
Introduction

Most studies on the interaction between Rhizobium and
plants have a strong emphasis on controlled environments
and monocultural systems, where influences of other
plants are few, due to agricultural management practices
(Brockwell et al. 1995). Although some studies have been
carried out in the sites of origin and diversification of the
symbionts (Eardly et al. 1990; Demezas et al. 1991; Segovia
et al. 1991; Souza et al. 1992, 1994), none of them had stud-
ied the genetic structure of rhizobia in a traditionally
managed agricultural system. This is an interesting ques-
tion, as the traditionally managed plots are complex plant

communities, where interactions among different plant
species, at the aerial and root level, are the rule (Gliessman
1986, 1990; Alcorn 1990; Souza et al., in press).

In Mexico, the annual bean Phaseolus vulgaris and the
related perennial species P. coccineus are normally nodu-
lated by strains of the nitrogen-fixing bacteria Rhizobium
etli bv. phaseoli (Segovia et al. 1993; Souza et al. 1994). P.
vulgaris and P. coccineus bean landraces are traditionally
cultivated in an agricultural system known as milpa
(Altieri & Merrick 1987; Alcorn 1990). In this system,
beans are intercropped with corn and squash, as well as
with diverse plant species that are locally used for
medicinal and nutritional purposes (Altieri & Merrick
1987; Alcorn 1990; Souza et al., in press). The milpa sys-
tem is an ancient method of bean culture, and is proba-
bly the original ecosystem in which the beans were

Molecular Ecology (1999) 8, 277Ð287

© 1999 Blackwell Science Ltd

Reticulated and epidemic population genetic structure of
Rhizobium etli biovar phaseoli in a traditionally managed
locality in Mexico

C.  S ILVA, L .  E .  EGUIARTE and V.  SOUZA
Departamento de Ecolog�a Evolutiva, Instituto de Ecolog�a, Apartado Postal 70Ð275, Universidad Nacional Aut�noma de M�xico,
Mexico D.F., 04510, Mexico

Abstract

We conducted a multilocus enzyme electrophoresis (MLEE) study to assess the genetic
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domesticated by the inhabitants of Mesoamerica (Bush
1986; Altieri & Merrick 1987).

Several studies on the genetic structure of rhizobia
associated with beans have been carried out using collec-
tions of isolates from different geographical origins
(Pi�ero et al. 1988; Geniaux et al. 1993; Laguerre et al. 1993).
Pi�ero et al. (1988) analysed Phaseolus isolates from vari-
ous geographical sources, mainly in Mexico, and they
described a high genetic diversity and a strong linkage
disequilibrium, suggesting a clonal structure (i.e. lack of
genetic exchange). A number of those Mexican isolates
originally classified as R. leguminosarum bv. phaseoli were
reclassified as R. etli bv. phaseoli, and also significant mul-
tilocus linkage disequilibrium was detected when only R.
etli bv. phaseoli electrophoretic types (ETs) were consid-
ered (Souza et al. 1992). But as pointed out by Maynard
Smith et al. (1993), linkage disequilibrium may arise in
samples in which strains or populations are geographi-
cally isolated. Furthermore, linkage disequilibrium may
be minimal in some local populations of bacterial species
such as Bacillus subtilis (Istock et al. 1992), Bradyrhizobium
sp. (Bottomley et al. 1994), Burkhoderia cepacia (Wise et al.
1995) and Pseudomonas (Haubold & Rainey 1996). In R.
etli, some studies at a local scale have found lower levels
of linkage disequilibrium than the one reported by Pi�ero
et al. (1988) (Souza et al. 1992, 1994; Gordon et al. 1995),
suggesting that recombination occurs locally, and that the
previous evidences of clonality were the product of geo-
graphical isolation. The reproductive isolation among
genetically distant isolates can also be a source of linkage
disequilibrium (Maynard Smith et al. 1993). Evidence of
this has been observed in R. meliloti from wild Medicago in
the Mediterranean basin and from Medicago cultivated
worldwide (Eardly et al. 1990). This population structure
is described by Maynard Smith et al. (1993) as reticulated,
Ôin which recombination does not occur between isolates
from the major branches, but frequent recombination
occurs between isolates within each major branchÕ. An epi-
demic structure could be another source of linkage dise-
quilibrium in bacteria (Maynard Smith et al. 1993). In these
populations, recombination occurs but, occasionally, a
highly successful genotype arises and increases in fre-
quency to produce an epidemic clone. Maynard Smith
et al. (1993) reported an epidemic genetic structure for clin-
ical isolates of Neisseria meningitidis collected worldwide.

