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† Background and Aims Life form, mating system and seed dispersal are important adaptive traits of plants. In the
first effort to characterize in detail the population genetic structure and dynamics of wild Medicago species in
China, a population genetic study of two closely related Medicago species, M. lupulina and M. ruthenica, that
are distinct in these traits, are reported. These species are valuable germplasm resources for the improvement
of Medicago forage crops but are under threat of habitat destruction.
† Methods Three hundred and twenty-eight individuals from 16 populations of the annual species, M. lupulina,
and 447 individuals from 15 populations of the perennial species, M. ruthenica, were studied using 15 and 17
microsatellite loci, respectively. Conventional and Bayesian-clustering analyses were utilized to estimate
population genetic structure, mating system and gene flow.
† Key Results Genetic diversity of M. lupulina (mean HE ¼ 0.246) was lower than that of M. ruthenica (mean
HE ¼ 0.677). Populations of M. lupulina were more highly differentiated (FST ¼ 0.535) than those of
M. ruthenica (FST ¼ 0.130). For M. lupulina, 55.5 % of the genetic variation was partitioned among populations,
whereas 76.6 % of the variation existed within populations of M. ruthenica. Based on the genetic data, the selfing
rates of M. lupulina and M. ruthenica were estimated at 95.8 % and 29.5 %, respectively. The genetic
differentiation among populations of both species was positively correlated with geographical distance.
† Conclusions The mating system differentiation estimated from the genetic data is consistent with floral mor-
phology and observed pollinator visitation. There was a much higher historical gene flow in M. ruthenica than
in M. lupulina, despite more effective seed dispersal mechanisms in M. lupulina. The population genetic structure
and geographical distribution of the two Medicago species have been shaped by life form, mating systems and
seed dispersal mechanisms.
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INTRODUCTION

Life form, mating systems and seed dispersal are important
adaptive traits shaping genetic structure and geographical dis-
tribution of plant populations (Levin, 1981; Loveless and
Hamrick, 1984; Ennos, 1994; Hamrick and Godt, 1996;
Bohonak, 1999; Clauss and Mitchell-Olds, 2006; Song et al.,
2006; Mable and Adam, 2007). Analyses of phenotypic vari-
ation of these traits together with population genetic variation
should provide insights into the evolutionary history and pro-
cesses of plant species (Barrett et al., 1996; Juan et al.,
2004), which in turn will help determine evolutionary
potentials and conservation strategies for natural populations.

Here, a population genetic study of two wild Medicago
(Fabaceae) species, Medicago lupulina and Medicago ruthe-
nica, which differ markedly in life form, mating systems,
seed dispersal mechanisms and distribution ranges, is reported.
The genus Medicago is distributed worldwide and consists of
approx. 83 species, including two forage crops, M. sativa and
M. truncatula (Small and Jomphe, 1989). Thirteen wild
species of Medicago are found in China (Wei and Huang,
1998). They are adapted to a diverse range of habitats

located in different geographical regions of China, from cold
northern desert to warm and humid southern and central
China, and from near the sea level in eastern China to high
mountains in the Himalayas. These wild species hold a rich
source of natural variation for the better understanding of
plant population dynamics and for the improvement of
Medicago cultivars. With rapid urbanization and overgrazing
in China, however, these wild Medicago populations are threa-
tened by severe reductions in number and size (J. Yan and
H.-J. Chu, pers. obs.). Thus, there is an urgent need to inves-
tigate the population genetics and evolutionary dynamics of
wild relatives of important forage crops.

Medicago truncatula has been chosen as one of the two
representatives of the Fabaceae to have its entire genome
sequenced. Taking advantage of the availability of genomic
information for M. truncatula (http://medicago.org/), the popu-
lation genetic structures of M. lupulina and M. ruthenica were
studied using microsatellite markers. Medicago lupulina is
annual, biennial or occasionally short-lived perennial, predo-
minantly self-fertilizing, and widely distributed, whereas
M. ruthenica is long-lived perennial, outcrossing, and
much more narrowly distributed (Wei and Huang, 1998).
Medicago lupulina has small indehiscent pods that facilitate†These authors contributed equally to this work.
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long-distance seed dispersal by biotic and abiotic agents,
whereas M. ruthenica has dehiscent pods and lacks effective
mechanisms for seed dispersal.

