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In prokaryotes, lateral gene transfer across chromosomal lineages may be mediated by plasmids, phages, transposable elements, and other accessory DNA elements. However, the importance of such transfer and the evolutionary
forces that may restrict gene exchange remain largely unexplored in native settings. In this study, tests of phylogenetic congruence are employed to explore the range of horizontal transfer of symbiotic (sym) loci among distinct
chromosomal lineages of native rhizobia, the nitrogen-fixing symbiont of legumes. Rhizobial strains isolated from
nodules of several host plant genera were sequenced at three loci: symbiotic nodulation genes (nodB and nodC),
the chromosomal housekeeping locus glutamine synthetase II (GSII), and a portion of the 16S rRNA gene. Molecular
phylogenetic analysis shows that each locus generally subdivides strains into the same major groups, which correspond to the genera Rhizobium, Sinorhizobium, and Mesorhizobium. This broad phylogenetic congruence indicates
a lack of lateral transfer across major chromosomal subdivisions, and it contrasts with previous studies of agricultural
populations showing broad transfer of sym loci across divergent chromosomal lineages. A general correspondence
of the three rhizobial genera with major legume groups suggests that host plant associations may be important in
the differentiation of rhizobial nod and chromosomal loci and may restrict lateral transfer among strains. The second
major result is a significant incongruence of nod and GSII phylogenies within rhizobial subdivisions, which strongly
suggests horizontal transfer of nod genes among congenerics. This combined evidence for lateral gene transfer
within, but not between, genetic subdivisions supports the view that rhizobial genera are ‘‘reproductively isolated’’
and diverge independently. Differences across rhizobial genera in the specificity of host associations imply that the
evolutionary dynamics of the symbiosis vary considerably across lineages in native settings.

Introduction
Factors that restrict gene flow have been studied
extensively for sexual eukaryotes, and are known to include ecological and spatial isolation among populations
and reproductive isolation between distinct species lineages (Mayr 1963; Templeton 1989; Sharman, Close,
and Maynes 1990; Gittenberger 1991). However, the
evolutionary forces structuring the genetic divergence of
bacterial populations and species remain unclear. Due to
differences in the nature of gene transfer (Cohan 1994a,
1994b, 1995) and the potential for periodic selective
sweeps in bacterial populations (Levin 1981; Dykhuizen
and Hartl 1983; Hartl 1992), it is difficult to draw direct
parallels between the evolutionary dynamics of sexual
eukaryotes and those of prokaryotes. Lateral gene transfer among bacterial lineages may be mediated by accessory DNA elements, such as plasmids and phages
(Campbell 1981; Datta 1985; Levin 1986; Eberhard
1990; Arber 1991; Simonsen 1991; Hartl 1992; Young
and Levin 1992; Salyers and Shoemaker 1994), which
may transfer across distinct chromosomal lineages and
also shuttle chromosomal loci (Broda 1979; Holloway
1979). Evidence for recombination within bacterial species includes the incongruence of phylogenies of different loci (Normand and Bousquet 1989; Dykhuizen and
Green 1993; Dolbert, Brell, and Triplett 1994; Ueda et
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al. 1995; Young and Haukka 1996), the patchy composition of individual genomes (Milkman and Stoltzfus
1988; Lawrence, Hartl, and Ochman 1991; Milkman
1996, 1997), and linkage equilibrium inferred from multilocus enzyme electrophoresis (MLEE) analyses (Caugant et al. 1987; Istock et al. 1992; Lenski 1993; Maynard Smith 1993; Maynard Smith et al. 1993; O’Rourke
and Stevens 1993; Bottomley, Cheng, and Strain 1994;
Wise, Shimkets, and MacArthur 1995).
Despite this potential for frequent and broad gene
exchange in bacteria, prokaryotes often form distinct
phenotypic and genetic clusters. The agreement of two
or more loci in inferred species relationships (Olsen and
Woese 1993; Maidak et al. 1997; Eisen 1995) supports
the view that bacterial species constitute coherent genetic lineages across which broad lateral transfer is relatively rare. Several MLEE analyses highlight factors
that may restrict recombination among bacterial populations by detecting groups of strains which undergo recombination and identifying the ecological, spatial, or
genetic parameters that best correlate with such groups.
For example, linkage equilibrium within but not between genetic clusters suggests genetic constraints to recombination (Maynard Smith 1993), such as limited
host ranges of plasmids (Young and Wexler 1988) or
sensitivity of homologous recombination to sequence divergence (Zawadski, Roberts, and Cohan 1995). Apparent recombination within but not between bacterial
groups occupying distinct habitats suggests that local
populations lack opportunities for recombination (Souza
1992; Maynard Smith et al. 1993; Souza et al. 1994).
Such populations may diverge genetically if each experiences independent effects of drift or selection (Maynard Smith and Haigh 1974; Kaplan, Hudson, and Langley 1989; Cohan 1995). While previous studies point to
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factors that may constrain gene flow in bacteria, further
studies of native strains are necessary to explore the
relative importance of genetic, ecological, and spatial
barriers to recombination.
The mapping of ecological factors onto genetic
data has been limited for bacteria due to the inability to
identify and sample from distinct ecological niches of
microbes. Bacterial symbionts associated with specific
hosts provide model systems in which one may identify
and sample from potentially distinct niches: different
host taxa. The nitrogen-fixing symbionts of legumes, the
Rhizobiaceae (or rhizobia), are an ideal group in which
to explore the importance of spatial, ecological, and genetic barriers to lateral gene transfer across bacterial lineages. The family consists of three main branches of
symbionts within the alpha subdivision of the proteobacteria, including the slow-growing genus Bradyrhizobium, the stem-nodulating Azorhizobium, and the
‘‘fast-growing’’ rhizobia, which include Rhizobium, Sinorhizobium, and Mesorhizobium (but see Terefeword et
al. 1998 for evidence that Rhizobium galegae constitutes
a distinct genus). Polyphasic taxonomy and sequence
variation at ribosomal RNA genes clearly distinguishes
major groups and sets Mesorhizobium apart from the
other fast-growing genera (Young and Haukka 1996).
However, establishing species relationships will require
additional data and/or taxa, as current species phylogenies differ and depend on the data set and model of
phylogenetic reconstruction (Martinez-Romero 1994;
Martinez-Romero and Caballero-Mellado 1996; Young
1996; Young and Haukka 1996; Terefeword et al. 1998).
Extensive biochemical and molecular characterization of the legume–rhizobia interaction in agricultural
strains has provided a framework for predictions about
the dynamics of the symbiosis in native populations. An
effective symbiosis requires several bacterial symbiotic
(sym) loci, including nitrogen-fixation (nif) loci and nodulation (nod) genes that encode Nod factors which trigger nodule formation (reviewed in Long 1989; Martinez,
Romero, and Palacios 1990; Relic et al. 1994). The common nod genes, nodA, nodB, and nodC, occur in all
symbiotic rhizobia, encode the backbone of the Nod factor, and are often clustered with several additional, hostspecific nod genes. Studies of the genera Rhizobium and
Sinorhizobium indicate that nod genes may be the primary determinants of host-specificity in the field (Brewin, Wood, and Young 1983; Schofield et al. 1987;
Spaink et al. 1987; Young and Wexler 1988; Martinez,
Romero, and Palacios 1990; Laguerre et al. 1992; Relic
et al. 1994; Laguerre et al. 1996). The ability of these
sym loci to transfer across divergent chromosomal lineages has been shown in the lab (Spaink et al. 1987;
Martinez, Romero, and Palacios 1990; Relic et al. 1994)
and in agricultural populations (Young and Wexler
1988; Laguerre et al. 1992; Sullivan et al. 1995; Laguerre et al. 1996). Such transfer may be facilitated by
the clustering of nod and nif genes on transmissible plasmids in Rhizobium and Sinorhizobium species (Martinez, Romero, and Palacios 1990) or on transposon-like
elements in Mesorhizobium loti (Sullivan et al. 1995;
Sullivan and Ronson 1998). The loss and reacquisition
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of sym plasmids may occur frequently in the field. In
Rhizobium leguminosarum, for instance, the sym plasmid is not essential for the survival of nonsymbiotic
strains in the soil, where it is lost at high frequencies
(Laguerre, Bardin, and Amarger 1993). Sym gene transfer is also supported by discordance between the genealogies of nod and 16S rRNA loci, which points to broad
lateral transfer during the diversification of the family
(Young and Johnston 1989; Dolbert, Brell, and Triplett
1994; Ueda et al. 1995; Young 1996; Young and Haukka
1996).
Due to the involvement of nod loci in host-specificity, sym gene transfer has been viewed as important
in decoupling the adaptation of rhizobial populations to
different host plant species and soil microhabitats
(Sprent 1994). For example, rhizobial populations may
adapt to distinct soil habitats and diverge at chromosomal housekeeping loci, yet share a ‘‘pool’’ of sym plasmids and nodulate the same host legume species across
habitats. In R. leguminosarum, the transfer of host-specific symbiotic genes may allow the same chromosomal
genotype to nodulate distinct host plants. A strain of this
species may associate with one of at least three legume
genera, Trifolium, Viceae, or Phaseolus, depending on
its particular type of sym plasmid (Martinez, Romero,
and Palacios 1990). In population level studies (Young
and Wexler 1988; Laguerre et al. 1992; Laguerre, Bardin, and Amarger 1993; Sullivan et al. 1995; Laguerre
et al. 1996) and phylogenetic surveys (Dolbert, Brell,
and Triplett 1994; Ueda et al. 1995), stronger correlations of host plant groups with nod genotypes than with
rhizobial chromosomal genotypes suggest that host plant
associations are important in structuring nod gene divergence.
Recent studies of native systems show that the fastgrowing rhizobia vary in both aspects of the symbiotic
dynamics: sym gene transfer across chromosomal lineages and specificity of rhizobia–legume interactions (reviewed in Hirsch 1996). First, levels of sym gene transfer may be reduced in native settings by ecological,
physiological, or geographical constraints on gene exchange, or the inability of nod loci to function in distinct
chromosomal backgrounds. Recent population level
analysis (Wernegreen, Harding, and Riley 1997) and
phylogenetic characterization (Haukka, Lindstrom, and
Young 1998) of native isolates show correlations of nod
and chromosomal genotypes that argue against broad
sym gene transfer. Further studies of native systems are
necessary to assess the breadth of nod gene transfer and
the ecological or genetic factors that may restrict lateral
transfer.
Second, native rhizobia represent a wide range of
host-specificity. Specific legume interactions have been
demonstrated within populations of native Rhizobium
(Wernegreen, Harding, and Riley 1997) and the distantly
related Bradyrhizobium (Parker 1995). However, even
among agricultural isolates, host interactions may be
less specific. Single rhizobial genotypes may cross-inoculate diverse legume species or genera (Hashem et al.
1997), and, conversely, single legume species may associate with several rhizobial genotypes (Kishinevsky,

