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Bacteria often infect their hosts from environmental sources, but little is known about how environmental
and host-infecting populations are related. Here, phylogenetic clustering and diversity were investigated in a
natural community of rhizobial bacteria from the genus Bradyrhizobium. These bacteria live in the soil and also
form beneficial root nodule symbioses with legumes, including those in the genus Lofus. Two hundred eighty
pure cultures of Bradyrhizobium bacteria were isolated and genotyped from wild hosts, including Lotus
angustissimus, Lotus heermannii, Lotus micranthus, and Lotus strigosus. Bacteria were cultured directly from
symbiotic nodules and from two microenvironments on the soil-root interface: root tips and mature (old) root
surfaces. Bayesian phylogenies of Bradyrhizobium isolates were reconstructed using the internal transcribed
spacer (ITS), and the structure of phylogenetic relatedness among bacteria was examined by host species and
microenvironment. Inoculation assays were performed to confirm the nodulation status of a subset of isolates.
Most recovered rhizobial genotypes were unique and found only in root surface communities, where little
bacterial population genetic structure was detected among hosts. Conversely, most nodule isolates could be
classified into several related, hyper-abundant genotypes that were phylogenetically clustered within host
species. This pattern suggests that host infection provides ample rewards to symbiotic bacteria but that host

specificity can strongly structure only a small subset of the rhizobial community.

Symbiotic bacteria often encounter hosts from environmen-
tal sources (32, 48, 60), which leads to multipartite life histories
including host-inhabiting and environmental stages. Research
on host-associated bacteria, including pathogens and beneficial
symbionts, has focused primarily on infection and proliferation
in hosts, and key questions about the ecology and evolution of
the free-living stages have remained unanswered. For instance,
is host association ubiquitous within a bacterial lineage, or if
not, do host-infecting genotypes represent a phylogenetically
nonrandom subset? Assuming that host infection and free-
living existence exert different selective pressures, do bacterial
lineages diverge into specialists for these different lifestyles?
Another set of questions addresses the degree to which bacte-
ria associate with specific host partners. Do bacterial genotypes
invariably associate with specific host lineages, and is such
specificity controlled by one or both partners? Alternatively, is
specificity simply a by-product of ecological cooccurrence among
bacteria and hosts?

Rhizobial bacteria comprise several distantly related pro-
teobacterial lineages, most notably the genera Azorhizobium,
Bradyrhizobium, Mesorhizobium, Rhizobium, and Sinorhizo-
bium (52), that have acquired the ability to form nodules on
legumes and symbiotically fix nitrogen. Acquisition of nodula-
tion and nitrogen fixation loci has likely occurred through
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repeated lateral transfer of symbiotic loci (13, 74). Thus, the
term “rhizobia” identifies a suite of symbiotic traits in multiple
genomic backgrounds rather than a taxonomic classification.
When rhizobia infect legume hosts, they differentiate into spe-
cialized endosymbiotic cells called bacteroids, which reduce
atmospheric nitrogen in exchange for photosynthates from the
plant (35, 60). Rhizobial transmission among legume hosts is
infectious. Rhizobia can spread among hosts through the soil
(60), and maternal inheritance (through seeds) is unknown
(11, 43, 55). Nodule formation on hosts is guided by reciprocal
molecular signaling between bacteria and plant (5, 46, 58), and
successful infection requires a compatible pairing of legume
and rhizobial genotypes. While both host and symbiont geno-
types can alter the outcome of rhizobial competition for ad-
sorption (34) and nodulation (33, 39, 65) of legume roots, little
is known about how this competition plays out in nature.
Rhizobia can achieve reproductive success via multiple life-
styles (12), including living free in the soil (14, 44, 53, 62), on
or near root surfaces (12, 18, 19, 51), or in legume nodules
(60). Least is known about rhizobia in bulk soil (not penetrated
by plant roots). While rhizobia can persist for years in soil
without host legumes (12, 30, 61), it appears that growth is
often negligible in bulk soil (4, 10, 14, 22, 25). Rhizobia can
also proliferate in the rhizosphere (soil near the root zone) of
legumes (4, 10, 18, 19, 22, 25, 51). Some rhizobia might spe-
cialize in rhizosphere growth and infect hosts only rarely (12,
14, 51), whereas other genotypes are clearly nonsymbiotic be-
cause they lack key genes (62) and must therefore persist in the
soil. The best-understood rhizobial lifestyle is the root nodule
symbiosis with legumes, which is thought to offer fitness re-
wards that are superior to life in the soil (12). After the initial
infection, nodules grow and harbor increasing populations of
bacteria until the nodules senesce and the rhizobia are re-
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leased into the soil (11, 12, 38, 40, 55). However, rhizobial
fitness in nodules is not guaranteed. Host species differ in the
type of nodules they form, and this can determine the degree
to which differentiated bacteroids can repopulate the soil (11,
12, 38, 59). Furthermore, some legumes can hinder the growth
of nodules with ineffective rhizobia, thus punishing uncooper-
ative symbionts (11, 27, 28, 56, 71).