Medicago lupulina, although never cultivated, has been
grown as a green fodder or manure (Turkington and Cavers,
1979). The species is characterized as a water-saving and
easily-maintained turf legume that contains a high level of
protein and a low level of fibre suitable for grazing (Cao
et al., 2003). However, the biomass of the forage legume is
relatively low. Medicago ruthenica is adapted to dry, stony
habitats or desert with extremely low snowfall and very cold
winters (Campbell et al., 1999). It was considered to be
superior to the cultivated species M. sativa in soil nutrient-use
efficiency and thus might be more suitable for low-input
systems (Campbell et al., 1999). Both wild species are
adapted to a much wider range of habitats than the cultivated
species and are valuable genetic resources for developing
better grazing legumes especially in drier and colder regions.
Although the morphology, physiology, phenology, chromoso-
mal variation and in-breeding of the two species had been
studied previously (Lammerink, 1968; Sidhu, 1971; Hébert
et al., 1994; Mariani et al., 1996; Qi, 1996; van Berkum
et al., 1998; Campbell et al., 1999; Wilson, 2005; Li and
Shi, 2006), their population genetic structures had not been
characterized.

In the present paper, the genetic variation was investigated
in a sample consisting of 16 M. lupulina populations and 15
M. ruthenica populations using 15 and 17 microsatellite
markers, respectively. These included five populations of
each species occurring sympatrically with those of the other
species, and five microsatellite markers shared between the
two species. This made it possible to evaluate to a certain
extent the genetic differentiation between M. lupulina and
M. ruthenica in the common environments and at the same
loci. In characterizing the population genetic structures of
the two species, the aim was to (a) quantify genetic variability;
(b) estimate gene flow; (c) infer the correlation between the
genetic relationships and geographical distributions; and
(d ) integrate the genetic information with phenotypic variation
in mating system, life form and seed dispersal to understand
the population dynamics and evolutionary processes of the
two Medicago species.

MATERIALS AND METHODS

Plant materials

Medicago ruthenica Trautv. is distributed from central China
to Mongolia and Siberia (Small and Jomphe, 1989). Our popu-
lation sampling covers its entire distributional range in China
(Fig. 1). Medicago lupulina L. has a broader distribution,
occurring natively in temperate and subtropical Eurasia and
North Africa (Dunbier, 1972). To compare its population
genetic structure with M. ruthenica, populations of
M. lupulina were sampled from the distributional range of
M. ruthenica, including five sympatric populations of each
species. In addition, populations of M. lupulina were
sampled from north-western China. A total of 328 individuals
were sampled from 16 populations of Medicago lupulina and
447 individuals were sampled from 15 populations of

Medicago ruthenica between August and October in 2004
and 2005 (Table 1). Populations were recorded by GPS
co-ordinates. Leaf samples were collected from randomly
selected individuals in each population and immediately
dried using silica gel for DNA isolation.

Microsatellite analysis

DNA was isolated from approx. 0.5 g dried leaves using a
modified cetyltrimethy lammonium bromide (CTAB) protocol
(Doyle and Doyle, 1987). DNA quality was tested on 0.8 %
agarose gels. After measuring DNA concentration with an
Eppendorf BioPhotometer, samples were diluted to 5 ng mL21.

For microsatellite analysis, 92 pairs of primers were selected
from previous publications (Diwan et al., 2000;
Baquerizo-Audiot et al., 2001; Julier et al., 2003; Eujayl
et al., 2004) and the Medicago genome website (http://
medicago.org/genome/downloads.php). These primers were
tested using 32 individuals from each of M. lupulina and
M. ruthenica. Fifteen and 17 primers that detected a suitable
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(B) Medicago ruthenica (numbers correspond to MR-1 to MR-15 in Table 1).
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level of polymorphism in M. lupulina and M. ruthenica,
respectively, were identified (Table 2). The two species
shared five microsatellite loci, MTIC14, MTIC188,
MTIC189, MTIC432 and AFct45.

