, 2006) most likely prevented further
movement of Clade IIl nodA sequences to other parts of the world.
As a result, all nodA sequences from indigenous African Bradyrhiz-
obium strains and legume hosts are limited to Clade III, where their
diversity is probably linked to the varied niches these bacteria in-
habit and the diverse legumes they nodulate. Apart from geograph-
ical isolation, processes related to ecological speciation or drift
(Rundle and Nosil, 2005) that are dependent on specific legumes
growing in specific localities potentially also play important roles
in the diversification of nodulation genes.

4.4. NF ornamentation and HGT of hsn genes

To examine the involvement of HGT in the evolutionary history
of the nodulation genes associated with host-specificity in Brady-
rhizobium, we also analyzed the hsn genes nodZ, noeE, and noel.
Whereas the acyl transferase NodA is responsible for transferring
a fatty-acid moiety to the non-reducing sugar of the NF core, NodZ,
NoeE, Noel modify the reducing end. The activity of these and other
hsn gene products therefore determine the overall structure of the
NF core, thus conferring specificity towards different plant hosts
(Carlson et al., 1993; Lopez-Lara et al., 1996; Perret et al., 2000; Rit-
sema et al., 1996; Roche et al., 1996; van Rhijn and Vanderleyden,
1995). Previous studies have shown that nodulation genes are
most probably ‘co-transferred’ via transmission of the entire sym-

biotic island and by descent within a specific Bradyrhizobium line-
age (Moulin et al., 2004), thus resulting in clusters of isolates with
similar nodulation genes. This was true to some extent for our
nodA and nodZ data as both supported clades consisting of similar
isolates (Figs. 3 and 4, Table 2). However, the noeE and noel data
strongly rejected the nodA and rrs + recA + ginll phylogenies (Table
2), suggesting that noeE and noel have their own unique and inde-
pendent evolutionary origins. This seems likely as the noel and
noeE genes in the symbiotic island of B. japonicum USDA110 are
separated by 30 and 48 kbp, respectively, from the nodA-nodZ op-
eron (Kaneko et al., 2002). Therefore, HGT of single genes (not only
the whole island) may have played an important role in shaping
nodulation gene diversity and associated nodulation abilities in
the ancestral Bradyrhizobium lineages.

All three of the examined hsn genes (nodZ, noeE, and noel) were
detected among the ‘cowpea group’ Bradyrhizobium isolates stud-
ied (Fig. 4). The gene encoding NodZ has been detected in all other
previously examined strains belonging to nodA Clades II, I1I, IV, V,
and VII (Moulin et al., 2004; Stepkowski et al., 2007, 2005), indicat-
ing that 6-O-fucosylation of the NF reducing end (Lopez-Lara et al.,
1996; Quesada-Vincens et al., 1997; Quinto et al., 1997) is a com-
mon modification in this rhizobial genus. Similarly, the noel gene is
widespread in the nodA Clade Il of Bradyrhizobium and is also
found in all other examined African isolates (Moulin et al., 2004;
Stepkowski et al., 2007, 2005), suggesting that the fucosyl group
of African NFs are frequently 2-O-methylated (Jabbouri et al.,
1998). The noeE gene encodes a fucose-specific sulfotransferase
responsible for 3-O-sulfation of the NF (Hanin et al., 1997; Ques-
ada-Vincens et al.,, 1998), and its presence among African ‘cowpea
group’ strains is in line with previous findings that the NFs of
Bradyrhizobium strains associated with F. albida nodules in Senegal
are fucosylated and partially sulfated (Ferro et al., 2000). Accord-
ingly, we also detected this gene among the previously reported
nodA Clade II1.3 strains, i.e. strains KFR22 from F. albida in Kenya,
F3b and CBBAU10071 from L. cuneata in Japan, and ORS88 from
Tephrosia purpurea in Senegal (Moulin et al., 2004; Stepkowski
et al.,, 2007). The noeE gene was also present in two representatives
for nodA Clade VII (strain CH2509 from Lupinus albescens in Brazil
and Rp2-1 from Rhynchosia pyramidalis in Panama). Clarification
of the exact role of the noeE gene in host range (if any) is required,
especially the relationship between NF structure and symbiotic
effectiveness on a range of native and non-native hosts in geo-
graphic regions where this gene occurs. However, our findings im-
ply that highly ornamented NFs could be a common feature of
African Bradyrhizobium strains, and may be an important adapta-
tion facilitating nodulation of a broad range of the legume species
native to this legume-rich continent.
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5. Conclusions

We studied the evolution of ‘cowpea group’ isolates of Brady-
rhizobium nodulating cowpea and peanut from different locations
in South Africa and Botswana. Analyses of multiple loci allowed
us to account for the independent histories of different loci and
the mosaic nature of the bacterial genome (Ochman et al., 2000;
Gogarten et al., 2002; Koonin et al., 2001; Welch et al., 2002). Using
the combined information for genes encoded on the core genome,
we showed that these bacteria are diverse, representing a number
of distinct Bradyrhizobium groups, the majority of which require
further characterization in order to be described as new species.
Analyses of nodulation genes that form part of the accessory gen-
ome, revealed the presence of several groups that are apparently
locally adapted and/or regionally restricted. The combined effects
of vertical and horizontal gene transfer therefore appear to shape
the evolution of the ‘cowpea group’ Bradyrhizobium species as they
generally inherit their core genes from ancestral conspecific iso-
lates, whereas they or their ancestors acquired their nodulation
genes from unrelated sources.

Few previous studies used DNA-based methods to address the
identity and diversity of the root-nodule bacteria associated with
cowpea and its relatives. Krasova-Wade et al. (2003), Zhang et al.
(2007) and Yokoyama et al. (2006) used rrs sequences to show that
diverse Bradyrhizobium isolates are associated with different culti-
vars of cowpea in Senegal and China, and Vigna species in Thailand,
respectively. Their results suggested that some isolates are closely
related to known Bradyrhizobium species, while others potentially
represent novel lineages. Yokoyama et al. (2006) also used PCR-
RFLP analyses of the common nodABC region to show that Brady-
rhizobium isolates obtained from a specific plant species at a spe-
cific site displayed similar profiles. The overall trends in all of
these previous reports mirror our findings. However, the present
and other studies (e.g., Stepkowski et al.,, 2007; Vinuesa et al.,
2005b), clearly show that the best available tool for classifying
strains of Bradyrhizobium is application of a multilocus sequence
analysis approach (Gevers et al., 2005) using core genome genes.
Furthermore, we showed that sequence analyses of nodulation
genes located on the accessory symbiotic genome reveal valuable
information on the role of HGT and the diversity of Bradyrhizobium
strains associated with cowpea in South Africa and Botswana,
many of which form locally restricted groups. The data presented
here strongly augment the growing body of information on Brady-
rhizobium population biology, and should contribute significantly
to our understanding of the forces that shape the evolution of this
important group of bacteria.
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