Here, we investigated the relationships between environ-
mental and host-infecting populations of rhizobia. A main
objective was to test the hypothesis that rhizobia exhibit spec-
ificity among host species as well as among host microenviron-
ments, specifically symbiotic nodules, root surfaces, and root
tips. We predicted that host infection and environmental exis-
tence exert different selective pressures on rhizobia, leading to
divergent patterns of clustering, diversity, and abundance of
rhizobial genotypes.

MATERIALS AND METHODS

Collection of Lotus plants for sampling of rhizobial bacteria. Rhizobial bac-
teria were isolated from symbiotic nodules and root surface communities of
wild-growing Lotus spp., including Lotus angustissimus (an annual plant not
native to California), Lotus corniculatus (a nonnative perennial), Lotus micran-
thus, Lotus strigosus, and Lotus wrangelianus (native annuals), and L. heermannii
(a native perennial). Sampling occurred at two adjacent sites on the Northern
California coast, the Bodega Marine Reserve and the Sonoma Coast State Park
during January to April 2005. Whole plants were excavated from the soil, GPS
coordinates were recorded for each collected plant, and excavated plants were
stored in sealed plastic bags in coolers for transport to the lab. Once in the
laboratory, plants were stored at 4°C for no more than 48 h before they were
photographed and dissected and rhizobia were cultured from them.

Isolation of rhizobia from nodules and root surface communities of Lotus
hosts. Plant roots were washed with tap water to until no soil particles were
apparent. Plants were dried lightly with new paper towels and spread on 1-mm-
grid graph paper so that roots, nodules, and locations for root surface bacterial
sampling could be labeled and digitally photographed for archiving (see the
supplemental material). Subsequent to this step, plants were handled and dis-
sected using sterilized materials. Nodules that exhibited no signs of herbivory or
damage were dissected from roots using scalpels and forceps, and dissected
nodules were immediately placed in presterilized centrifuge tubes (sterilization
of laboratory supplies and liquids was performed by autoclaving unless otherwise
noted). Dissected nodules were surface sterilized in bleach (5% sodium hypo-
chlorite) for 2 to 3 minutes (depending on the size) and then rinsed three times
in sterile deionized-distilled water (ddH,O). Nodules were then individually
crushed with a flame-sterilized glass rod on petri plates, and each resultant slurry
was streaked onto two replica plates containing 25 ml of solid modified arabi-
nose-gluconate (MAG) medium (modified by P. van Berkum from method
described in reference 7; see the supplemental material). A total of 301 nodules
from 34 plants were cultured. Single rhizobial colonies were sampled from each
nodule because naturally occurring legume nodules usually contain single rhizo-
bial genotypes (33, 56).

From a subset of 20 plants, root sections were dissected (8 to 20 sections, ~1
cm in length, including root tips and old roots), placed individually in presteril-
ized centrifuge tubes containing a sterile solution of 0.01% Tween 20 (Fisher
Scientific, Fair Lawn, NJ), incubated for ~20 min, and vortexed at full power for
1 min to remove the remaining bacteria. The wash solution was then serially
diluted and plated on a glucose-based rhizobium-defined medium (GRDM, with
100 mg/liter cycloheximide as an antifungal agent) (62), which favors the growth
of Bradyrhizobium, Mesorhizobium, Methylobacterium, and Rhizobium bacteria
(63; J. L. Sachs, unpublished data). These bacteria are referred to as “root
surface isolates,” since they were closely associated with either the root surface
or the root surface biofilm (18, 19). Approximately 20,000 colonies were scored
and selectively isolated by growth rate (emerging on plates in 5 to 9 days),
morphology (glossy in texture), and color (off-white to yellow) to match the
characteristics of colonies cultured from host nodules. The 647 colonies that
passed this selection were replica plated on GRDM agar medium, yeast-manni-
tol agar medium (57), and Luria-Bertani (LB) medium (57), since rhizobia from
nodules actively grew on GRDM and yeast-mannitol agar media but not on LB
medium (J. L. Sachs, unpublished data), yielding 395 clones. Root surface iso-
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lates and clonal cultures from nodules were grown individually in 15 ml of liquid
MAG at 29°C and 180 rpm until logarithmic growth was achieved, and the
cultures were centrifuged, washed, and archived in 25% glycerol-MAG at —80°C.