Microsatellites were amplified by polymerase chain reaction
(PCR). A 10-mL reaction contained 10–50 ng of template
DNA, 1 � PCR reaction buffer, 1.5 mM of MgCl2, 0.2 mM of
dNTP mix, 0.5 mM of each primer, and 0.5 U of Taq polymer-
ase (Invitrogen). Reactions were performed in a Gene Amp
PCR system 9700 (PE Applied Biosystems) with the following
programme: 5 min at 95 8C, then 30 cycles of 45 s at 95 8C,
primer-specific annealing temperature for 30 s at 50–60 8C,
and 72 8C for 1 s, followed by a final extension of 7 min at
72 8C. PCR products were denatured for 5 min at 95 8C and
run on a 6 % polyacrylamide denaturing gels that were made
0.4 mm thick. A 25-bp DNA ladder (Promega, Madison, WI,
USA) was used as the size standard. The gels were treated
with silver stained to visualize DNA bands and score microsa-
tellite alleles. The gel could reliably resolve alleles with 2-bp
length difference.

Genetic diversity and mating system analyses

For each population, genetic diversity was estimated across
all loci using the observed number of alleles (na), effective

number of alleles (ne), HE, HO, FIS, and the number of
private alleles. For each microsatellite locus, genetic poly-
morphism was assessed by calculating the total number of
alleles (A, allelic diversity), the expected and observed hetero-
zygosity (HE and HO). The inbreeding coefficient, FIS, was
calculated by FSTAT 2.9.3 (Goudet, 2001). GenAlEx 6 soft-
ware was used to estimate ne, na, A, HO, HE (Peakall and
Smouse, 2006). Selfing rate was estimated as s¼ 2 FIS/(1 þ FIS)
(Ritland, 1990). Deviation from the Hardy–Weinberg equili-
brium and linkage disequilibrium were tested using the
FSTAT program (Goudet, 2001). The significant values
for the linkage disequilibrium were corrected for multiple
comparisons by Bonferroni correction (Rice, 1989)

Genetic structure and genetic differentiation

STRUCTURE 2.2 (Pritchard et al., 2000; Falush et al.,
2003) was used to test whether M. lupulina and
M. ruthenica were genetically differentiated without a priori
classification of individuals. The program STRUCTURE
implements a model-based clustering method to demonstrate
the presence of population structure, assign individuals to
populations and identify migrants and admixed individuals
(Pritchard et al., 2000), by assuming that the markers are
unlinked and at linkage equilibrium within populations.

TABLE 1. Collection localities of Medicago lupulina (ML) and Medicago ruthenica (MR) populations

Population Latitude Longitude N na ne HO HE FIS s Private allele

ML-1 39.44 75.988 23 2.6 1.7 0.014 0.334 0.959 0.979 0
ML-2 43.88 81.305 20 3.7 1.9 0.040 0.378 0.899 0.947 8
ML-3 43.45 83.283 20 2.9 2.1 0.030 0.397 0.928 0.963 1
ML-4 41.75 86.128 17 2.8 2.1 0.012 0.382 0.970 0.985 2
ML-5 43.70 89.604 23 2.7 1.7 0.012 0.292 0.961 0.980 1
ML-6 43.58 93.008 20 2.0 1.3 0.027 0.174 0.852 0.920 0
ML-7 48.90 119.837 18 2.4 1.3 0.015 0.175 0.920 0.958 4
ML-8 43.53 117.236 21 2.0 1.2 0.006 0.160 0.962 0.981 0
ML-9 40.89 113.885 21 1.9 1.3 0.006 0.183 0.965 0.982 0
ML-10 39.96 115.439 12 2.1 1.5 0.006 0.263 0.981 0.990 0
ML-11 39.44 111.461 22 2.0 1.2 0.024 0.130 0.820 0.901 1
ML-12 37.98 109.853 23 2.4 1.5 0.021 0.263 0.925 0.961 1
ML-13 36.32 109.651 20 1.9 1.3 0.000 0.168 1.000 1.000 3
ML-14 34.28 108.958 27 1.5 1.1 0.015 0.055 0.741 0.851 0
ML-15 36.94 102.589 21 3.3 1.5 0.044 0.265 0.840 0.913 9
ML-16 35.78 104.048 20 2.4 1.7 0.000 0.311 1.000 1.000 0
ML mean 20.5 2.4 1.5 0.017 0.246 0.920 0.958 1.875
MR-1 49.56 117.45 51 8.824 4.840 0.627 0.715 0.133 0.235 3
MR-2 45.13 112.49 46 9.000 5.449 0.636 0.729 0.139 0.244 4
MR-3 45.56 117.01 51 8.941 5.141 0.564 0.706 0.210 0.347 2
MR-4 42.29 119.02 20 6.941 3.927 0.619 0.684 0.121 0.216 3
MR-5 42.97 119.01 21 7.412 4.221 0.584 0.686 0.173 0.295 1
MR-6 43.26 117.53 35 8.000 4.359 0.599 0.692 0.149 0.259 6
MR-7 43.53 117.24 36 8.176 4.768 0.557 0.706 0.225 0.367 4
MR-8 40.89 113.87 20 6.941 4.003 0.581 0.660 0.145 0.253 5
MR-9 40.37 113.24 20 7.706 4.829 0.641 0.722 0.138 0.243 1
MR-10 40.91 111.69 35 7.941 4.728 0.603 0.722 0.179 0.304 2
MR-11 39.44 111.46 23 6.059 3.866 0.594 0.677 0.146 0.255 3
MR-12 36.31 109.65 20 6.000 3.772 0.551 0.617 0.135 0.238 1
MR-13 35.75 107.98 21 7.647 4.547 0.591 0.664 0.135 0.238 4
MR-14 35.80 104.06 20 5.647 3.664 0.457 0.608 0.273 0.429 3
MR-15 31.68 103.84 28 6.000 3.220 0.413 0.569 0.292 0.452 3
MR mean 30 7.416 4.356 0.574 0.677 0.173 0.295 3