In the present study we analysed the genetic structure of
native R. etli bv. phaseoli populations from nodules in beans
grown in a traditionally managed locality in Puebla,
Mexico. This study was designed with a sampling scheme
at different hierarchical levels, and the multilocus enzyme
electrophoretic (MLEE) data were examined with the pur-
pose of elucidating the importance of the different evolu-
tionary forces in shaping the population genetic structure
of R. etli bv. phaseoli in a complex agricultural system.

Materials and methods

Description of the site and sampling procedure

San Miguel Acuexcomac is a small village located in the
state of Puebla, in Central Mexico (98¡05'W, 18¡50'N), at
2100 m above sea level, ≈ 36 km from Puebla city. We stud-
ied the nitrogen-fixing bacteria Rhizobium etli bv. phaseoli
associated with two species of bean landraces: Phaseolus
vulgaris (common bean, ÔmantequillaÕ variety) and P. coc-
cineus (red runner or ayocote bean) in six traditionally
managed agricultural plots. In order to study the geo-
graphical differentiation among local populations, the
sampled plots were distributed in two localities, one
called 'townÕ, which includes the cultivated plots that are
near the village houses, and the other called 'fieldÕ, which
includes plots that are ≈ 2 km from the village (Fig. 1). The
soil conditions are different between these localities.
Town soils have a sandy clay loam texture and a higher
content of total nitrogen (139.0 vs. 117.2 p.p.m.), nitrates
(1.9 vs. 0.9 p.p.m.), organic matter (2.9 vs. 1.9%) and pH
(8.4 vs. 8.0) than field soils. In contrast, field soils have a
clay texture and a higher content of magnesium (85.0 vs.
17.5 meq/100 g) and calcium (431.7 vs. 185.0 meq/100 g)
than town soils (Souza et al., in press, unpublished data).

In each locality, three milpa plots were sampled: plots A,
B and C are town plots, and D, E, and F are field plots
(Fig. 1). The mean distance among the plots of each locality
was ≈ 100 m, and the mean distance between the town and
field localities was ≈ 2 km. In each plot, 10 plants were ran-
domly chosen (including P. coccineus plants when present)
at a mean distance of ≈ 5 m, and 15 nodules were sampled
per plant. The nodules were washed with 15% sodium
hypochlorite, rinsed twice with sterile water, squashed on
to Petri dishes with peptone yeast extract medium (PY) and
incubated for 2 days at 30 ¡C (Souza et al. 1994). A single
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Fig. 1 Schematic representation of the six plots in both field and
town localities. The letters refer to plot designations.



colony was restreaked in a new PY Petri dish and incu-
bated for 2 days. In order to obtain pure R. etli bv. phaseoli
isolates, a single colony was restreaked on to PY medium
with added nalidixic acid (20 µg/mL) and incubated for
2 days. As described by Segovia et al. (1993), all the R. etli
isolates are resistant to nalidixic acid. Each isolate so
obtained was kept at Ð 80 ¡C in glycerol peptone liquid
medium (UL) (Souza et al. 1994). We eliminated from the
analysis the plants in which less than five isolates could
be recovered, to ensure a statistically more adequate sam-
ple size. The sampling scheme and the number of recov-
ered isolates are shown in Table 1.

MLEE

Frozen isolates were streaked on to PY plates and incu-
bated for 2 days at 30 ¡C and then grown in 50 mL of PY
for 1 day at 30 ¡C. The cultures were then centrifuged at
6000 r.p.m. for 5 min, the supernatant was eliminated and
the pellets were resuspended in 1 mL of buffer Tris-HCl
pH 8. To break bacterial cell walls, 0.1 mL of lysozyme
(7.5 mg/mL) was added; the resulting suspension was
frozen at Ð 80 ¡C twice for 15 min and centrifuged at
12 000 r.p.m. for 3 min. The supernatant, which contains
the protein lysate, was distributed into three 0.5 mL plas-
tic tubes and stored at Ð 80 ¡C.

Electrophoresis was performed on acetate cellulose
membranes following the procedures recommended by
Hebert & Beaton (1993). Six enzymes were assessed: isoci-
trate dehydrogenase (IDH, EC 1.1.1.42), peptidase (PEP,
EC 3.4.13), phosphoglucomutase (PGM, EC 5.4.2.2), glu-
cose-6-phosphate dehydrogenase (G6PDH, EC 1.1.1.49),
xanthine dehydrogenase (XDH, EC 1.1.1.204) and malate
dehydrogenase (MDH, EC 1.1.1.37). For all of them, the
buffer system used was Tris glycine (TG) pH 8.5 (Hebert
& Beaton 1993). The enzymes IDH, PEP and PGM showed

one band of activity, G6PDH and XDH two bands, and
MDH three bands, yielding a total of 10 analysed loci.