Molecular methods. Genomic DNA was purified from 25 pl of each archived
isolate using DNA isolation kits (no. K0512; Fermentas, Hanover, MD). DNA
was amplified at the ITS locus (between 16S and 23S ribosomal subunits) using
the bacterium-specific primers 450 and 1440 (66). PCR analysis was carried out
in 25-pl reaction volumes containing 2.5 wl 10X PCR buffer, 2.5 pl deoxynucleo-
side triphosphates (2.5 mM), and 0.25 pl Tag polymerase (Invitrogen, Carlsbad,
CA). The PCR protocol was as follows: initial denaturation of 94°C for 2 min-
utes; 16 cycles of denaturation (30 s at 94°C), annealing (70°C for 40 s, reduced
by 0.5°C per cycle to 60°C), and extension (90 s at 72°C); followed by 30 more
cycles with an annealing temperature of 60°C and a final extension (4 min at
72°C). Amplification products were visualized on 1.5% agarose gels stained with
ethidium bromide. PCR fragments were sequenced using an Applied Biosystems
96-capillary 3730xI DNA analyzer (Foster City, CA) at the UC Berkeley DNA
Sequencing Facility and assembled using DNAStar software (Madison, WI) with
an average of 2X coverage. Only sequences that were visually unambiguous were
included in the study (e.g., with a clear, single nucleotide [nt] peak at each site).

All cultured colonies were successfully sequenced, and the species level iden-
tities of >300 sequences were verified by the GenBank database (NCBI BLAST)
(2). L. wrangelianus and L. corniculatus were discovered to harbor only Meso-
rhizobium spp. in their nodules and were not evaluated further in this study. All
nodules from the remaining hosts harbored only Bradyrhizobium japonicum (i.e.,
the top five GenBank matches were B. japonicum), which also comprised the
majority of root surface isolates. Approximately 10% of root surface isolates did
not belong to Bradyrhizobium spp. (or any known lineage of rhizobial bacteria)
(52) and were also not considered further for this study. The analysis focused on
plants that harbored Bradyrhizobium spp. and for which a substantial portion of
the root surface was sampled that resulted in 280 isolates from 24 plants (see
Table S3 in the supplemental material).

ITS sequences were aligned with ClustalW using the collected cultures plus 17
Bradyrhizobium 1TS sequences from GenBank (63), using default parameters.
GenBank sequences included 12 B. japonicum isolates (accession numbers
AF208504, AF208505, AF208508, AF208511, AF208515, AF208517, AF293377,
AF293378.1, AF293381, AF293382.1, U69638.3, and Z35330.1), 1 Bradyrhizo-
bium liaoningense sequence (AF208513), and 4 Bradyrhizobium elkanii isolates
(AF208512, AF208518, AF293376, and AF293380.1) and comprised all the Bra-
dyrhizobium sequences on GenBank that overlapped completely with the ampli-
fied locus. The alignment produced multiple small gaps that were clustered in
two variable regions. Gaps were treated as missing data and only unambiguously
aligned positions were used to construct the phylogenetic hypothesis. Duplicate
sequences were not used when generating the phylogenetic trees, and the final
sample size of 86 represents the number of unique ITS genotypes rather than the
total number of analyzed sequences.

Phylogenetic reconstruction. Model fitting was performed with likelihood ratio
tests (Mr Modeltest 2.2) (41) using the Akaike information criterion (1). The ITS
locus was divided into seven regions based on functional differences (16S rRNA,
intergenic region 1 [IG1], isoleucine tRNA, I1G2, alanine tRNA, IG3, and 23S
rRNA), and nucleotide substitution models were fitted separately to each region,
resulting in four different evolutionary models. The nucleotide locations listed
for each chosen data partition (i to iv) are based on the ITS sequence of B.
Jjaponicum accession no. AF208508 (66). The DNA substitution models for each
DNA partition are as follows: (i) K80 + G (IG1, nt 1473 to 1658), (ii) JC (IG2,
nt 1736 to 1767), (iii) HKY + I + G (IG3, nt 1845 to 2255), and (iv) GTR + I +
G (23S, nt 2256 to 2644) (26, 29, 47, 72). The 16S, tRNA-Ile, and tRNA-Ala
regions were found to be invariable (nt 1428 to 1472, 1659 to 1735, and 1768 to
1844, respectively). Phylogenetic trees were reconstructed with Bayesian meth-
ods using MrBayes 3.1.2 (24) and by treating the four B. elkanii isolates as a
monophyletic outgroup (67). Two parallel MrBayes runs with 10° generations
were employed, each starting with a random tree, with eight simultaneous chains,
a heating temperature of 0.02, and a “burnin” of the first 9,001 sampled trees
(sample frequency = 100). A plot of log likelihood scores of sampling points
against the generation number was observed to ensure that stationarity had been
reached during the burnin period. Using a sample of the 100,000 post-burnin
trees, a majority rule consensus tree was reconstructed using the “sumt” com-
mand on MrBayes.