HOST PLANT SPECIES

Medicago sativa
Medicago orbicularis
Medicago truncatula
Medicago
Medicago littoralis
Medicago sativa
Melilotus alba
M. alba
Melilotus officianalis
Trigonella suavissima
T. suavissima
T. suavissima
Trigonella balansae
Trigonella corniculata
Trigonella foenumgraecum
Trifolium hybridum
Trifolium tembense
Trifolium repens
Trifolium resupinatum
Trifolium (annual species)
Trifolium semipilosum
Pisum sativum
Pisum
Pisum hortense
Pisum sativum
Galega officianalis
G. officianalis
G. officianalis
G. officianalis
Galega (commercial innoculant)
Galega orientalis
Galega
Glycyrrhiza mulenses
Glycyrrhiza lepigota
Astragalus hypoglottis
Astragalus falcatus
Astragalus adsurgens
Astragalus americanus
Astragalus uliginosus
Hedysarum mongolicum
Hedysarum boreale
H. boreale
Hedysarum alpinum

STRAIN IDa

MED1 . . . . . . . . . . . .
MED2 . . . . . . . . . . . .
MED3 . . . . . . . . . . . .
R.MEL (gb) . . . . . . .
MED4 . . . . . . . . . . . .
MED5 . . . . . . . . . . . .
MEL1 . . . . . . . . . . . .
MEL2 . . . . . . . . . . . .
MEL3 . . . . . . . . . . . .
TRIG1 . . . . . . . . . . . .
TRIG2 . . . . . . . . . . . .
TRIG3 . . . . . . . . . . . .
TRIG4 . . . . . . . . . . . .
TRIG5 . . . . . . . . . . . .
TRIG6 . . . . . . . . . . . .
TRIF1 . . . . . . . . . . . .
TRIF2 . . . . . . . . . . . .
TRIF3 . . . . . . . . . . . .
TRIF4 . . . . . . . . . . . .
TRIF5 . . . . . . . . . . . .
TRIF6 . . . . . . . . . . . .
PISU1 . . . . . . . . . . . .
VICEAE (gb) . . . . . .
PISU2 . . . . . . . . . . . .
PISU3 . . . . . . . . . . . .
GAL1. . . . . . . . . . . . .
GAL2. . . . . . . . . . . . .
GAL3. . . . . . . . . . . . .
GAL4. . . . . . . . . . . . .
GAL5. . . . . . . . . . . . .
GAL6. . . . . . . . . . . . .
R. galegae (gb). . . . .
GLYC1 . . . . . . . . . . .
GLYC2 . . . . . . . . . . .
AST1 . . . . . . . . . . . . .
AST2 . . . . . . . . . . . . .
AST3 . . . . . . . . . . . . .
AST4 . . . . . . . . . . . . .
AST5 . . . . . . . . . . . . .
HEDY1 . . . . . . . . . . .
HEDY2 . . . . . . . . . . .
HEDY3 . . . . . . . . . . .
HEDY4 . . . . . . . . . . .