N, number of individual plants; na, observed alleles number; ne, effective allele number; HE, expected heterozygosity; HO, observed heterozygosity;
FIS, inbreeding coefficient; s, selfing rate.
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The program calculates an estimate of the posterior probability
of the data for a given K, Pr(X/K) (Pritchard et al., 2000). The
range of possible K was from 1 or 2 to the true number of
populations plus 3 (Evanno et al., 2005). Therefore, the
number of populations (clusters), K, was set from 1 to 18.
Under the assumption that admixture model and allele fre-
quencies correlated, each K was replicated 3–5 times with
different probability (v) for 100 000 iterations after a burn-in
period of 50 000 without prior information on the population
of origin. Additionally, population divergence was quantified
using u, and an unbiased estimator of FST (Weir and
Cockerham, 1984; Slatkin, 1995) was estimated using
FSTAT version 2.9.3 (Goudet, 2001). Genetic differentiation
within and among populations was further measured by analy-
sis of molecular variance (AMOVA) using ARLEQUIN 3.1
(Excoffier et al., 2005).

The POPULATION 1.2 software (Langella, 2000) was used
to calculate the Nei’s genetic distance (DA) (Nei, 1983)among
individuals within each species. Unrooted neighbor-joining

trees based on Nei’s genetic distance were constructed and
visualized with the TREEVIEW software (Page, 1996). To
investigate spatial genetic structure, the relationship between
the matrix of pairwise genetic distance [FST/(1 – FST)] and
the matrix of the logarithm of geographical distances was ana-
lysed via a Mantel’s test (Mantel, 1967) with 100 000 random
permutations using the program IBD (Bohonak, 2002).
Geographic distances between pairs of populations were calcu-
lated from linear distances between latitude and longitude
positions (http://jan.ucc.nau.edu/~cvm/latlongdist.html).

Gene flow

Individual-based assignment tests have been used to esti-
mate contemporary rates of gene flow and dispersal (Berry
et al., 2004; Mix et al., 2006). A partial exclusion
Bayesian-based individual assignment test (Rannala and
Mountain, 1997), implemented in the GeneClass 2.0 (Piry
et al., 2004), was used to assess the recent gene flow
between pairs of populations. Assignment probabilities are
computed based on the resampling method of Paetkau et al.
(2004). A total number of 1000 individuals was simulated
and a threshold of 0.01 was used. The limitation of this
method is that the migration rate observed during a short
study might not accurately reflect long-term patterns of gene
flow (Manel et al., 2005). Therefore, FST was used to estimate
historical rates of gene flow (Nm) according to Wright’s island
model of population genetic structure, where FST � 1/(1 þ 4Nm)
(Wright, 1951; Slatkin and Barton, 1989; Gaggiotti et al.,
1999; Sork et al., 1999).