Phylogenetic structure analysis. Trait values of each unique genotype were
mapped onto the Bayesian phylogenetic tree, including abundances (multiple
isolates sharing a genotype), host species, and sampling microenvironment (nod-
ule, root tip surface, or old root surface), and these values were used to calculate
indices of community phylogenetic structure (68, 69) with the program Phylocom
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(70). The term “community” is used to refer to isolates co-occurring at some
scale, such as host species or sampling microenvironment (23).

Phylogenetic clustering was investigated within the sampled rhizobial commu-
nities (i.e., not including the GenBank genotypes) using the abundance-weighted
and presence/absence versions of the net relatedness index (NRI) and the near-
est taxon index (NTI). These indices measure the degree to which a group of
selected samples exhibits significant phylogenetic clustering relative to a null
model of community assembly (69). Specifically, NRI = —(MPD — rndMPD)/
(sd_rndMPD), where MPD is the mean pairwise phylogenetic distance among all
n taxa (presence/absence version) or n isolates (abundance weighted version)
present in a sample, and rndMPD and sd_rndMPD are the mean and standard
deviation of the distance MPD for n taxa randomly distributed on the phylogeny.
Phylogenetic distances among sampled communities were measured as the MPD
between isolates from different communities, weighted by the isolate abundance
obtained from each community (70). Similarly, NTI = —(MNTD — rndMNTD)/
(sd_rndMNTD) and is a comparison of the observed MNTD (mean nearest
taxon phylogenetic distance; the average distance to each taxon’s or isolate’s
closest relative in a sample) to the mean (rndMNTD) and standard deviation
(sd_rndMNTD) of the MNTD for n taxa or isolates randomly distributed on the
phylogeny. For both indices, positive values indicate taxon samples that are more
closely related on average than expected from random samples of the popula-
tion, and negative values indicate samples that are less related on average
(phylogenetic evenness or overdispersion). NRI detects tree-wide patterns of
clustering and evenness, while NTI is more sensitive to clustering near the tips of
the phylogeny (69). The degree of clustering among genotypes in each sample
was tested for significant deviation from the clustering observed for 1,000 ran-
domly drawn samples of the same number of isolates from the sampled popu-
lations. A method analogous to an analysis of molecular variance (AMOVA)
(15) or nonparametric multivariate analysis of variance (37) implemented in the
vegan package (version 1.8-8; J. Oksanen, R. Kindt, P. Legendre, B. O’Hara, M.
Henry, and H. Stevens, vegan: community ecology package, [http://r-forge
.I-project.org/projects/vegan/]) was used to partition variation in phylogenetic
relatedness among samples into portions explained by host plant species, the
microenvironment, and their interaction (70).

Strain richness analysis. Genotype richness was compared between nodule
and root surface isolates using sample-based genotype rarefaction curves and
95% confidence intervals calculated for each microenvironment. The rarefaction
curves describe the expected number of taxa in a subset collection of n individ-
uals drawn at random from a large pool of N individuals (21), and all isolates
collected from a particular microenvironment on an individual plant comprise a
single sample. The program EstimateS (8) was used to calculate these values and
their standard deviations. Insufficient sample size prevented comparisons of
genotype richness between host species.

Inoculation assays. Inoculation assays were used to test the nodulation status
of 60 isolates from the root surfaces and nodules of multiple hosts. L. strigosus
was used for inoculations because of its small size and rapid growth and because
the majority of the Bradyrhizobium cultures were isolated from this host species
(>55%). Seeds obtained from ripe fruits of L. strigosus at the Bodega Marine
Reserve were surface sterilized in bleach for 2 min, rinsed in sterile water,
nick scarified, and germinated in sterile ddH,O (15°C for 5 to 7 days).
Seedlings were planted into bleach-sterilized Conetainers (Stuewe & Sons,
Corvallis, OR) filled with prewashed, autoclaved play sand (natural alluvial
silica sand; Basalite, Tracy, CA). Axenic seedlings were incubated (20°C with
80% relative humidity, a 12:12 day/night cycle, and twice daily misting) in a
growth chamber for 14 days (Conviron, Winnipeg, Canada) and then trans-
ferred to a greenhouse under ~50% shade for hardening (14 days with twice
daily misting) before inoculation. Once in the greenhouse, plants were fer-
tilized weekly with Jensen’s nitrogen-free solution (56), beginning with 2 ml
per seedling, increasing by 1 ml each week until a maximum of 5 ml per plant
was reached and used thereafter. Bradyrhizobium cultures of the selected
isolates were initiated from ~2 pl of original frozen stock inoculated into 50
ml of liquid MAG medium and incubated until cultures reached logarithmic-
phase growth (29°C at 180 rpm for 72 h). Bacterial concentrations were
estimated via light absorbance at 600 nm on a spectrophotometer. Grown
cultures were centrifuged (4,000 rpm for 20 min) and resuspended in pre-
warmed sterile ddH,O to concentrations of 10% cells ml~!. For each rhizobial
isolate, five plants were inoculated with 5 ml of resuspended cultures and five
control plants were inoculated with 5 ml of sterile ddH,O. Plants were grown
for 8 weeks in a greenhouse before they were uprooted to check for nodu-
lation under a dissecting microscope.