USDA
USDA
USDA
D. Gordon
USDA
USDA
USDA
USDA
D. Gordon
D. Gordon
D. Gordon
USDA
USDA
USDA
USDA
USDA
USDA
USDA
USDA
USDA
USDA
K. Lindstrom
USDA
USDA
K. Lindstrom
K. Lindstrom
K. Lindstrom
K. Lindstrom
K. Lindstrom
E. Wang
USDA
USDA
USDA
USDA
USDA
K. Lindstrom
E. Wang
USDA
USDA
K. Lindstrom

Greece
Pakistan
Virginia
Florida
Oklahoma
Australia
Australia
Australia
California
California
North America
Turkey
Australia
Brazil
Tunisia
North America
Kenya
Former Yugoslavia
U.S.A.
Illinois
Prague
New Zealand
New Zealand
New Zealand
North America
Finland
Shanxi
South Dakota
South Dakota
Afghanistan
North Dakota
Alaska
Altai
China
Alaska
Alaska
Moscow

SOURCEb

Australia
Syria
Jordan

COLLECTING LOCATION

Table 1
Rhizobial Strains, Host Legume Species, Collecting Regions, and GenBank Accession Numbers

Sh19351
3620
3143
3353
3357
3584
CIAM0128
N95
3876
3883
CIAM2026

CIAM1115
2370
3394
CIAM1141
CIAM1143
CIAM1146
CIAM490
CIAM540

WSM870
1944
1079
1083
1088
CC2129
CC2155
CC2160
1114
1115
1177
2061
2163
2235
2240
2M1614
7104
2386

1953
1955
1970

STRAIN NAMEc

AF063964
AF063965
AF063969

AF063961
AF063962
AF063963
AF063968

AF063975

AF063955
AF063956
AF063957
AF063958
AF063959
AF063960

AF063974

AF063941
AF063942
AF063943
X17523
AF063947
AF063954
AF063948
AF063949
AF063950
AF063944
AF063945
AF063946
AF063951
AF063952
AF063953
AF063973

GSII

AF064005

AF063986
AF064013
AF064017
AF064018
AF064014
AF064009
AF064012
AF063985
AF064008

AF063984
AF064002
AF064003

AF063983
AF063982
AF064000
AF064001

AF063980
AF063981
AF063987

AF063997
AF063998
AF063991
AF063992
AF063993
AF063977
AF063978
AF063979

AF063988
AF063989
AF063990

AF063999

AF063994
AF063995
AF063996

16S rRNA

GENBANK ACCESSION NUMBERS

AF063452
AF063453
AF063454
M11268
AF063458
AF063465
AF063459
AF063460
AF063461
AF063455
AF063456
AF063457
AF063462
AF063463
AF063464
AF063486
AF063487
AF063488
AF063489
AF063490
AF063491
AF063492
Y00548
AF063494
AF063496
AF063466
AF063467
AF063468
AF063469
AF063470
AF063471
X87578
AF063450
AF063493
AF063472
AF063473
AF063474
AF063475
AF063480
AF063451
AF063476
AF063477
AF063481

nodBC
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In cases in which sequences were downloaded from GenBank, strains are labeled ‘‘gb’’ and accession numbers are given in italics.
Collection or individual from which rhizobial strain was obtained. Most strains were provided by Dr. P. VanBerkum at the U.S. Department of Agriculture (USDA). Other strains were provided by D. Gordon at the Australian
National University, B. D. Kishinevsky of the Agricultural Research Organization of the Volcani Center, K. Lindstrom at the University of Helsinki, and E. Wang at the Beijin Agricultural Center.
c Rhizobial strain name in original collection.
b

a

AF063976
AF063971
AF063967
AF063966
AF063972
X67296

16S rRNA

AF064004
AF064015
AF064006
AF064016
AF064007
AF064010
AF064011
AF063970

GSII
nodBC

AF063482
AF063484
AF063495
AF063483
AF063479
AF063478
AF063485
M58626
CIAM2032
N1
CIAM1416
CIAM2209
4007
4004
4003
K. Lindstrom
D. Kishinevsky
K. Lindstrom
K. Lindstrom
USDA
USDA
USDA
Moscow
Israel
Moscow
Altai
Alaska
Alaska
Alaska

COLLECTING LOCATION
HOST PLANT SPECIES

H. alpinum
Hedysarum pallens
H. alpinum
Oxytropis ampanulata
Oxytropis deflexa
O. deflexa
O. deflexa
Phaseolus

STRAIN NAMEc
SOURCEb
STRAIN IDa

Table 1
Continued

HEDY5 . . . . . . . . . . .
HEDY6 . . . . . . . . . . .
HEDY7 . . . . . . . . . . .
OXY1 . . . . . . . . . . . .
OXY2 . . . . . . . . . . . .
OXY3 . . . . . . . . . . . .
OXY4 . . . . . . . . . . . .
R. phaseoli (gb) . . . .

GENBANK ACCESSION NUMBERS
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Sen, and Yang 1996; Van Berkum et al. 1998). The relatively broad host range of native Mesorhizobium has
been shown in several recent studies, including studies
of the symbionts of the legume genera Astragalus, Oxytropis, and Onobrychis, which often group independently of host plant genus and are able to cross-inoculate
legume genera (Prevost, Bordeleau, and Antoun 1987;
Prevost et al. 1987; Novikova et al. 1994; Laguerre et
al. 1997), and Mesorhizobium nodulating Lotus (Sullivan et al. 1996) and Cicer (Nour et al. 1995), which
represent a heterogeneous group of genotypes associated
with single legume species.
Mechanisms for this type of broad host range include allelic variation at nod loci (Brom et al. 1991),
the presence of several nod genes (Perret et al. 1998),
and the convergence of different strains onto the same
nodulation phenotype despite the fact that they have distinct nod loci (Haukka, Lindstrom, and Young 1998).
These possibilities may be distinguished by characterizing legume associations at both rhizobial sym and
housekeeping loci. For example, nod genes of M. loti
occur on a transposon-like mobile element that transfers
into diverse chromosomal genotypes in the field and
confers on divergent strains the ability to nodulate the
same host plant species (Sullivan et al. 1995; Sullivan
and Ronson 1998). This rapid transfer suggests that the
host range dynamics of Mesorhizobium may involve the
acquisition of distinct sets of sym loci. However, a broad
host range may also result from convergence of distinct
nod genotypes on the same nodulation phenotype, as
suggested by the overlapping host ranges for deep lineages of Mesorhizobium and Sinorhizobium, which are
distinct at 16S rRNA, nod, and nif loci (Haukka, Lindstrom, and Young 1998).
The first aim of this study was to explore the genetic plasticity of native rhizobia isolated from several
legume genera in the subfamily Papilionoideae. Tests of
phylogenetic congruence are useful for detecting recombination, as congruence indicates that different gene regions share a similar evolutionary history, while incongruence points to cases of horizontal gene transfer (Dykhuizen and Green 1993). In this study, phylogenies
were compared across nodB, nodC, and two chromosomal loci, 16S rRNA and glutamine synthetase II
(GSII), the latter of which is critical for ammonium assimilation and is considered important in core metabolism (Taboada et al. 1996). These three loci were compared in order to test whether the two chromosomal
housekeeping genes subdivide strains similarly, and to
explore whether nod loci transfer broadly across chromosomal lineages. While studies of agricultural Rhizobium and Sinorhizobium predict that nod loci may transfer across divergent chromosomal lineages, recent work
suggests that broad sym gene transfer may be constrained among native isolates. The second goal of this
study was to assess the importance of host associations
in shaping the genetic differentiation of native rhizobia
by examining legume associations at rhizobial chromosomal and nod genotypes. In previous studies of agricultural Rhizobium and Sinorhizobium strains, host plant
maps well across rhizobial nod phylogenies but not
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across chromosomal phylogenies (Dolbert, Brell, and
Triplett 1994; Ueda et al. 1995; Young and Haukka
1996). However, the potential for broad-host-range
strains, particularly among the Mesorhizobium, suggests
that the host plant may map poorly across both nod and
GSII phylogenies. In addition, comparing host associations at both sym and housekeeping loci allows us to
explore the genetic mechanisms that underlie host range
dynamics: specifically, whether the broad host range of
particular chromosomal genotypes may be attributed to
lateral transfer of nod loci.