RESULTS

Genetic diversity and mating system

The level and pattern of estimated genetic variation differed
substantially between populations of M. lupulina and
M. ruthenica (Table 1 and Fig. 2). For M. lupulina, a total
of 328 individuals from 16 populations was surveyed, in
which 112 alleles were identified at 15 microsatellite loci.

TABLE 2. Diversity statistics and summary of F-statistics of
microsatellite loci for Medicago lupulina and Medicago

ruthenica

Locus A HE HO FST Nm

M. lupulina
Mtgsp_005g08.ag.21-1 10 0.395 0.006 0.491 0.259
Mtgsp_001b05.ag.17-1 7 0.384 0.031 0.476 0.276
MAA660870 5 0.162 0.003 0.604 0.164
MtSSRNFAL05 7 0.278 0.018 0.638 0.142
MTR58 16 0.524 0.012 0.411 0.358
MTIC210 9 0.275 0.003 0.564 0.193
MTIC251 3 0.063 0.002 0.762 0.078
MTIC339 3 0.037 0.000 0.062 3.774
MTIC345 8 0.323 0.090 0.421 0.344
MTIC451 8 0.222 0.020 0.670 0.123
MTIC14 6 0.187 0.000 0.604 0.164
MTIC188 11 0.258 0.015 0.585 0.177
MTIC189 9 0.267 0.016 0.551 0.203
MTIC432 5 0.184 0.037 0.612 0.158
AFct45 5 0.127 0.003 0.567 0.191
ML mean 7.5 0.246 0.017 0.535 0.218

M. ruthenica
Mtgsp_005e04.taa.9-1 13 0.681 0.617 0.186 1.097
Mtgsp_002c04.ac.29-1 39 0.858 0.641 0.082 2.800
MtSSRNFAA02 7 0.445 0.484 0.082 2.788
MtSSRNFAL45 20 0.830 0.698 0.071 3.292
MAL369471 13 0.741 0.665 0.074 3.126
AI974357 16 0.668 0.572 0.154 1.377
MTIC48 24 0.735 0.573 0.139 1.547
MTIC134 9 0.574 0.450 0.141 1.527
MTIC249 9 0.534 0.299 0.155 1.367
MTIC343 17 0.808 0.671 0.068 3.422
MTIC354 11 0.453 0.489 0.057 4.175
MTIC471 13 0.674 0.493 0.174 1.189
MTIC14 6 0.475 0.302 0.244 0.776
MTIC188 22 0.859 0.835 0.072 3.214
MTIC189 22 0.885 0.834 0.053 4.425
MTIC432 28 0.710 0.603 0.211 0.936
AFct45 9 0.582 0.539 0.251 0.747
MR mean 16.4 0.677 0.577 0.130 1.672

A, Average number of alleles per locus; HE, expected heterozygosity;
HO, observed heterozygosity; FST, coefficient of genetic differentiation; Nm,
gene flow.

The five loci shared between the two species are indicated in bold.
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The average of observed heterozygosity (HO) within popu-
lations was 0.017, ranging from 0 to 0.044. The values are con-
siderably lower than expected heterozygosity (HE) assuming
the Hardy–Weinberg equilibrium, which averaged 0.246.

In comparison to M. lupulina, M. ruthenica has a higher
level of genetic variation. In 447 individuals from 15
sampled populations of M. ruthenica, 278 alleles were found
at 17 loci. The average HO of each populations is 0.574,
ranging from 0.413 to 0.641. This is slightly lower than the
average HE of 0.677. Medicago ruthenica populations also
possessed a larger average number of private alleles than
M. lupulina populations (3 versus 1.9). However, the variation
in the number of private alleles is greater among M. lupulina
populations (range 0–9) than that of the M. ruthenica popu-
lations (range 1–5).

When the genetic variation was compared between the two
species at the five shared microsatellite loci, M. ruthenica
accessions also showed a higher allelic diversity than
M. lupulina (Table 2). At these five loci, 17.4 alleles per
locus were found for M. ruthenica and 7.2 alleles per locus
for M. lupulina. This is similar to the averages of all
sampled loci, which was 16.4 and 7.5 alleles per locus for
M. ruthenica and M. lupulina, respectively.