Genetic diversity

Distinctive mobility variants of each enzyme, numbered in
order of decreasing anodal mobility, were considered alle-
les at the corresponding locus (Selander et al. 1986). In the
case of enzymes with more than one band, each one was
equated with a locus. The absence of enzyme activity was
scored as a null allele and was treated as an ordinary allele.
The allele profiles (ETs) for the 10 loci analysed were
equated with multilocus genotypes (Selander et al. 1986).

Based on allele frequencies for ETs, genetic diversity for
an enzyme locus was calculated as h = (1 Ð ∑xi

2)[n/(n Ð 1)],
where xi is the frequency of the ith allele and n is the num-
ber of ETs (Selander et al. 1986). The mean genetic diver-
sity per locus (HE) is the arithmetic mean of h values for
all loci, and represents the proportion of loci at which two
randomly chosen genotypes can be expected to differ. To
compute the HE values we used the program ETDIV ver-
sion 2.2 (Whittam 1990). To compare the allelic frequen-
cies in a given locus, we used the Workman & Niswander
(1970) chi-square test of heterogeneity.

Genetic differentiation

To estimate the relative genetic differentiation at different
levels, we used various modified indices related to NeiÕs
GST = (HT Ð HS)/HT (Souza et al. 1994), where HT is the
expected diversity in an equivalent random mating total
population and HS is the average diversity of the subpop-
ulations. In the case of plot populations, and for total P.
vulgaris and P. coccineus populations, HS is the average
genetic diversity of the plants. In the case of town, field
and total populations, HS is the average genetic diversity
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No. of No. of No. of No. of No. of No. of 
Plot plants P. v.* P. c.  isolates P. v.à P. c.¤

A 10 5 5 94 43 51
B 7 7 0 69 69 0
C 9 8 1 96 85 11
Town 26 20 6 259 197 62
D 7 7 0 77 77 0
E 7 3 4 72 30 42
F 8 8 0 74 74 0
Field 22 18 4 223 181 42
Total 48 38 10 482 378 104

*Number of P. vulgaris plants.
 Number of P. coccineus plants. 
àNumber of R. etli isolates recovered from P. vulgaris.
¤Number of R. etli isolates recovered from P. coccineus.

Table 1 Sampling scheme and number of
recovered isolates of Rhizobium etli
associated with Phaseolus vulgaris and P.
coccineus plants recovered from six plots in
two localities (town and field) in San
Miguel, Puebla, Mexico



of the plots. To compute the GST values we used the pro-
gram ETDIV version 2.2 (Whittam 1990). These indices
range from 0, if there is no genetic differentiation at a
given level, to 1 if there is maximal genetic differentiation
(Nei 1987). To test if the GST indices were significantly dif-
ferent from 0, we performed a chi-square test of indepen-
dence as χ2 = nGST(a Ð 1), where n is the number of
individuals and a is the total number of alleles. Degrees of
freedom are (k Ð 1)(a Ð 1), where k is the number of subdi-
visions. Degrees of freedom and χ2 values were summed
across loci and significance was examined at P < 0.05
(Workman & Niswander 1970; Hagen & Hamrick 1996b).

The amount of gene flow among populations was cal-
culated by substituting NeiÕs GST for FST in WrightÕs
island model of gene flow (Wright 1951), that describes
the effective number of migrants per generation as
Nm = (1 Ð GST)/2GSTα, in which α = (n/(n Ð 1))2, where n is
the number of populations (Crow & Aoki 1984).

Also, we calculated the average NeiÕs genetic identities
(I) for all pairs of plots based on the allele frequencies for
the ETs (Nei 1987).

We performed a variance component estimation using
both isolates and ETs. In order to obtain estimates of the
proportion of the variability explained at each sampling
level we performed a three-level nested ANOVA (Weir &
Cockerham 1984; Weir 1996) with the levels: plots, plants
within plots, and isolates within plants. These analyses
consider the isolates within plants as the error of the ANOVA.

Linkage disequilibrium

To determine the extent to which populations exhibit non-
random associations of alleles between loci, we used a
multilocus index based on the distribution of allelic mis-
matches between pairs of isolates over all loci. An allelic
mismatch frequency distribution is calculated by compar-
ing each isolate with every other isolate for a total of
n(n Ð 1)/2 pairwise comparisons, where n is the number
of isolates in the population. An equation of the variance
of the distribution has been derived by Brown et al. (1980)
and the procedures have been described in detail else-
where (Souza et al. 1992; Leung et al. 1994). The ratio of the
variance in mismatches observed in a population (VO) to
the expected variance in a corresponding population at
linkage equilibrium (random association of alleles due to
mixis, VE), provides a measure of multilocus linkage dise-
quilibrium. If there is no linkage disequilibrium
VO/VE = 1. The significance of the difference between VO

and VE was calculated using a Monte Carlo procedure
with 1000 iterations, performed with the LDV program
(Souza et al. 1992). If the ratio VO/VE is significantly higher
than 1 (alleles are associated in a nonrandom way), we
suspect a lack of recombination (clonal structure) or selec-
tion to a certain combination of alleles.

