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Abstract In this paper, we analyze the genetic variability
in four Tunisian natural populations of Medicago ciliaris
using 19 quantitative traits and six polymorphic microsat-
ellite loci. We investigated the amplification transferability
of 30 microsatellites developed in the model legume
M. truncatula to M. ciliaris. Results revealed that about
56.66% of analyzed markers are valuable genetic markers
for M. ciliaris. The most genetic diversity at quantitative
traits and microsatellite loci was found to occur within
populations (>80%). Low differentiations among popula-
tions at quantitative traits Qgy = 0.146 and molecular
markers Fgr = 0.18 were found. The majority of measured
traits exhibited no significant difference in the level of Qgr
and Fg7. Furthermore, significant correlations established
between these traits and eco-geographical factors sug-
gested that natural selection should be invoked to explain
the level of phenotypic divergence among populations
rather than drift. There was no significant correlation
between population differentiation at quantitative traits and
molecular markers. Significant spatial genetic structure
consistent with models of isolation by distance was
detected within all studied populations. The site-of-origin
environmental factors explain about 9.07% of total

M. Badri (X)) - A. Zitoun - S. Soula - H. Ilahi - M. E. Aouani
Laboratoire Interactions Légumineuses Microorganismes, Centre
de Biotechnologie, Technopole de Borj-Cédria, B.P. 901, 2050
Hammam-Lif, Tunisia

e-mail: mounawer_badri @yahoo.fr

H. Ilahi
Institut Préparatoire aux Etudes d’Ingénieurs de Bizerte,
Université 7 Novembre a Carthage, 7021 Zarzouna, Tunisia

T. Huguet
Laboratoire de Symbiose et Pathologie des Plantes,
INP-ENSAT, B.P. 107, 31326 Castanet Tolosan Cedex, France

phenotypic genetic variation among populations. The eco-
geographical factors that influence more the variation of
measured traits among populations are the soil texture and
altitude. Nevertheless, there were no consistent pattern of
associations between gene diversity (He) and environ-
mental factors.
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Introduction

Maintenance of genetic diversity within populations is
currently regarded as a primary goal in conservation efforts,
as it will enhance the threatened species ability to adapt to
future environmental changes (Shrestha et al. 2002; Jump
and Penuelas 2005). A better preservation of natural pop-
ulations in the face of environmental changes requires a
good understanding of their genetic variation pattern (Palo
et al. 2003; Pressoir and Berthaud 2004). Spatial genetic
structure can result from two major evolutionary mecha-
nisms; random genetic drift and natural selection. The
relative importance of these two forces in shaping the pat-
tern of spatial genetic structure is a central question in
population genetics (Merild and Crnokrak 2001). One way
to distinguish between neutral and selective forces in nat-
ural populations is to examine variation from locus to locus,
expecting that genetic drift and migration should affect all
loci similarly, whereas natural selection should affect some
loci differently (Jaramillo-Correa et al. 2001). Qgr esti-
mates genetic divergence among populations at quantitative
traits (Spitze 1993), which is analogous to Fgr measured
using molecular markers (Podolsky and Holtsford 1995).
There are three possible outcomes from the comparison of
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Qs and Fgr. If neutral differentiation among populations
(Fs7) is in the same magnitude of that for quantitative traits
(Qgr) or is significantly more than Qgy, the hypothesis that
among populations variance is due to random drift cannot
be rejected or convergent selection may be involved as a
cause for the reduced differentiation. The third case where
QOsr > Fgr, suggesting a prominent role for natural selection
in accounting for patterns of quantitative traits differentia-
tion among populations (Merild and Crnokrak 2001).

Local adaptation of populations to climate has been
demonstrated often since the pioneering work of Clausen
et al. (1940) and Turesson (1925). In natural environments,
the spatial distribution of individual plants within popula-
tions often depends on environmental factors that affect
seedling establishment, such as temperature, precipitation,
growing season length and changes in day length during lat-
itudinal range changes (Berlow et al. 2002; Cruse-Sanders
and Hamrick 2004). The genus Medicago is one of the most
widespread genera of the Fabaceae, including approximately
83 different species and 18 infraspecies taxa (Bena et al.
1998). Two thirds are annuals and one third perennial (Lesins
and Lesins 1979). In Tunisia, this genus represents an
important proportion of the native flora through all biocli-
matic stages (Pottier-Alapetite 1979). However, information
on genetic diversity available within and among natural
populations of Medicago annual species is meager and
poorly documented. Medicago ciliaris is an annual, diploid
(2n = 16) and self-pollinating forage species. In Tunisia, it
grows spontaneously in northern areas; restricted to humid,
sub-humid and to superior and inferior semi-arid stages
(Abdelkefi et al. 1996). M. ciliaris is nodulated efficiently in
its natural habitat by Sinorhizobium medicae (Zribi et al.
2007). In the world, it is distributed from the Canary Islands
to Israel on both sides of the Mediterranean basin and it could
be intercrossed readily with M. intertexta and also with
M. muricoleptis (Lesins and Lesins 1979).