ITS e accessi bers. The GenBank ITS sequence accession num-

1

bers of the cultures collected here are FJ766023 to FJ766091.
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RESULTS

Phylogenetic reconstruction and clustering within sampled
communities. More than half of the nodes in the phylogeny
were supported with high posterior probabilities (Fig. 1). For
the sake of discussion, 12 independent, well-supported clades
(minimum posterior support = 0.84) were identified and num-
bered. The majority of isolates were concentrated into clades 1
to 3 (58, 123, and 30 isolates, respectively) (Fig. 1). Many of the
analyzed rhizobial communities exhibited positive and signifi-
cant phylogenetic clustering. The results were similar regard-
less of whether genotype abundances or presence/absence data
were considered, so only the former are reported (Table 1).
Overall, a slightly smaller subset of communities exhibited
significant NRI values than significant NTI values, indicating
that phylogenetic clustering was stronger closer to the tips of
the phylogenetic tree. None of the rhizobial communities ex-
hibited significant phylogenetic evenness.

Across four host species, communities of Bradyrhizobium
bacteria in nodules exhibited significant phylogenetic cluster-
ing (NRI and NTI of nodule samples) (Table 1). In contrast,
the pooled root surface communities showed no evidence of
such clustering (root samples) (Table 1). For example, most
nodule isolates were clustered in clades 1 and 2 whereas root
surface isolates were spread throughout the tree. However,
when the root surface communities were subdivided into old
root and root tip microenvironments, the old root (NTI) but
not the root tip communities exhibited significant phylogenetic
clustering. The root surface communities of L. angustissimus
and L. micranthus were poorly sampled across the microenvi-
ronments (Table 1), so this analysis was repeated without these
two host species. Including only L. heermannii and L. strigosus,
both old root and root tip microenvironments exhibited signif-
icant phylogenetic clustering (NTI). The clustering appeared
to be stronger in the old root community than in the root tip
community (NTI values of 2.24 and 1.89, respectively), but
these differences were not statistically significant when tested
with a post-hoc analysis of variance.

When analyzed by host species, communities of Bradyrhizo-
bium bacteria (pooled across microenvironments) exhibited
significant phylogenetic clustering in two of the four hosts, L.
heermannii (NRI, NTI) and L. strigosus (NTI). Nodule com-
munities exhibited significant clustering within all host species,
but clustering was weaker in L. micranthus nodules (large NTI
but small NRI). In particular, nodule isolates of L. strigosus, L.
heermannii, and L. angustissimus were phylogenetically clus-
tered and often represented largely by one or two related
genotypes in each host, whereas L. micranthus nodule isolates
were more evenly distributed across the tree (Fig. 1). In the
three hosts for which there were adequate samples of root
surface isolates (L. heermannii, L. strigosus, and L. micranthus),
only root surface communities of L. heermannii and L. strigosus
exhibited significant clustering. However, even in these two
species, root surface isolates were more broadly distributed
among clades than were nodule isolates (Table 1).

Phylogenetic clustering among sampled communities. The
nodule communities of all host species clustered together (Fig.
2a). The root surface community of L. heermannii also grouped
with this cluster, whereas the other root surface communities
occupied another cluster. When the samples from each host
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TABLE 1. Phylogenetic clustering among communities using abundance-weighted genotypes®

Sample group analyzed” Sample® geﬁg.ty(;fes MPD NRI qiﬁige MNTD NTI unijglll?:
Host A 9 0.28 0.91 0.20 0.13 0.95 0.14
H 22 0.29 221 0.02 0.07 1.66 0.01
M 24 0.57 0.16 0.41 0.14 0.78 0.23
S 29 0.36 1.01 0.18 0.06 1.23 0.01
Nod/root Nod 25 0.20 2.27 0.01 0.04 1.52 0.00
Root 51 0.60 —0.36 0.63 0.09 0.83 0.19
Nod/old/tip Nod 25 0.20 2.37 0.00 0.04 1.55 0.00
Old 23 0.54 0.69 0.24 0.10 2.12 0.01
Tip 40 0.61 —0.57 0.71 0.11 0.27 0.46
Host+nod/root A nod 4 0.04 2.16 0.00 0.05 1.45 0.00
A root 5 0.55 —0.79 0.77 0.41 —0.61 0.74
H nod 9 0.13 2.50 0.00 0.06 1.87 0.00
H root 16 0.53 0.47 0.30 0.13 1.89 0.03
M nod 11 0.48 0.50 0.29 0.10 2.15 0.01
M 16 0.60 —0.27 0.58 0.26 -1.07 0.85
root
S nod 8 0.09 2.36 0.00 0.05 1.61 0.00
S root 25 0.58 —0.42 0.64 0.08 1.86 0.00
Host+nod/old/tip A nod 4 0.04 2.16 0.00 0.05 1.45 0.00
A old 4 0.56 —1.00 0.83 0.57 -1.35 0.91
A tip 1
H nod 9 0.13 2.51 0.00 0.06 1.88 0.00
H old 10 0.50 0.54 0.28 0.18 1.33 0.09
H tip 9 0.50 0.34 0.36 0.16 1.63 0.05
M nod 11 0.48 0.50 0.29 0.10 2.19 0.01
M old 2 0.32 —0.33 0.52 0.72 —0.33 0.52
M tip 14 0.63 —0.63 0.73 0.31 —1.41 0.92
S nod 8 0.09 2.36 0.00 0.05 1.61 0.00
S old 10 0.47 0.65 0.24 0.10 2.22 0.01
S tip 21 0.59 —0.55 0.68 0.09 1.75 0.01