The test for the Hardy–Weinberg equilibrium found that of
240 locus–population combinations in M. lupulina, 165, 128
and 109 or 68.8 %, 53.3 % and 45.4 % showed significant
deviation at P ¼ 0.05, 0.01 and 0.001, respectively. For
M. ruthenica, of 255 locus-population combinations, 112, 79
and 48 or 43.9 %, 30.9 % and 18.8 % showed significant devi-
ation at P ¼ 0.05, 0.01 and 0.001, respectively. The test for the
genotypic disequilibrium in all samples within each species
found that 80 of 105 locus pairs in M. lupulina and 36 of
136 locus pairs in M. ruthenica showed significant deviation
at the P ¼ 5 %, but none of locus pairs was found to be in sig-
nificant genotypic disequilibrium after the Bonferroni-type
correction.

The average FIS values were 0.920 (range 0.741–1.000) and
0.173 (range 0.121–0.292) for M. lupulina and M. ruthenica,
respectively. From these values, the rates of self-fertilization of
M. lupulina and M. ruthenica are calculated at 95.8 % and
29.5 %, respectively.

Population genetic structure and gene flow

The analysis of molecular variance (AMOVA, Table 3)
revealed that the majority of genetic variation occurred
among populations in M. lupulina (55.5 %) and within individ-
uals in M. ruthenica (76.06 %). In contrast, the minimum par-
titions of genetic variation resided within individuals in
M. lupulina (3.07 %) and among populations in M. ruthenica
(10.81 %). Bayesian clustering without prior information
about geographical origin of populations showed that the
highest likelihood value (Ln PrX/K ) occurred at K ¼ 16 in
M. lupulina and K ¼ 15 in M. ruthenica (Fig. 3), where the
number of clusters (K) was consistent with the natural popu-
lations sampled in this study. The result held for different
values of v (the probability that an individual was an
immigrant to a given population; v ¼ 0.01, 0.05 and 0.1).

Substantial genetic differentiation was found among
populations for both M. lupulina (FST ¼ 0.535 P , 0.001)

and M. ruthenica (FST ¼ 0.130, P , 0.001; Table 2).
The Mantel’s test showed that the genetic distance
[FST/(1 – FST)] and the geographical distance of the popu-
lations of each species are positively correlated (M. lupulina:
r ¼ 0.27, P ¼ 0.0094; M. ruthenica: r ¼ 0.41, P ¼ 0.0018;
Fig. 4). The cluster analyses of population relationships
based on genetic distance showed the populations from
closely situated regions were grouped together (Fig. 5).
Nevertheless, some exceptions are noteworthy. Populations
MR-10 and MR-12 from central China were clustered with
populations from north-eastern China. ML-7 in north-eastern
China was clustered with populations from north-western
China, ML1-5, rather than clustered with the nearest popu-
lation ML-8. Similarly, populations ML-8 was clustered with
ML-6 in western China.

Based on estimated FST, historical gene flow among the
sampled populations (Nm) was calculated at 0.218 in
M. lupulina and 1.672 in M. ruthenica (Table 2). With
regard to the contemporary gene flow, the assignment tests

TABLE 3. The analysis of molecular variance (AMOVA) for 16
Medicago lupulina populations and 15 Medicago ruthenica

populations

Source of variation
d.
f.

Variance
components

Percentage of
variation P

M. lupulina
Among populations 15 2.39 55.50 ,0.001
Among individuals
within populations

312 1.83 41.43 ,0.001

Within individuals 328 0.13 3.07 ,0.001
Total 655 4.22

M. ruthenica
Among populations 14 0.68 10.81 ,0.001
Among individuals
within populations

432 0.83 13.13 ,0.001

Within individuals 447 4.79 76.06 ,0.001
Total 893 6.30
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FI G. 3. Estimated posterior probability of K (1–18) for Medicago lupulina
(n ¼ 328) and Medicago ruthenica (n ¼ 447) averaged over five runs, where
K represents the number of clusters and n represent the number of samples.
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showed that an average of 80.8 % (P , 0.01) and 82.6 % (P ,
0.01) of individuals were correctly assigned to their own
source populations in M. lupulina and M. ruthenica, respect-
ively (Fig. 6). For the remaining individuals, 3.4 % of
M. lupulina and 1.4 % of M. ruthenica individuals did not

belong to any of the populations sampled, and 15.7 % of
M. lupulina and 16 % of M. ruthenica individuals were
assigned to a population different from which they were
collected.