Cluster analysis

The genetic distance between each pair of different multi-
locus genotypes (ETs) was estimated as the proportion of
loci with different alleles (mismatches). Clustering from a
matrix of pairwise mismatched distances was performed
by the UPGMA method (unweighted pair-group method
with arithmetic mean) (Sokal & Michener 1958). The anal-
ysis was carried out using the program ETCLUS version 2.1
(Whittam 1990). For this analysis we included four refer-
ence strains, one of R. meliloti (strain 1021, kindly pro-
vided by Frans de Bruijn, Center for Microbial Ecology,
Michigan State University) and three R. etli bv. phaseoli
(strains CFN42, TAL182 and CIAT895, kindly provided by
David Romero, Centro de Investigaci�n sobre Fijaci�n de
Nitr�geno, Universidad Nacional Aut�noma de M�xico).

Results

Genetic diversity

Levels of genetic variation of Rhizobium etli bv. phaseoli in
San Miguel were high (Table 2) and displayed a high
degree of genotype dominance, meaning that among the
ETs identified, some of them were represented by many
isolates. Among the 482 isolates collected from six plots
and 48 plants (Table 1), only 126 distinctive multilocus
genotypes (ETs) were found (Table 2). The total mean
genetic diversity (HE) for the six plots was 0.531. All the
loci examined were polymorphic, and the mean number
of alleles per locus was 4.2.

The plots showed a genetic diversity HE ranging from
0.327 to 0.549 (Table 2; plots F and E, respectively). We
found that the mean genetic diversity for the town plots
(HE = 0.523) was higher than for the field plots
(HE = 0.481). In Table 2, it can be observed that the mean
number of alleles and genetic diversity were higher for
the plots in which Phaseolus coccineus plants were sam-
pled, than for the plots with only P. vulgaris. These results
suggest that the P. coccineus plants nodulate with a wider
range of R. etli bv. phaseoli genotypes. This is also reflected
in the P. coccineus ET/isolates ratio (0.48), which is twice
the P. vulgaris ET/isolates ratio (0.24).

Of the 126 ETs found from the 485 isolates, 85 were repre-
sented by only one isolate, comprising 67.5% of the ETs and
17.6% of the isolates. Of the 41 ETs represented by more
than one isolate, ETs 7, 9, 11, 13 and 27 (with 26, 42, 70, 34
and 59 isolates, respectively) were shared by all the plots,
comprising approximately half (48%) of the total number
of isolates. A chi-square test showed that the frequencies of
these five widespread ETs varied significantly among the
six plots (χ2

20 = 78.2, P < 0.005), and for all the pairwise
combinations between town and field plots (AD χ2

4 = 19,
AE χ2

4 = 22.2, AF χ2
4 = 17.2, BD χ2

4 = 23.2, BE χ2
4 = 28, BF

χ2
4 = 21.7, CD χ2

4 = 19.3, CE χ2
4 = 24.6, CF χ2

4 = 19.7;
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P < 0.005). In contrast, the differences in the frequencies of
these widespread ETs among the town plots and among
the field plots were not significant. This suggests that the
differences are due to the local characteristics of the plots,
but are averaged (and lost) when considering the localities.

Genetic differentiation

The genetic differentiation indices (GST) are shown in
Table 2. The genetic differentiation of the six plots in relation
to the total genetic diversity found in San Miguel was signif-
icantly different from 0 (GST= 0.072; Table 2), indicating that
7.2% of the variability in allele frequencies is attributable to
differences among plots. The differences between the
two localities accounted for a smaller, but a significant,
fraction of the observed variability (GST= 0.022 ± 0.007 stan-
dard error (SE), P < 0.001; not shown in Table 2). We also
found a significant degree of differentiation among town
(GST= 0.062) and field (GST= 0.046) plots (Table 2).

At the plant level, none of the mean genetic differentia-
tion values were significant; GST ranged from 0.015 to 0.135
(plots D and C, respectively; Table 2), indicating consider-
able variation. When the plants of the two bean species were
analysed separately, we found that the bacteria associated
with P. coccineus plants showed a higher, but nonsignificant,
degree of differentiation than the P. vulgaris plants (Table 2).

From the GST related values, the migration parameter
Nm was estimated. All the Nm values at the plot level
were relatively high and similar (Table 2). We also found
that the number of effective migrants per generation

between town and field localities was high (Nm = 5.1; not
shown in Table 2). 