regions of the 16S rRNA molecule (Eardly, Wang, and
Van Berkum 1996). Therefore, the short region was not
subjected to phylogenetic analysis, but was used only to
identify the rhizobial species represented. To this end,
the partial sequences were aligned against all existing
prokaryotic 16S rRNA sequences in the Ribosomal Database Project (RDP) (Maidak et al. 1997). A strain was
assigned the same species ID as the sequence in the
RDP that had the highest similarity to our submitted
sequences and constituted more than 90% of the complete 16S rRNA sequence.

Materials and Methods
Rhizobial Strains

Phylogeny Estimations
Phylogenetic trees of rhizobial nodB, nodC, and
GSII genes were inferred with maximum-parsimony (using PAUP, version 3.1.1; Swofford 1993) and neighborjoining analyses (Saitou and Nei 1987) using MEGA
(Kumar, Tamura, and Nei 1993) with Kimura’s (1980)
two-parameter nucleotide distances. Confidence in topologies was assessed using bootstrapping (100 replicates).
Genealogies of nodB and nodC were rooted with
R. leguminosarum bv. phaseoli (or Rhizobium phaseoli).
The GSII tree was left unrooted due to lack of an appropriate outgroup. Relationships among legume genera
were obtained from combined morphological and molecular phylogenetic analysis of previous studies (see
legend of fig. 5).
Native strains were placed into a phylogenetic
framework by assigning species identifications based on
similarity with type strains at the region of 16S rRNA
sequenced here (as described above). A maximum-likelihood-based phylogeny of the full 16S rRNA of the type
rhizobial species represented, as well as other related
species, was downloaded from the RDP (Maidak et al.
1997). This phylogeny agrees with broad relationships
among rhizobia published elsewhere (Martinez-Romero
1994; Martinez-Romero and Caballero-Mellado 1996;
Young 1996; Young and Haukka 1996; Terefeword et
al. 1998). Given the uncertain resolution of some species
relationships (see Introduction), the 16S rRNA data set
was used only to identify the species represented and to
estimate broad (generic) relationships for the purposes
of this study.

Forty-seven rhizobial strains, representing isolates
from nodules of 13 genera of the temperate herbaceous
Papilionoideae across several continents, were obtained
from existing culture collections (table 1). Strains are
considered native in that they were isolated from native
host plants in the host’s native geographical range.
Strains were selected to represent a diverse range of host
plants within the temperate Papilionoideae. In cases in
which host plant genera have overlapping ranges, regions of geographical overlap were sampled whenever
possible in order to distinguish the effects of host plant
and geographic location. Sequences of nodB, nodC,
GSII, and/or 16S rRNA were obtained from GenBank
for four additional rhizobial strains.
Molecular Methods
Cultures were streaked on yeast mannitol (YM)
(Somasegaran 1994) plates for 3–5 days at 308C. Single
colonies were inoculated into 10 ml YM broth and
grown shaking for 3–5 days at 28–308C. Genomic DNA
of each strain was prepared as described previously (Demezas et al. 1991). Regions of nodBC, GSII, and 16S
rRNA loci were amplified by PCR using the primers and
reaction conditions described in table 2. PCR products
were gel-purified (Quiagen gel-purification kit) and cycle-sequenced using the primers listed in table 2. A portion of each PCR product (approximately one third of
the total length) was sequenced on both strands, and the
remainder was sequenced on a single strand. All sequences obtained were submitted to GenBank, and accession numbers are given (table 1).
Sequence Alignment
Multiple alignments of inferred protein sequences
nodB, nodC, and GSII were performed with CLUSTAL
W (Thompson, Higgins, and Gibson 1994), using the
Gonnet distance matrix for estimating amino acid substitutions. For one region of each of nodB and nodC and
the intergenic spacer (IGS) region between the loci,
alignments were ambiguous across major subdivisions
and were included only in within-group analyses (table
3).
The high variability of the 16S rRNA region sequenced increases the likelihood of identifying distinct
16S rRNA genotypes. However, this region alone is insufficient for phylogenetic analysis and has in fact been
shown to give phylogenies that are discordant with other

Character-Mapping Analysis
In order to determine the importance of host plant
genus and geographical region in shaping genetic divergence of rhizobial loci, both factors were mapped as
discrete characters across nod and GSII genealogies.
Character fit was estimated by the length across topologies and the consistency index (CI; MacClade, version
3.05; Maddison and Maddison 1992). For the purpose
of character mapping, ambiguous nodes in Rhizobium
genealogies were treated in two ways: (1) Nodes lacking
strong support (bootstrap value , 80%) were treated as
‘‘soft polytomies,’’ which allow the shortest possible
length of a character across the node. (2) Nodes with
weak support (bootstrap value , 50%) were randomly
resolved, and character fit was calculated across each of
100 possible resolutions. For both methods, significance
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Table 2
Primers and Cycling Conditions Used to Amplify and Sequence Rhizobial nodBC, GSII, and 16S rRNA Loci
A. Primer Names, Concentrations of Magnesium Sulfate, Annealing Temperatures, and Primer Sequences for PCR Amplification
Primera

MgSO4
Concentration

Annealing
Temperature

Primer Sequence

Amplification of GSII, extension time 55 s
GSF1A . . . . . . .
6 mM
728C
GSR1A . . . . . . .
GSF1B . . . . . . .
2 mM
708C
GSR1B . . . . . . .

ATGACMAARTWTAAGCTCGAGTACATYTGGCTYGAT
AGRAYSWNNGAASSATCTGGTAGGGGTCGCC
TAAGCTCGAGTACATTYTGGCTYGAT
GAASSATCTGGTAGGGTCGCC

Amplification of nodB and nodC, extension time 1 min 20 s
nodB2F . . . . . . .
4 mM
558C
566R2 . . . . . . . .
nodB3F . . . . . . .
2 mM
678C
nodC3R. . . . . . .