DISCUSSION

Genetic variation

This study provides the genetic estimate of the mating systems
of the two Medicago species. From FIS values, selfing rates
were estimated to be higher than 95 % for M. lupulina but
lower than 30 % for M. ruthenica. Together with previous
studies (Mulligan, 1972; Bena et al. 1998; Campbell et al.,
1999) and the observed heterozygosity (HO), this suggests
that M. lupulina is predominantly selfing whereas
M. ruthenica is highly outcrossing.

The estimated mating system differentiation is consistent
with differences in floral morphology, similar to the corre-
lation between floral morphology and pollinator attraction
found in other plant groups (e.g. Juan et al., 2004; Gómez
et al., 2008). Medicago lupulina has relatively small flowers
with yellow papilionaceous corollas of 2–4 mm long
(Fig. 7A). Medicago ruthenica has larger and more showy
flowers with yellow corollas of approx. 8 mm long tinged
with dark purple on the outside of the petals and on the
inside toward the base (Fig. 7C). It was observed that
M. ruthenica was able to attract substantially more insect
pollinators such as bees, bumblebees and butterflies.

Mating system and life form play important roles in shaping
population genetic structure and distribution of plants (e.g.
Loveless and Hamrick, 1984; Hamrick and Godt, 1989,
1996; Stenøien et al., 2005; Clauss and Mitchell-Olds, 2006;
Drummond and Hamilton, 2007; Mable and Adam, 2007;
Michalski and Durka, 2007). The substantially higher selfing
rate in M. lupulina could have contributed to a lower overall
level of estimated heterozygosity (HE ¼ 0.246) than those
from M. ruthenica (HE ¼ 0.677). A low level of heterozygos-
ity (HE ¼ 0.348–0.476) was also found for the selfing species
M. truncatula in the French Mediterranean region (Bonnin
et al., 2001; Ellwood et al., 2006), whereas a higher level of
heterozygosity (HE ¼ 0.665–0.717) was observed for an out-
crossing species Medicago sativa (Flajoulot et al., 2005).
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These values are also comparable to the genetic diversity pre-
viously reported for other plant species with the similar mating
system and life form. For instance, Arabidopsis thaliana, a
selfing annual plant, had a much lower level of the genetic
diversity (HE ¼ 0.01, 0.06) than the self-incompatible peren-
nial relatives A. halleri (HE ¼ 0.31) and A. petraea
(HE ¼ 0.41) (Clauss et al., 2002; Stenøien et al., 2005). The
present results are generally consistent with the trends of
genetic variation observed in many flowering plant groups

based on microsatellite data, with average HE values being
0.41 for inbreeding populations versus 0.65 for outcrossing
populations and 0.46 for annuals versus 0.68 for perennials
(Nybom, 2004).

Population differentiation and gene flow

The estimate of population differentiation showed a much
higher population genetic differentiation in M. lupulina
(FST ¼ 0.535) than in M. ruthenica (FST ¼ 0.130). This fits
well with the general estimates of approx. 5-fold higher FST

in selfing, annual species than outcrossing, perennial species
for flower plants (Hamrick and Godt, 1996).

The significantly positive correlation between genetic and
geographical distances detected in M. lupulina (r ¼ 0.2703,
P ¼ 0.0094) and M. ruthenica (r ¼ 0.4113, P ¼ 0.0018) indi-
cates that spatial separation has played a role in shaping the
population genetic structure of the species. There is a
general tendency that closely situated populations are geneti-
cally more similar. However, a close relationship between
two disjunct populations, ML-6 and ML-8, suggests that
there exists a dispersal or gene flow corridor connecting
these regions across the Mongolian grasslands. Although it
was not possible to sample M. lupulina populations from
Mongolia, finding genetically similar populations flanking
the width of Mongolia implies that the gene pool from this
broad region may be represented in the present samples.

While geographical isolation has played a role in population
genetic differentiation, there is evidence for gene flow between
populations of each species. Among individuals of M. lupulina
and M. ruthenica, 3.4 % and 1.4 %, respectively could not be
assigned to sampled populations, suggesting that they were
immigrants from outside the areas sampled (Fig. 6). In
addition, the assignment of 15.7 % and 16 % of individuals
to populations different to their sampled populations may be
a result of gene flow between these populations.