In contrast, the migration parameter at the plant level
varied considerably (Table 2). The lowest value was found
for the plants from plot C (Nm = 2.5), while the highest
value was found for the plants from plot D (Nm = 24.1).
The migration parameter for the total P. vulgaris sample
was more than fivefold higher than the parameter for the
total P. coccineus sample (Table 2), suggesting a lower
degree of migration among P. coccineus plants compared
with P. vulgaris plants.

The pairwise genetic identities (I) and percentage of
shared ETs are shown in Table 3. Despite heterogeneity in
allele frequencies among the six plots, the pairwise
genetic identity values were very high (mean I = 0.914),
with the exception of most comparisons with plot A. This
supports our earlier analysis indicating a low degree of
differentiation among plots. Moreover, because the iden-
tity values were not higher between pairs of plots of the
same locality than the pairs among localities (Table 3), we
found no evidence of isolation by distance between the
two localities. These findings are reinforced by the results
of the percentage of shared ETs (Table 3).

The three-level nested ANOVA showed that, in the case of
isolates, 70.1% of the variability was due to differences
among isolates within plants, while less variability can be
explained by differences at higher levels: 13.1% is due to
differences among plants and a slightly higher proportion
(16.8%) to differences among plots. Similar results were
obtained when the analysis was performed using only ETs.
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No. of No. of Mean no. 
Data set isolates ETs of alleles HE  GSTà Nm¤

A 94 46 3.3 0.521 (0.069) 0.068 (0.020)a 5.6
B 69 18 2.7 0.346 (0.068) 0.040 (0.014)a 8.8
C 96 33 3.4 0.473 (0.065) 0.135 (0.033)a 2.5
D 77 27 2.6 0.336 (0.083) 0.015 (0.005)a 24.1
E 72 33 3.5 0.549 (0.054) 0.066 (0.015)a 5.2
F 74 30 2.9 0.327 (0.077) 0.090 (0.035)a 3.9
Town 259 75 3.7 0.523 (0.066) 0.062*(0.015)b 3.4
Field 223 69 3.9 0.481 (0.060) 0.046*(0.019)b 4.6
P. v.** 378 91 3.7 0.501 (0.066) 0.045 (0.010)a 10.1
P. c. 104 50 4.0 0.548 (0.067) 0.173 (0.039)a 1.9
Total 482 126 4.2 0.531 (0.066) 0.072*(0.017)b 4.5

ET, electrophoretic type.
 Mean genetic diversity, values in parenthesis represent ± standard error (SE).
àGenetic differentiation, values in parenthesis represent ± SE.
¤Effective number of migrants per generation.
**P. vulgaris. 
  P. coccineus.
*GST values significantly different from 0 at P < 0.05.
aGenetic differentiation at the plant level.
bGenetic differentiation at the plot level.

Table 2 Genetic diversity and genetic
differentiation estimates at different
hierarchical levels for the 10 loci surveyed
in Rhizobium etli associated with Phaseolus
vulgaris and P. coccineus plants in two
localities (town and field) in San Miguel,
Mexico



The genetic component of the variance at the isolates level
was ≈ 88.3%, the variance due to differences among plants
was 5.3% and, finally, the variance due to differences
among plots was 6.4%. These results indicate that the main
proportion of the variability is found within the plants
level, rather than at higher local geographical scales.

Linkage disequilibrium at hierarchical levels

Table 4 summarizes the results of the linkage disequilib-
rium analysis. In general, the VO/VE ratios were lower
when only the ETs were analysed, while the mean number

of mismatches increased. The VO/VE ratio for the 482 iso-
lates was 3.93, while it dropped to 2.27 if performed for
the 126 ETs; both values are high and significantly differ-
ent from 1 (P < 0.001; Table 4), indicating nonrandom asso-
ciation of alleles.

The VO/VE ratio for isolates within plots ranged from
1.71 to 4.58 (Table 4; plots F and C, respectively), and
when only ETs were taken into account, the value ranged
from 1.46 to 3.23 (Table 4; plots D and C, respectively).

The isolatesÕ VO/VE ratio was higher for the town plots
than for the field plots, and higher for P. coccineus than for
P. vulgaris (Table 4). Plots in which both bean species were
sampled had higher VO/VE ratios and mean number of
mismatches than plots in which only P. vulgaris was sam-
pled (Table 4); suggesting again that the P. coccineus plants
nodulate with a wider range of R. etli bv. phaseoli geno-
types than P. vulgaris.

In all cases, the VO/VE ratio was significantly larger
than 1, indicating significant linkage disequilibrium at all
the analysed hierarchical levels. These results show that
R. etli bv. phaseoli has a clonal population structure at the
different spatial and host levels.