TGACGTTYGACGACGGTCCNAATCC
(Ueda 1995)
TACCTGACSTTYGAYGACGGTCC
GGGCCGCAGCAACACATAACNGC

Amplification of 16S rRNA, extension time 30 s
Y1 . . . . . . . . . . .
4 mM
628C
Y2 . . . . . . . . . . .

Young et al. (1991)
Young et al. (1991)

B. Internal Primers Used for Cycle Sequencing of GSII and nodBC, and Rhizobial Isolates Sequenced with Each Primerb
Isolates Sequenced with
Specific Primers

Internal Primer
GSII
GSR2seq . . . . . . . . .

TGCATGCCSGAGCCGTTCCAGTC

nodBC
seqnod.f2 . . . . . . . . .
NDTRIFR2 . . . . . . .
2163nod2R . . . . . . .
ND4F2386. . . . . . . .
NOD2386R . . . . . . .
nod4seqF . . . . . . . . .
nd4Rmed . . . . . . . . .
N95nodR2 . . . . . . . .
ShnodBR . . . . . . . . .
nodgal2F . . . . . . . . .
nodgal2R . . . . . . . . .
nd4Fciam. . . . . . . . .

CTTTCAAGATCGATGA
GGATAGTCCTGGTTGGC
GGATAATCCTGGTTACGTAGG
TTGGTCCGGCACTTACGAG
CATAGRCAGCGCGCTGAGCC
CCTTATGGTGTCTGGAGCGAGGAAGC
CATCATCAACGACATAGACTCGC
TCTCTGGGAGCAGAATGAA
TCTGGATCTCGCATCTTCGAG
CATGCGCTGGCGCTTCTAT
AAGATTGCCTCACGATTGC
ACGTCAAATAGTCGAGGCAAGC

nd4Rciam . . . . . . . .
nd4F3620. . . . . . . . .
3143nod2F . . . . . . .
3353nod2F . . . . . . .
N1nod4F . . . . . . . . .

CGTCGCGATTTCCAGAACCGTCATCA
CCTCGAGATTGGTCTCGC
TCATGATCCGGTGTCCMCAGGC
CATCAAAGTGGCTTGTGCTC
CCTATGGGATCTGGA

TRIF
TRIF (except TRIF1)
TRIF1
PISUM
PISUM
MED, MEL, TRIG, GLYC1, HEDY1
MED, TRIG, TRIF
HEDY1
GLYC1
GAL
GAL
Mesorhizobium
(except GLYC2, AST1, AST2, OXY1, HEDY6)
Mesorhizobium
GLYC2
AST1
AST2
OXY1, HEDY6

a Primers with F’s in their names are forward primers that match the coding strand (i.e., anneal to the noncoding strand), and those with R’s in their names are
reverse primers that match the noncoding strand (i.e., anneal to the coding strand). All primer sequences are listed 59 to 39. PCR conditions: Vent exo1 (proofreading)
polymerase was used in 1 3 buffer (supplied in 10 3 concentration by New England Biological Co.). Primers were used at 1 mM final concentration, dntp’s at 0.2
mM, and Vent at 1 U/100 ml reaction; 10–50 ng of genomic DNA was used as a template. Reactions were 50 or 100 ml final volume. PCR cycling conditions
were identical for each reaction, except for annealing temperature and extension time, which are listed for each primer pair. General cycling conditions were as
follows: 968C for 1 min 30 s; 30 cycles of 968C for 30 s, annealing temperature for 30 s, 728C for extension time; and 728C for 3 min.
b PCR products were gel-purified (Qiagen gel-purification kit) and diluted to approximately 30 ng/ml. Products were cycle-sequenced using the ABI PRISM
Dye Terminator Cycle Sequencing Ready Reaction Kit (Perkin Elmer), following the standard protocol for the Perkin Elmer 9600 PCR machine, and ethanol precipitation
of sequencing reactions. PCR primers were used for sequencing the end regions of PCR products, and internal regions were sequenced with the primers listed.

was determined by comparing the length of the character
across the empirical tree to the distribution of lengths
across a pool of 100 random topologies of the same set
of taxa (MacClade, version 3.05; JMP 3.1.5 program,
SAS Institute, Cary, N.C.). P values represent the proportion of random topologies across which the character
has the same or better fit. P values for method 2, above,
were based on the maximum character length across random resolutions. Unless stated otherwise, P values are
the same for methods 1 and 2.

Tests of Phylogenetic Congruence
Congruence between nod genes and host plant phylogenies was explored using TREEMAP (Page 1994).
Levels of similarity between topologies of the host legume tree and the nodB and nodC genealogies were
tested by comparing the number of inferred cospeciation
events shared by two trees with the number shared between one empirical tree and a set of randomly generated topologies. Congruence among rhizobial nodB,
nodC, and GSII data sets was assessed by Templeton’s
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Table 3
Rhizobial Gene Regions Sequenced in this Study, Numbers of Sites, and Numbers of
Parsimony-Informative Positions

Gene Region
nodB . . . . . . . . . . . . . . . . . . . . . . .
nodC . . . . . . . . . . . . . . . . . . . . . . .
GSII . . . . . . . . . . . . . . . . . . . . . . .
IGS (intergenic spacer
between nodB and nodC) . . . .
16S rRNA . . . . . . . . . . . . . . . . . . .
a
b

No. of
Nucleotides
No. of Nucleotides
Sequenceda Included in the Analysisb
555
549
891

522
480
No ambiguous regions

35
284

0
No ambiguous regions

No. of
Parsimony-Informative
Sitesb
304
277
282
33 (48 variable sites)

Length of region sequenced includes gaps introduced in alignment.
Sites with ambiguous alignment were excluded from the total analysis across all sequences.

test (as modified by Felsenstein 1985) and the incongruence length difference (ILD) test (Farris et al. 1985).
Results
Isolates Represent Several Distinct Species of
Fast-Growing Rhizobia

resented, including: R. leguminosarum, Rhizobium etli,
R. galegae, Sinorhizobium meliloti, M. loti, Mesorhizobium huakuii, and Mesorhizobium ciceri. The RDP 16S
rRNA phylogeny (Maidak et al. 1997) clearly shows that
Sinorhizobium and Rhizobium form a group distinct
from Mesorhizobium (fig. 1).