Mating system, seed dispersal and population structure
and distribution

Plants and their genes migrate through seed and pollen dis-
persal. The study of the interplay between seed dispersal and
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pollination is essential for understanding plant population
structure and distribution (Govindaraju, 1988; Ennos, 1994;
Bohonak, 1999; McCauley, 1997; Heuertz et al., 2003; Juan
et al., 2004; Otero-Arnaiz, 2005). Seed dispersal of
M. lupulina and M. ruthenica may be substantially affected
by the distinct fruit morphologies (e.g. Janson, 1983;
Gautier-Hion et al., 1985; Willson and Traveset, 2000). Pods
of M. lupulina are rough-ridged, indehiscent, up to 3 mm
long and 1 mm wide and each contains one seed (Fig. 7B).
Rough-surfaced, indehiscent pods are effectively dispersed
by birds and animals through adhesion or ingestion
(Lammerink, 1968; Dunbier, 1972; Sorensen 1986). In
addition, indehiscent pods of M. lupulina can float in water
for up to 12 d (Turkington and Cavers, 1979).

Medicago ruthenica, however, lacks an effective mechan-
ism of seed dispersal. Its pod is up to 15 mm long and 5 mm
wide with an oblong-falcate suture and contains three to five
seeds (Fig. 7D). The dorsal suture is strongly convex and the
ventral suture weakly convex to straight, facilitating dehis-
cence when pods mature. Pods of M. ruthenica dehisce and
release seeds near the mother plant. Seeds have no wings
and are dispersed mainly by gravity. This is similar to wild
soybean which was reported to disperse seeds within 4.5 m
of the mother plants (Oka, 1983; Kuroda et al., 2006).

The difference in current distributional ranges of the two
species could be attributed at least partly to seed dispersal abil-
ities. Medicago lupulina, with more effective seed dispersal
mechanisms, occurs in a much broader geographical range
than M. ruthenica. The narrower distributional range of
M. ruthenica does not seem to have been a result of population
extinction. Medicago ruthenica populations that were studied
in the field appeared healthy, and the level of genetic variation
currently maintained within and among populations does not
provide any indication that this outcrossing species has experi-
enced a severe reduction in genetic variation.

Despite more effective seed dispersal of M. lupulina, the
present genetic data showed that there has been a much
higher level of historical gene flow between M. ruthenica
populations. This is not surprising, given a greater pollen dis-
persal capacity of the outcrosser, M. ruthenica than the selfer,
M. lupulina. In predominantly selfing species, individuals
migrating into other populations may not effectively incorpor-
ate their private alleles into the local populations through
cross-pollination. As a result, these alleles may easily get
lost through drift if they are not favoured by selection. New
alleles from other populations are likely to be less fit than
the alleles of the native populations that have been selected
by local ecological factors. Furthermore, migrating alleles
are especially susceptible to loss through drift in annual
species. For an out-crossing species, on the other hand,
migration into new populations via seed dispersal allows
alleles to be much more easily integrated into the gene pool
of the recipient populations through cross-pollination.
Less-fit alleles may be maintained in recipient populations at
the heterozygous loci as long as they are at least partially
recessive, and may persist for a relatively long period of
time in a perennial species even though they are not postively
selected into the local gene pool.

Taken together, this study between the two Medicago
species with a combination of several distinct biological

features has allowed us to gain a better understanding of popu-
lation processes of plant evolution. As a perennial species,
M. ruthenica benefits from an outcrossing mating system for
the maintenance of genetic variation within populations. As
a result, the populations can be more stable and less suscep-
tible to pathogen and environmental changes. Consequently,
there might have been relatively little pressure for the develop-
ment of effective seed-dispersal mechanisms. In M. lupulina,
on the other hand, effective seed-dispersal mechanisms are
essential for a predominantly annual species. Indeed, effective
seed-dispersal mechanisms could have broadened its distri-
bution. For an annual species possessing effective seed disper-
sal, self-pollination provides reproductive assurance so that a
single or a few seeds could potentially establish a new popu-
lation in a new locality (Holsinger, 1996). Characterization
of the population genetic structure of M. lupulina and
M. ruthenica has provided an understanding of historical popu-
lation dynamics of the two species and their current
distribution.
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