Cluster analysis

The genetic relatedness of the 126 ETs are depicted in a
UPGMA dendrogram (Fig. 2). The first division of the den-
drogram is at 0.9 genetic distance (measured as the pro-
portion of mismatches) separating the R. etli bv. phaseoli
isolates from the R. meliloti strain. The R. etli bv. phaseoli
cluster can be divided at a genetic distance of 0.7 in three
clusters (Fig. 2). Cluster I contains 95 isolates, cluster II
contains only the R. etli bv. phaseoli reference strains, while
cluster III contains 387 isolates.

The compositions of clusters I and III are explained in
Table 5. Cluster I is composed of 19.7% of the total isolates,
mainly from the town plots and the P. coccineus plants. Of
the P. coccineus isolates 53.9% were within this cluster,
while only 10.3% of P. vulgaris isolates were represented
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Plot A B C D E F Average 

A 0.811 0.918 0.804 0.891 0.791 0.843
B 10.9 0.955 0.984 0.911 0.978 0.928
C 13.9 21.6 0.934 0.954 0.936 0.939
D 8.2 20.0 13.3 0.922 0.990 0.927
E 7.6 13.7 10.6 13.3 0.929 0.921
F 7.9 16.7 15.9 19.3 12.7 0.925
Average 9.7 16.6 15.1 14.8 11.6 14.5

ET, electrophoretic type.
*Above the diagonal are the genetic identities and below the diagonal are the percentages
of shared ETs.
 Average over all the comparisons for each plot.

Table 3 NeiÕs genetic identities (I) and the
percentage of shared ETs between pairs of
plots*

Table 4 Linkage disequilibrium parameters at different hierar-
chical levels at the 10 loci surveyed for Rhizobium etli associated
with Phaseolus vulgaris and P. coccineus in two localities (town and
field) in San Miguel, Mexico

Isolates ETs
Data set mism* VO/VE  mism VO/VE Pà

A 4.7 3.97 5.2 2.25 < 0.001
B 1.9 3.13 3.5 2.71 < 0.001
C 3.2 4.58 4.7 3.23 < 0.001
D 2.3 1.76 3.4 1.46 < 0.001
E 4.1 4.23 5.6 3.25 < 0.001
F 2.5 1.71 3.3 1.76 < 0.001
Town 4.2 4.60 5.2 2.44 < 0.001
Field 3.1 3.16 4.8 2.51 < 0.001
P. v.¤ 3.1 3.36 5.0 2.30 < 0.001
P. c.¦ 5.0 4.10 5.5 2.91 < 0.001
Total 3.8 3.93 5.4 2.27 < 0.001

ET, electrophoretic type.
*Mean number of mismatches.
 Observed variance/expected variance of the mismatch distribu-
tion.
àProbability of rejecting by chance alone the null hypothesis that
VO = VE, for both isolates and ETs.
¤P. vulgaris.
¦P. coccineus.



herein. More than half of the isolates in this cluster
belong to plot A (62.1%; Table 5). Even though this cluster
is not the largest one, it contains a high proportion of
unique ETs (of the 48 ETs in this cluster, 40 were unique),

representing 83.3% of the cluster ETs and 47% of the
unique ETs in the total sample. This clustering reflects the
finding that the genotypes from plot A and from P. coc-
cineus plants are the most distinct populations.
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Fig. 2 Genetic relatedness among 126
electrophoretic types (ETs) of Rhizobium
etli bv. phaseoli based on 10 polymorphic
loci, generated by distance method UPGMA.
The genetic distances were estimated as
the proportion of allelic mismatches. Only
genetic distances above 0.2 are shown. The
terminal codes represent the
electrophoretic type (ET) number and in
parentheses the number of isolates for
multiple ETs. The R. etli bv. phaseoli
clusters I, II and III are indicated. The bold
lines and black arrows refer to subclusters
III.1 and III.2.



Cluster III comprises the largest part of both the total
isolates (80.3%) and the total ETs (61.9%). Almost all the
field locality isolates and the P. vulgaris isolates are
included here (Table 5). This cluster had a more homoge-
neous plot distribution than cluster I, because most of the
isolates of each plot were found herein, with the exception
of plot A (Table 5). Of the 78 ETs in this cluster, only 45
were unique, representing approximately half (57.7%) of
the ETs in the cluster. The five common and widespread
ETs were found herein, grouped in two smaller subclus-
ters, named subclusters III.1 and III.2 (Fig. 2).

Subcluster III.1 contains the widespread ETs 11, 7 and
27 (with 70, 26 and 59 isolates, respectively), and the
unique ET 22 (Fig. 2), comprising 32.4% of the total iso-
lates. Subcluster III.2 contains the widespread ETs 13

and 9 (with 34 and 42 isolates, respectively), ET 75 with
two isolates, and the unique ET 81 (Fig. 2), comprising
16.4% of the total population. The genetic distance among
the subclusters was small. These results suggest that these
abundant and widespread genotypes are closely related,
and could be the result of the diversification of an original
successful genotype.