Strains were affiliated with type rhizobial species
based on their similarity at 16S rRNA with other sequences in the RDP (Maidak et al. 1997). Several different species within the fast-growing rhizobia are rep-

Phylogenies of Rhizobial Loci
For each rhizobial locus sampled (nodB, nodC, and
GSII), groups that were strongly supported by parsimony methods were not contradicted by distance meth-

FIG. 1.—Phylogeny of several type rhizobial species (*) and other related bacteria, based on 16S rRNA. Relationships are based on a
maximum likelihood of full (.90% complete) 16S rRNA sequences (Felsenstein 1981; Olsen et al. 1994), and branch lengths are proportional
to the number of nucleotide substitutions per base pair. The tree was downloaded from the Ribosomal Database Project (Maidak et al. 1997).
Although species relationships within genera are not well resolved, the relationships among genera generally agree among published phylogenies
(see text). Based on similarity at a portion of 16S rRNA, strains in this study were affiliated with the type species in boldface.
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FIG. 2.—Phylogeny of combined data of nodBC, and the intergenic spacer (IGS) region across Rhizobium and Sinorhizobium isolates. Both
nodB and nodC divide strains into two major clades: clade A, presented, and clade B (Mesorhizobium), for which nodB and nodC were treated
separately (see text and fig. 3). Strains are labeled by geographical regions and 16S rRNA groups (in boldface at nodes). Strains are named
according to the host plant genus from which they were isolated (table 1). The tree is based on 619 parsimony-informative sites, is rooted with
members of the Mesorhizobium, and is the strict consensus of two most-parsimonious trees (tree length 5 1,747, consistency index [CI] 5
0.6027, homoplasy index [HI] 5 0.3973, retention index [RI] 5 0.8806, rescaled consistency index [RC] 5 0.5308). Branch lengths are
proportional to the number of nucleotide changes, and bootstrap values above 80% are given at nodes.

ods, and vice versa. Only parsimony-based trees are presented.
Both nodB and nodC divide strains into two large
clades (nod clades A and B) one branch from the root
(figs. 2 and 3). Nod clade A includes only Rhizobium
and Sinorhizobium, and nod clade B includes only Mesorhizobium. For Rhizobium and Sinorhizobium, nodB
and nodC data sets are not significantly heterogeneous
by either Templeton’s test or the ILD test (P . 0.05 for
each test) and are therefore combined in a single phylogenetic analysis (fig. 2). Within clade A, nod genes of
Rhizobium are generally distinct from those of Sinorhizobium. Across Mesorhizobium (nod clade B), nodB
and nodC data sets are significantly heterogeneous (P ,
0.01 for each test); consequently, the nod loci are considered separately for this genus (fig. 3). Despite their

chromosomal divergence, M. loti are virtually identical
at nodB and nodC (nod clade ‘‘B2,’’ fig. 3). Phylogenetic analysis at GSII also subdivides strains into three
well-supported clades (1, 2, and 3, corresponding to Sinorhizobium, Rhizobium, and Mesorhizobium, respectively).
NodB, nodC, 16S rRNA, and GSII Subdivide Strains
into the Same Major Groups
GSII, 16S rRNA, and nod loci divide strains into
the same three major groups, corresponding to the three
genera of fast-growing rhizobia (figs. 2–4). This correspondence suggests that transfer of nod genes and GSII
among genera is restricted. The exceptions are R. leguminosarum bv. phaseoli, which falls outside both of
the major groups at nodB and nodC but groups closely
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FIG. 3.—Relationships among Mesorhizobium isolates at nodB (left) and combined data of nodC and the intergenic spacer region (right).
The two nod data sets are significantly heterogeneous (see text) and were analyzed separately. Mesorhizobium strains are labeled by geographical
regions and 16S rRNA groups (in boldface at nodes), and are named according to the host plant genus from which they were isolated (table 1).
One closely related nod group, marked ‘‘B2,’’ is virtually identical at nodB and nodC. The nodB and nodC trees are based on 164 and 144
parsimony informative sites, respectively, and represent the single most-parsimonious tree for nodB (tree length 5 304, consistency index [CI]
5 0.7533, homoplasy index [HI] 5 0.2467, retention index [RI] 5 0.8348, rescaled consistency index [RC] 5 0.6288) and the consensus of
two most-parsimonious trees for nodC (tree length 5 306, CI 5 0.6667, HI 5 0.3333, RI 5 0.7323, RC 5 0.4882). Branch lengths reflect the
number of nucleotide changes, and bootstrap values above 80% are given at nodes.

with another R. leguminosarum isolate (TRIF5) at GSII,
and the strains GLYC1 and HEDY1, which group with
Sinorhizobium at nodBC but are identical to R. etli at
the 16S rRNA region sequenced. In addition, the fact
that two Rhizobium species (R. galegae and R. leguminosarum) are distinct at GSII and nod loci suggests that
transfer between them is restricted.
Evidence for Transfer of nod Genes Within Major
Groups
Within each genus, nod and GSII genes are significantly heterogeneous by both Templeton’s test (P ,
0.01 for all mappings of nod data sets across the GSII
phylogenies; table 4) and the ILD test (P , 0.01 for
each test; table 4). This heterogeneity of nod and GSII
data sets suggests that the two loci have different evolutionary histories within major clades. For example,
heterogeneity of nod and GSII data sets within each of
the genera Rhizobium and Sinorhizobium argues for nod
gene transfer within each, and the grouping of R. etli
strains GLYC1 and HEDY1 with Sinorhizobium at nodB
and nodC argues for one case of transfer across the two
genera. Significant data set heterogeneity also suggests
sym gene transfer within the Mesorhizobium. The clear-

est case of nod gene transfer is found for M. loti. The
GSII phylogeny suggests that M. loti is basal, diverse,
and paraphyletic; however, M. loti nod genes form a
tight cluster of virtually identical genotypes (fig. 3 vs.
fig. 4). This discrepancy strongly suggests recent lateral
transfer of nod genes into diverse M. loti strains.
Mapping of Host Plant Genus and Geographical
Region Across Rhizobial Phylogenies
The relationship among the rhizobial genera represented generally reflects that among the host plants
from which they were isolated. Sinorhizobium and Rhizobium, which group apart from Mesorhizobium, were
isolated primarily from Medicago and Trigonella (Sinorhizobium) and from Trifolium, Galega, and Pisum
(Rhizobium) (fig. 2). Mesorhizobium were isolated exclusively from the basal legume genera Glychyrrhiza,
Hedysarum, Astragalus, and Oxytropis (fig. 3). The exceptions are the R. etli strains HEDY1 and GLYC1,
which were isolated from Glycyrrhiza and Hedysarum,
respectively.
Strict associations between nod genotypes and host
legume groups are apparent for R. leguminosarum and
R. galegae, as nod genes of Trifolium, Galega, and Pi-
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FIG. 4.—Phylogeny of rhizobial GSII loci. Analysis was based on 282 parsimony-informative sites, and the tree presented is the 50%
majority-rule consensus tree of 368 MP trees (tree length 5 770, consistency index [CI] 5 0.5091, homoplasy index [HI] 5 0.4909, retention
index [RI] 5 0.8371, rescaled consistency index [RC] 5 0.4261). Nodes defining the three major groups (clades 1, 2, and 3) are marked
and correspond with rhizobial genera Sinorhizobium, Rhizobium, and Mesorhizobium, respectively. Strains are labeled by geographical region
and 16S rRNA groups, and strain names reflect host plant genus (table 1). The tree presented is unrooted (but was rooted at the midpoint
for illustrative purposes only). Branch lengths reflect the number of nucleotide changes, and bootstrap values above 80% are given at nodes.
Bootstrap analysis for each of the three major clades was performed by resampling five members of each clade; in each resampling, 100%
bootstrap support was obtained for each of the three clades. Bootstrap support was estimated by including all strains within a given clade,
as well as representatives of the other two clades as outgroups.