“ Host, the four host species; Nod/root, nodules versus root surface; Nod/old/tip, nodules versus root tips versus old (mature) roots; Host+nod/root, host species
subdivided by nodules versus root surface; and Host-+nod/old/tip, host species subdivided by nodules versus root tips versus old roots.

b A, L. angustissimus; M, L. micranthus; H, L. heermannii; S, L. strigosus; nod, nodule samples; root, root surface samples; tip, root surface samples from the distal
1 cm of the root; old, root surface samples from proximal (non-tip) root sections.

¢ “No. of genotypes” indicates number of genotypes in each community; MPD quantile, quantile of observed MPD versus 1,000 randomly generated communities
(<0.05 indicates statistically significant clustering); MNTD, mean nearest taxon distance of the analyzed taxa; NTI, nearest taxon index; MNTD quantile, quantile of
observed MPD versus 1,000 randomly generated communities (<0.05 indicates statistically significant clustering). Statistically significant values of MPD and MNTD
(quantile < 0.05) are bold.

species were further subdivided into nodule, old root, and root
tip communities, the old root samples of L. heermannii and L.
strigosus and the single root tip sample from L. angustissimus
clustered with the nodule communities of all of the host species
(Fig. 2b). All other root isolates occupied the other branch of
the dendrogram. Finally, an AMOVA indicated that the mag-
nitude of variation in community phylogenetic relatedness
among samples was approximately equal among hosts and

among microenvironments (an R* value of 0.12 for each), with
no significant host/microenvironment interaction (Table 2).
Relative richness of the sampled rhizobial communities. In
all, 280 isolates comprised 69 genotypes. A few genotypes were
abundant, but most were represented by only one or a few
individuals (Fig. 1). Almost all the genotypes (88%) were re-
covered in the root surface communities, even though these
isolates were in the minority (39%) compared to nodule iso-

FIG. 1. Phylogram of 86 Bradyrhizobium genotypes inferred from 1,310 nt of the ITS. This is a 50% majority consensus phylogeny based on
1,000 sampled trees from a Bayesian analysis. Clades with less than 0.50 posterior probabilities are collapsed and posterior probabilities greater
than 0.70 are labeled on the nodes. The scale bar indicates the number of changes per site. Twelve well-supported clades are labeled with numbered
vertical lines on the right. Genotype abundances are indicated by the sizes of the polygons next to each taxon label, with the sizes of the legend
labels representing single isolates. Isolation source(s) of each genotype is indicated by the shading and pattern of each polygon. Taxon labels of
the uniquely isolated genotypes begin with the year of isolation (e.g., 05 indicates 2005), host species (LoA, Lotus angustissimus; LoM, L.
micranthus; LoH, L. heermannii; LoS, L. strigosus), plant number, and nodule or root surface number (the latter with R followed by root and isolate
number). Taxon labels of the multiply isolated genotypes begin with the number of times the isolate was recovered followed by the host species
(A, M, H, S) and isolate type (N, nodule; R, root surface). GenBank isolates are labeled with their accession numbers.
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FIG. 2. Cluster dendrograms depict the phylogenetic clustering
among host plant species and microenvironments. The trees indicate
the MPD among sampled communities taken from the nodules and
root surfaces of each host (a) or with root surface isolates further
subdivided into root tips and old (mature) roots (b). Also shown are
the host species (A, L. angustissimus; M, L. micranthus; H, L.
heermannii; L, L. strigosus). Root, root surface; Old, mature root;
Tip, root tip.

lates. Furthermore, 43 of the genotypes (62%) were recovered
only in the root surface communities. In comparison, 18 geno-
types (26%) were recovered only in nodules and only 8 geno-
types were found in both nodule and root surface microenvi-
ronments. For these eight genotypes, there was a significant
positive correlation between abundance in nodules and abun-
dance in the root surfaces of hosts (R* = 0.56; P = 0.03).
Independent sample-based rarefaction curves for the nodule
and root surface microenvironments exhibited significantly dif-
ferent rates of genotype accumulation; root surface isolates
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TABLE 2. Results of an AMOVA of community
phylogenetic distances”