We performed genetic diversity and linkage disequilib-
rium analyses for both the genotypes and the isolates
within clusters I and III (Table 6). Cluster I showed a
higher genetic diversity, mean number of mismatches,
and VO/VE ratios than cluster III, both for ETs and isolates
(Table 6). The isolatesÕ VO/VE ratios for both clusters
showed significant linkage disequilibrium, but the ETsÕ
VO/VE ratios were not significantly different from 1
(Table 6), showing random allele association between loci
(Maynard Smith et al. 1993). These results indicate that
frequent mixis occurs among the genotypes within the
two main genetic divisions.

Discussion

Genetic diversity and differentiation

Bacteria that nodulate beans in San Miguel are very
diverse, globally and within each plot. The level of genetic
variation found for the total population (H = 0.531) is sim-
ilar to that reported for other Rhizobium species (e.g.
H = 0.493 for R. leguminosarum bv. viciae (Gordon et al.
1995), H = 0.426 for R. leguminosarum bv. trifolii (Hagen &
Hamrick 1996a)) and for other R. etli bv. phaseoli popula-
tions associated with cultivated Phaseolus vulgaris
(H = 0.499 in 1987 and H = 0.407 in 1988 (Souza et al. 1994),
H = 0.513 (Segovia et al. 1991)).

Sullivan et al. (1995) showed that genetic diversity in
Rhizobium can be generated by recombination events
between local bacteria and an inoculant strain. They pro-
posed that these new nodulating strains may account for
the rapid diversification of rhizobia in the field. In the
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Table 5 Distribution of Rhizobium etli isolates belonging to clus-
ters I and III, as defined in Fig. 2

Cluster I Cluster III

Data set n* % pop.  % cluà n % pop. % clu

A 59 62.8 62.1 35 37.2 9.0
B 3 4.3 3.2 66 95.7 17.1
C 15 15.6 15.8 81 84.4 20.9
D 2 2.6 2.1 76 98.7 19.6
E 15 20.8 15.8 56 77.8 14.5
F 1 1.4 1.1 73 98.6 18.9
Town 77 29.7 81.1 182 70.3 47.0
Field 18 8.1 18.9 205 91.9 53.0
P. v.¤ 39 10.3 41.0 339 89.7 87.6
P. c.¦ 56 53.8 59.0 48 46.2 12.4
Total 95 19.7 100.0 387 80.3 100.0

*Number of isolates in the corresponding population.
 Percentage of the corresponding population.
àPercentage of the cluster.
¤Phaseolus vulgaris.
¦P. coccineus.

Table 6 Genetic diversity and multilocus linkage disequilibrium estimates for Rhizobium etli within clusters I and II, as defined in Fig. 2

Isolates ETs
No. of No. of Mean no.

Cluster isolates ETs of alleles H* mism  VO/VEà P¤ mism VO/VE P

I 95 48 3.4 0.400 (0.082) 2.8 1.87 < 0.001 4.1 1.15 N. S.
III 387 78 3.6 0.347 (0.067) 2.0 1.18 < 0.001 3.4 0.75 N. S.
Total 482 126 4.2 0.531 (0.066) 3.8 3.93 < 0.001 5.4 2.27 < 0.001

ET, electrophoretic type.
*Mean genetic diversity, values in parenthesis represent ± standard error (SE).
Mean number of mismatches.
àObserved variance/expected variance of the mismatch distribution.
¤Probability of rejecting by chance alone the null hypothesis that VO = VE.



case of R. etli populations, Segovia et al. (1991) found a
proportion of at least one symbiotic strain to 40 nonsym-
biotic strains in the soil, and suggest the participation of
these nonsymbiotic populations in the generation of new
symbiotic strains with different adaptive traits. In San
Miguel, we found a high proportion of genotypes repre-
sented by only one isolate (67.3% of the ETs or 17.6% of
the isolates), which could be persisting rare genotypes or
the outcome of mutation and/or recombination events
within the R. etli genetic pool. Nevertheless, these unique
genotypes may be outcompeted by other genotypes pref-
erentially selected by the host plants. Among the pre-
ferred strains are the five widespread and genetically
related genotypes that account for almost half of the iso-
lates. These few successful genotypes may be adapted to
the global environmental conditions of the site to survive
during the drought season, and be selected by a wide
range of the bean landrace genotypes. However, competi-
tive differences among genotypes under specific ecologi-
cal conditions could account for their differential
abundance between the two localities, probably due to
differences in soil composition. For example, ET 1 with 22
isolates, was the third most abundant among town plots,
but this ET was not represented in the field plots. It is
interesting that this ET belongs to cluster I, as do most of
the genotypes from town plots. We found a slightly
higher average genetic diversity in town plots than in
field plots, perhaps indicating that the town environmen-
tal conditions allow the development of a wider range of
R. etli bv. phaseoli genotypes. A high content of soil organic
matter has been correlated with the maintenance of
higher rhizobial populations, and maybe higher genetic
diversity (E. Mart�nez-Romero, personal communica-
tion). The association between isolate distribution and
plot of origin suggests an ecotypic structure, with clones
adapted to the local conditions (Maynard Smith 1991;
Haubold & Rainey 1996).