sum form three distinct clades. Likewise, Sinorhizobium
strains isolated from the closely related legume genera
Trigonella, Melilotus, and Medicago form a single clade
at nodBC (fig. 2). This strong association between host
plant genus and nodBC alleles is reflected in a high CI
(0.78) and the fact that character fit is better than that
across random topologies (P , 0.01). The mapping of
host plant genus across the Mesorhizobium nod phylog-

eny is less clear (fig. 3). Host plant genus also maps
well when ambiguous nodes are collapsed to soft polytomies (method 1; P , 0.01 for both nodB and nodC),
but it maps poorly when ambiguous nodes are randomly
resolved (method 2; P 5 0.2 for nodB, P 5 0.53 for
nodC). Similarly, for GSII, host plant maps well across
Sinorhizobium and Rhizobium but relatively poorly
across Mesorhizobium. Host plant genus has a shorter
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Table 4
Comparison of Rhizobial nodB, nodC, and GSII Loci Within the Major Clades Detected Using Templeton’s Test and
the Incongruence Length Difference Test

STRAINS COMPAREDa
nodB (clade B) vs. GSII (clade 3). . . . . . . . . . . . . . . . . . . . . . . . .
nodC (clade B) vs. GSII (clade 3) . . . . . . . . . . . . . . . . . . . . . . . .
nodBC (MED, MEL, TRIG) vs. GSII (clade 1) . . . . . . . . . . . . .
nodBC (GAL, TRIF5) vs. GSII (clade 2). . . . . . . . . . . . . . . . . . .

DATA SET
nodB
GSII
nodC
GSII
nodBC
GSII
nodBC
GSII

DISTIN.
CHAR.
89
62
67
72
50
61
26
22

FREQUENCY OF
CHARACTERS
SHORTER ACROSS:
nod tree GSII tree
0.89
0.13
0.87
0.58
0.98
0
0.85
0.59

0.11
0.87
0.13
0.41
0.02
1
0.15
0.41

P VALUESb
Temp.c

ILDd

,0.01
,0.01
,0.01
.0.05
,0.01
,0.01
,0.01
.0.05

,0.01
,0.01
,0.01
,0.01

NOTE.—Data Set 5 the data set mapped across the nod and GSII topologies, Distin. Char. 5 the number of nucleotide sites in that data set that are shorter
across one of the two topologies, Temp. 5 Templeton’s test, and ILD 5 the incongruence length difference test.
a Within nod clade B, the loci nodB and nodC are treated separately in the comparison with GSII (see text).
b Significant P values for either Templeton’s test or the ILD test indicate that the two molecular data sets are heterogeneous.
c As modified by Felsenstein (1985). Any ambiguities in rhizobial genealogies were treated to make Templeton’s test more conservative (i.e., to minimize the
chance of erroneously disproving the null hypothesis that the two data sets are congruent). In cases in which more than one most-parsimonious tree was obtained
for a given data set, the most-parsimonious tree most similar (i.e., with the shortest symmetric difference; PAUP 3.1, Swofford 1993) to the alternative topology
was selected, as suggested by Cunningham (1997).
d The ILD test (Farris et al. 1985) was conducted using the partition homogeneity test of PAUP4* (version 40d64, written by David L. Swofford).

length over the entire GSII phylogeny than it does across
random topologies (P , 0.01).
Nod Versus Legume Phylogenies
Given the close association of nod clades with host
plant groups, topologies of the rhizobial nod phylogenies were compared with known relationships among
host plant genera in order to test the historical stability
of the plant–bacteria association. The topology of the
relationship among the legume genera sampled was
compiled from the literature, and nod phylogenies were
pruned to preserve all evidence for host switching (see
legend to fig. 5). A very broad agreement between the
nod and legume phylogenies is apparent in the association of strains with derived nod alleles (Rhizobium and
Sinorhizobium) with relatively derived legume genera,
and in the association of Mesorhizobium nod loci with
basal legume genera. The fit of the legume tree to nodB
is significantly higher than expected by chance (P ,
0.002), but the general congruence between the legume
and nodC trees is not statistically significant at the 5%
level (P 5 0.054).
Mapping of Geographical Region Across Rhizobial
Phylogenies
Compared with host plant genus, geographical region has a relatively poor fit across rhizobial genealogies, as closely related strains often nodulate the same
host plant genus but represent several distinct geographical regions (table 1). The CI of geographical region
across the nod genealogy of Rhizobium and Sinorhizobium is relatively low (0.46), although this fit is
better than that across random topologies (P , 0.01).
Across the Mesorhizobium nod phylogeny, the mapping
of geographical region depends on the treatment of
poorly resolved nodes (data not presented). Likewise,
clades at GSII associated with a particular legume genus
often represent several geographical regions (fig. 4);

nevertheless, geographical region has a shorter length
across the GSII phylogeny than expected by chance (P
, 0.01).
Discussion
Empirical studies of genetic differentiation in bacteria primarily focus on clinical or agricultural isolates,
which may be subject to strong human-mediated selective pressures. In contrast, this study tests for phylogenetic congruence among loci in order to test for lateral
gene transfer among native isolates of rhizobia associated with temperate legumes. Studies of agricultural
strains suggest that specificity in the legume–bacterial
association may be largely due to host-specific nodulation loci (Martinez, Romero, and Palacios 1990). The
occurrence of these genes on transmissible plasmids or
elements in several rhizobial species may facilitate their
transfer across divergent groups and allow distinct chromosomal lineages to nodulate the same host plant
(Sprent 1994; Laguerre et al. 1996; Young and Haukka
1996; Sullivan and Ronson 1998). However, recent studies suggest that patterns of lateral gene transfer and hostspecificity may differ considerably between agricultural
and native isolates and may vary across rhizobial lineages (Parker 1995; Wernegreen, Harding, and Riley
1997; Haukka, Lindstrom, and Young 1998). Given the
complex dynamics of the interaction in native settings,
the goals of this study were to investigate the breadth
of lateral transfer of nod loci across native rhizobial
chromosomal lineages and to explore the host legume
associations at rhizobial sym and housekeeping loci.
Coherence of Major Subdivisions
The degree of congruence among genealogies of
symbiotic nod genes and the chromosomal locus GSII
was found to depend on the taxonomic level considered.
With the exception of an agricultural isolate included
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FIG. 5.—Phylogenies of legume genera (left) versus those of rhizobial nodB (middle) and nodC (right) loci. NodB and nodC were considered
separately in the analysis, since they give different topologies for the Mesorhizobium (see text). Relationships among legume genera are based
on combined morphological and molecular phylogenetic analyses of previous studies. The four tribes, along with genera included in this study
and references for previous studies on which phylogenetic relationships are based, are as follows: Hedysareae (genus sampled in this study:
Hedysarum; Chappill 1995; Sanderson and Liston 1995), Vicieae (Pisum; Sanderson and Liston 1995), the paraphyletic tribe Galegeae (Astragalus, Oxytropis, Galega, Glychyrrhiza; Chappill 1995; Sanderson and Liston 1995), and Trifolieae (Melilotus, Medicago, Trigonella, Trifolium;
Small 1987). Nod clades were pruned to a single representative taxon only if (1) they formed single clades at both nodB and nodC, and (2)
they were associated with just one host plant genus. This pruning method preserves all evidence for paraphyletic or polyphyletic groups at nod
loci associated with single host plant genera and thus retains all evidence of ‘‘switching’’ of nod alleles among different hosts. Two groups had
ambiguous relationships at nod loci: Sinorhizobium, for which the most parsimonious resolution was retained (despite bootstrap values less than
80%), and Mesorhizobium loti (nod clade ‘‘B2’’), which was pruned to a single ‘‘polymorphic’’ taxon associated with three host genera due to
the scarcity of parsimony-informative sites at either nodB or nodC. Similarity between phylogenies of the host legumes and nod loci was assessed
using TREEMAP, which compares the maximum number of cospeciation events between host and symbiont trees to the distribution of cospeciation events between the symbiont tree and 100 randomized host trees. The nodB and legume trees were more similar than expected by chance
(seven cospeciation events; P , 0.002). While similar, the nodC and legume tree are not significantly similar at the 5% level (nine cospeciation
events; P , 0.054).