Sample location Df SS MS F R? P
Microenvironment 1 052 052 587 012 <0.001
Host 3 051 017 190 0.12 0.028
Microenvironment 3 038 013 1.41 0.09 0.990

by host
Residuals 33 295  0.09 0.68
Total 40  4.36 1.00

“ AMOVA of community phylogenetic distances among samples from differ-
ent hosts and microenvironments. Df, degrees of freedom; SS, sums of squares;
MS, mean squares; F, F statistic; R?, variation in community phylogenetic dis-
tances explained by the variable; P, significance of variable based on permutation
test.

accumulated genotypes at about three times the rate of nodule
isolates (Fig. 3). Neither genotype accumulation curve showed
any sign of reaching an asymptote, although the rate of geno-
type accumulation in nodule isolates began to decline after
about 50 isolates. Genotype richness among host species was
not compared because poor power was expected.

Nodulation assays. Thirty-six of the 60 tested strains suc-
cessfully nodulated L. strigosus. All 16 nodule isolates formed
nodules, including two isolates each from L. heermannii and L.
micranthus. In contrast, only 20 of 44 isolates cultured from the
root surface successfully nodulated. The root surface rhizobia
could be roughly divided into two groups by genetic affinity.
Twenty of the root surface isolates exhibited genotypes that
were also found in nodule isolates in the field, whereas 24 were
represented by genotypes found only in root surface samples
(i.e., never in nodules). Of the 20 isolates with genotypes that
were found in both nodules and root surfaces, 17 successfully
nodulated L. strigosus. In contrast, among genotypes found
only in root surfaces in the field, 3 of 24 isolates successfully
nodulated L. strigosus (see Table S3 in the supplemental ma-
terial).

70
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50
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20
10 |

Root-surface isolates "
95% CI Bound;

Expected number of taxa

Nodule isolates

0 20 40 60 80 100 120 140 160 180 200
Number of isolates (sample size)

FIG. 3. Rarefaction curves for the nodule and root surface micro-
environments, with 95% confidence intervals indicated with dotted
lines. Each curve describes the expected number of taxa (species rich-
ness) in a subset of n individuals drawn at random from the total
pool of isolates (21). The confidence intervals of the curves do not
overlap, indicating that root surfaces were significantly more diverse
than nodules.
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DISCUSSION

The phylogenetic data in this study support a key conclusion
of inoculation studies, which is that certain rhizobial genotypes
are more likely than others to adsorb to (34) and ultimately
infect (33, 39, 65) specific host species. The pattern of phylo-
genetic clustering in the sample of nodule rhizobia indicates
that each of the Lotus hosts studied usually forms nodules with
a small, more genetically related subset of the population of
rhizobia that are available to it in its zone near the root. Unlike
most previous studies of rhizobial specificity, which are based
upon inoculation experiments (with a few strains isolated from
nodules), this study examined in situ specificity by comparing
naturally occurring nodule inhabitants with rhizobial strains
isolated from the root surfaces of the same host individuals.
The data presented here support theoretical predictions (45)
that rhizobial populations on host root surfaces are phyloge-
netically richer than those found in nodules. All 12 well-sup-
ported rhizobial clades reconstructed from the cultured sam-
ples included root surface isolates, and 7 contained no nodule
isolates.

Mutualism theory predicts that host specificity is promoted
by selection to minimize conflict among symbionts, which fa-
vors host mechanisms that restrict symbiont diversity to one or
a few related genotypes (64). Here, Lotus host species exhib-
ited rhizobial specificity, and the data suggest that phylogeneti-
cally conserved traits determine which of the small minority of
root surface-dwelling rhizobial genotypes can form nodulating
symbioses with Lotus hosts. Furthermore, hosts varied in their
degree of specificity, as has been found by other researchers
(39, 65). For instance, almost 80% of the 93 L. strigosus nodule
isolates are concentrated into only three genotypes, two from
clade 2 (genotype 94hmsnr, with 47 isolates, and genotype
11snr, with 10 isolates) and one from clade 1 (genotype 34hsnr,
with 16 isolates), and isolates from L. heermannii nodules were
restricted to clades 1, 2, and 3 (Fig. 1). In contrast, L. micran-
thus nodules were occupied by isolates from small clusters of
closely related strains that were scattered across five divergent
clades. This pattern suggests that the ability to nodulate L.
micranthus is more evolutionarily labile (relative to the ITS
region used to estimate the phylogeny) than the ability to
nodulate L. strigosus or L. heermannii. However, the data do
not allow the determination of whether these traits are (i)
ancestral but frequently lost, (ii) novel and repeatedly evolved,
or (iii) mobile and acquired via recombination (horizontal
transfer). Its broader symbiont range also suggests that L.
micranthus might be more dependent on postnodulation part-
ner choice to constrain rhizobial cheating (11, 49, 55).