The GST related values were significant at the higher
hierarchical levels (total and locality), although not signifi-
cantly different from 0 within each plot or at the bean
species level. These results indicate that a high proportion
of the genetic diversity is found within individual plants.
On the basis of the high ET/isolates ratio, mean genetic
diversity, GST value, mean number of mismatches, and
VO/VE ratio, we proposed that the P. coccineus plants
nodulate with a wider range of R. etli bv. phaseoli geno-
types than the P. vulgaris plants. The plot pairwise genetic
identity values were very high, indicating that most alleles
are shared among the different plots. Identity values and
the percentage of shared ETs indicate that plot A is the
most differentiated population. An explanation for the dif-
ferent genotypes found in plot A could be the differences
in soil conditions, as a steeper inclination of this terrain can
result in higher erosion and lower water retention.

The variance component estimation over the total
genetic diversity showed that the main part of the differ-
ences was found among the isolates that nodulate the
plants, whereas only a small fraction of the variability was
explained by differences among plots or plants. This
shows that the founder effect of the isolates that nodulate
a plant and the genotype-specific selection of the host are
important processes that are shaping the local population
structure of this symbiotic nitrogen-fixing bacteria. This
finding is in agreement with the results observed for R.
trifolii by Hagen & Hamrick (1996a). They suggest that the
gene flow acts at a larger scale, while the founder effect is
important at local scales. Our data support a high degree
of gene flow among plots and localities, but also among
most plants. This may reflect the soil movement due to
tillage practices, in contrast with the noncultivated road-
side R. trifolii populations analysed by Hagen & Hamrick
(1996a). All Nm values obtained for the sampled popula-
tions were higher than 1, and most were higher than 4,
suggesting that the sampled plots may experience suffi-
cient gene flow to prevent substantial genetic divergence
and may belong to a single evolutionary unit (Wright
1951).

The total R. etli bv. phaseoli sampled population is in
linkage disequilibrium, indicating clonality. But, as
pointed out by Maynard Smith et al. (1993), linkage dise-
quilibrium may arise by geographical or ecological isola-
tion. In the present study, the linkage disequilibrium
analysis of the ETs within the two main genetic clusters
showed evidence of frequent mixis among genetically
related genotypes. Because genotypes of both clusters
were present in all the sampled plots, these results could
explain why significant linkage disequilibrium was found
at all the hierarchical levels analysed. This, together with
the high gene flow detected in the population, suggests
that geographical separation may not be an important
source of linkage disequilibrium, reinforcing the observa-
tion that the lack of recombination found in the sampled
populations of R. etli bv. phaseoli in San Miguel was due to
the coexistence of two main genetic lineages sexually iso-
lated. This suggests a reticulate genetic structure
(Maynard Smith et al. 1993). On the other hand, the fact
that the clusters linkage disequilibrium analysis per-
formed with isolates showed clonality, and when per-
formed only with ETs showed mixis, suggests an
epidemic genetic structure (Maynard Smith et al. 1993).
These two features brought together point towards a
reticulatedÐepidemic population genetic structure (Fig. 3)
for R. etli bv. phaseoli in San Miguel.

Evidence of a reticulate genetic structure has been
reported for R. meliloti and R. tropici (Eardly et al. 1990;
Mart�nez-Romero et al. 1991). As pointed out by Gordon
et al. (1995) and Lenski (1993), conclusions derived from
the analysis of subgroups will be much stronger when
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there is independent evidence that the subgroups are bio-
logically meaningful entities. In the case of our R. etli bv.
phaseoli isolates, it would be interesting to have additional
information that would support the existence of these lin-
eages and establish if these genetic divisions are part of
the R. etli genetic pool or if they are different species.

This study strongly suggests that in San Miguel the local
conditions have shaped a complex genetic structure.
Within the R. etli genetic pool, mutation and recombination
within the two lineages can generate diversity. On the one
hand, we found ecotypes locally adapted, and on the other,
we observed widespread genotypes adapted to the global
conditions. The selection imposed by the bean landraces
coupled with the founder effect of the different ecotypes
produces an epidemic structure in the nodules, while gene
flow prevents genetic divergence within the lineages and
maintains the populations as a single evolutionary unit.
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