for comparison (R. leguminosarum bv. phaseoli) and
two isolates of R. etli, strains were divided into the same
major clades at GSII, 16S rRNA, and nod loci. Based on
type rhizobial species at 16S rRNA, the three major subdivisions detected correspond with the genera Rhizobium, Sinorhizobium, and Mesorhizobium. This broad
agreement of nod loci with two housekeeping genes,
GSII and 16S rRNA, argues for the stability of symbiotic
loci within major chromosomal lineages and the independent genetic differentiation of rhizobial genera. A

similar pattern of genetic coherence was found among
native Mesorhizobium and Sinorhizobium nodulating leguminous trees, for which nod, nif, and 16S RNA subdivided strains similarly (Haukka, Lindstrom, and
Young 1998).
Associations with distinct ecological niches may
constrain gene flow among native bacterial strains
(Maynard Smith et al. 1993; Cohan 1994a, 1994b, 1995;
Souza et al. 1994). Among symbionts, associations with
distinct host taxa may restrict gene transfer and contrib-
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ute to the genetic divergence of populations and species
lineages. In this study, a broad correspondence between
rhizobial clades and host legume genera suggests that
host plant associations may be important in structuring
genetic divergence of nodulation and housekeeping loci.
Likewise, a general similarity of nod and legume phylogenies suggests that the association between the symbionts has been historically stable. Including geographically diverse strains from single host plant genera allowed a comparison of host and geographic effects. In
several cases, Rhizobium or Sinorhizobium were similar
at nod genes despite their collection from distant geographic locations. While our data suggest that host associations may restrict lateral transfer of nod genes, they
are not required for the type of genetic coherence observed. Haukka, Lindstrom, and Young (1998) found
that deep rhizobial lineages, distinct at chromosomal and
sym loci, may associate with the same legume species.
These authors suggest that sym gene transfer may be
restricted by the inability of nod genotypes to function
in divergent rhizobial chromosomal backgrounds.
Transfer Within Major Subdivisions
In contrast to the genetic stability of major lineages, significant incongruence (i.e., data set heterogeneity) of chromosomal and nod phylogenies within each
of the three genera points to the transfer of nod loci
among closely related strains. Perhaps the clearest case
of lateral gene transfer is the near identity of M. loti
strains at nodB and nodC, despite their divergence at
GSII. While the pattern could be explained by accelerated rates of evolution of GSII within M. loti, GSII is
known to be important in core metabolism and has been
shown to evolve at generally constant rates in other taxa
(Pesole et al. 1991). This high chromosomal diversity
within M. loti agrees with previous taxonomic work suggesting that the species may actually represent several
‘‘genomic species’’ (Sullivan et al. 1996). Sym gene
transfer across this diverse group may be facilitated by
the occurrence of nod loci on a mobile element, as was
recently demonstrated for an agricultural M. loti isolate
(Sullivan et al. 1995; Sullivan and Ronson 1998).
Patterns of host plant associations differ considerably for Mesorhizobium versus Rhizobium and Sinorhizobium. Host plant maps relatively well across Rhizobium and Sinorhizobium, as nod and GSII clades generally correspond with single host plant groups. On the
other hand, the wide distribution of Hedysarum, Astragalus, and Oxytropis isolates across nod and GSII phylogenies suggests that Mesorhizobium has a relatively
broad host range, a clear example of which is the association of closely related M. loti nod alleles with each
of the three legume genera. This lack of legume associations at nod loci argues that the broad host range of
Mesorhizobium results from convergence of distinct
strains onto the same nodulation phenotype, and the
ability of the legume genera Hedysarum, Astragalus,
and Oxytropis to associate with several distinct rhizobial
genotypes (as suggested previously: Prevost, Bordeleau,
and Antoun 1987; Prevost et al. 1987; Novikova et al.
1994; Nour et al. 1995; Sullivan et al. 1996; Laguerre

et al. 1997). One alternative mechanism for the apparently broad host range is recombination between the
nodB and nodC region sample here and any host-specificity genes. This type of recombination within the sym
region is suggested by the incongruence of nodB and
nodC phylogenies for Mesorhizobium (fig. 3) and presents the possibility that host-specificity determinants
are unlinked to the regions sequenced here.
Relationship of nod Gene Transfer to Host Range
Dynamics
The transfer of niche-adaptive loci may expand the
ecological range of bacterial isolates (Eberhard 1990;
Young and Levin 1992; Cohan 1994a). This model is
thought to apply to rhizobial symbiotic genes, since the
transfer of nod loci may allow strains of a particular
chromosomal genotype to associate with distinct host
taxa (Young and Wexler 1988; Laguerre et al. 1992,
1996). However, among the isolates sampled here, nod
gene transfer has not played a clear role in expanding
the host range of chromosomal genotypes, since host
plant groups did not map better across nod phylogenies
than across chromosomal phylogenies. Within Rhizobium and Sinorhizobium, nod gene transfer has apparently
occurred among strains nodulating the same host
groups; across the Mesorhizobium, neither nod nor chromosomal loci group rhizobial strains by host plant genus. Similar to the results of Haukka, Lindstrom, and
Young (1998), our results suggest that the broad host
range of Mesorhizobium results from the convergence
of genotypes on the same nodulation phenotype, rather
than from the transfer of specific nod loci.
In summary, the observed patterns of sequence divergence of native rhizobia support two suggested criteria of ‘‘reproductive isolation’’ in bacteria (Dykhuizen
and Green 1993): (1) similarity of relationships among
loci sampled across major subdivisions, as shown for
nod genes, 16S rRNA, and GSII, and (2) incongruence
of phylogenies of different loci within major lineages,
as demonstrated for nodB, nodC, and GSII. The correspondence between these subdivisions and legume taxonomic divisions suggests that host associations may
constrain gene flow among native rhizobia and that the
broad transfer of symbiotic loci previously observed in
agricultural strains may be an exception in native settings. Such broad transfer may be limited to systems
which strongly select for novel sym-chromosome recombinants through the introduction of host legumes to new
regions or new soil habitats (Sullivan et al. 1995).
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