Lotus strigosus and L. heermannii, the two host species with
the largest numbers of sampled root isolates, exhibited root
surface communities with significant phylogenetic clustering,
as indicated by the significant NTI. Unlike nodule isolates,
however, the MPD between root surface strains was no differ-
ent than expected by chance (values of NRI were not signifi-
cant). This pattern suggests that although nodule specialization
to these hosts is phylogenetically conserved, the traits needed
to persist on their root surfaces are evolutionarily labile rela-
tive to the ITS region used to estimate the phylogeny. The
evolutionary process by which these traits evolved cannot be
discerned.
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Spatial or ecological co-occurrence of partners could bias in
situ measures of host specificity. For example, edaphic condi-
tions often influence soil bacterial communities (16), and L.
strigosus and L. heermannii were collected in xeric mobile sand
dunes whereas L. micranthus and L. angustissimus were found
in wet dunal swales. These two habitats differ in organic matter
(54), which strongly influences microbial community composi-
tion in coastal dunes (73). However, although L. strigosus and
L. heermannii were both collected from mobile dunes, their
root surface rhizobia did not cluster together (Fig. 2). Instead,
L. strigosus root surface rhizobia clustered with those found on
the root surfaces of species collected in wet dunal swales (L.
micranthus and L. angustissimus). This pattern refutes the hy-
pothesis that host specificity detected here is a by-product of
ecological co-occurrence among bacteria and hosts.

The trade-off theory predicts that traits that promote fitness
in one environment may cause a poor performance in other
environments (3, 9, 17, 20, 36) and lead to specialization for
either habitat. Yet, it has been argued that symbiotic rhizobia
spend so much time in the soil that they should be as well
adapted to the soil environment as nonnodulating strains (12).
More than 70% of the 109 isolates obtained from root surfaces
exhibited a genotype that was never recovered from a nodule.
This pattern supports the trade-off theory because it suggests
that traits needed to survive in the soil and on the root surface
differ from those needed to succeed as a nodule symbiont. On
the other hand, genotypes associated with the ability to nodu-
late were hyper-abundant in the sample, with some being re-
covered many times both in nodules and in the surrounding
root surfaces. Among the eight genotypes found in both mi-
croenvironments, a positive correlation between abundance on
the root surface and in nodules is consistent with the idea that
competitiveness in the rhizosphere is correlated with successful
nodulation (31, 34). Together, these datasets suggest that host-
derived rewards might drive a few symbiotic strains to flourish
in the population near the root and that the fitness rewards of
nodulating are greater than those of the competing strategy,
which involves staying in the soil and avoiding host infection
entirely (12).

One possible mechanism that could account for these ap-
parently conflicting results is the frequent and rapid loss of
nodulation ability via degradation or wholesale loss of symbi-
otic loci (50, 51). However, the extent to which this occurs in
nature is unknown. Genotypes found only on root surfaces
might be (i) symbiotically competent strains that are out-com-
peted for nodulation sites, (ii) successful root surface compet-
itors that are specialized symbionts of non-Lotus hosts, or (iii)
nonsymbiotic strains. The inoculation assays suggest that these
genotypes are most likely either nonsymbiotic or non-Lotus
symbionts, since 88% of them (e.g., 21/24 of genotypes isolated
only in root surface samples) failed to form nodules on L.
strigosus. If so, then ecological conditions (such as an influx of
soil nutrients or local extinction of hosts) that decrease the
availability of nodule microhabitats would favor mutants that
abandon symbiotic interaction (50).

Epidemic distributions of symbionts—with a few very abun-
dant genotypes (Fig. 1)—have been uncovered in Bradyrhizo-
bium species previously (67). Past studies have suggested that
the microgeographic distribution of epidemic bacterial clones
is very restricted (6, 42, 67), perhaps suggesting that clones are
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limited by ecological barriers. Yet, the most abundant geno-
type (genotype 94HMSNR) (Fig. 1; see Table S3 in the sup-
plemental material) was found broadly over the entire sam-
pling range (>3 km) and was recovered at least once in the
nodules of three of the four host species.

While more isolates were obtained from nodules than from
root surfaces, the overall diversity of nodule genotypes was
low. The greater diversity of rhizobia isolated directly from
root surfaces suggests that the competition and conflict occur-
ring on legume roots are more complex and potentially more
intense than previously predicted. While much research that
has examined competition for nodulation has logically focused
on nodulating rhizobial strains, these results suggest that non-
symbiotic rhizobia could play an important role in competition
to colonize host root surfaces. Nonsymbiotic strains, which
appeared to dominate the root surface in this study, represent
an important aspect of rhizobial biology that has largely been
neglected.
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