M. ciliaris has the advantage of belonging to a genus
with a model legume, M. truncatula (Barker et al. 1990).
Microsatellites, also referred to as simple sequence repeats
(SSRs), are tandem repeats of short oligonucleotides that
are ubiquitously interspersed in eukaryotic genomes (Kashi
et al. 1997). They are highly polymorphic and efficient
markers for genetic mapping and the characterization of
plant germplasm (Saal et al. 2001). Transferability of
EST-SSRs from M. truncatula have been recently evalu-
ated for amplification and polymorphism within the genus
(Julier et al. 2003; Eujayl et al. 2004; Gutierrez et al.
2005), and in all of these studies, high levels of both cross-
amplification and polymorphism were detected in several
Medicago spp. M. ciliaris has not been included in these
investigations. In the present study, we analyzed the
genetic variation within and among natural populations of
M. ciliaris using 19 quantitative traits and six polymorphic
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SSR markers. The aims of this paper were: (i) to assess the
degree of genetic diversity available within and among
natural populations of M. ciliaris, (ii) to compare genetic
differentiation among natural populations at quantitative
traits (Qgr) and SSR markers (Fg7), and (iii) to estimate
associations between quantitative traits, molecular markers
and environmental factors (texture, climate and altitude).

Materials and methods
Plant material and sampling

The plant material used in this study consisted of four
Tunisian natural populations of M. ciliaris, covering dif-
ferent regions of plant distribution, sampled in July 2003 in
inferior semi-arid (Enfidha), superior semi-arid (Soliman),
sub-humid (Rhayet) and humid (Mateur) bioclimatic stages
(Fig. 1). A collection site of mature pods, as defined here,
is an ecologically homogenous area of about 500 m* which
contains one population. To minimize the chance of sam-
pling the same individual more than once, the minimum
distance between sampling pods was 4 m. These popula-
tions were selected based on their belonging to some
different edaphic and climatic areas and they are accessible
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Fig. 1 Map of Tunisia with the location of M. ciliaris sampling sites.
1 = Enfidha (latitude (N) = 36°07'; longitude (E) = 10°22'),
8 = Soliman (latitude (N) = 36°41’; longitude (E) = 10°32’),
10 = Rhayet (latitude (N) = 36°39’; longitude (E) = 09°27') and
11 = Mateur (latitude (N) = 37°01’; longitude (E) = 09°40")
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and abundant under natural conditions. Lines were created
by one generation of spontaneous selfing in the greenhouse.
Each population was constituted by 12 lines. We assumed
that offspring should be genetically identical in each pre-
sumable line. Consequently, the within line variance can be
considered as environmental however among lines vari-
ance component is assumed to be solely genetic (Falconer
and MacKay 1996; Bonnin et al. 1997).

Quantitative traits

Forty-eight (48) genotypes (original plants) of M. ciliaris
were analyzed in this trial. In order to estimate environ-
mental variance within a genotype (i.e. the within line
variance) (Falconer and MacKay 1996), five seeds per
genotype were used. A total of 240 plants were analyzed.
Lines seeds were surface-sterilized and scarified with
concentrated H,SO,4 for 12 min and rinsed 10 times with
sterile distilled water. The soaked seeds have been sown
in Petri dishes on agar agar 0.9% medium before being
vernalized at 4°C for 96 h. Seedlings were transplanted in
plastic hampers (30/50 cm) filled with a mixture of
sand/peat (1:3/2:3) with five plants, representative of one
genotype, per hamper. Hampers were placed in a green-
house at the Centre de Biotechnologie a la Technopole de
Borj-Cédria (CBBC) in October 2004. A completely ran-
domized design was used. Nineteen (19) morphological
traits related to vegetative and reproductive development
of plants were measured to assess quantitative genetic

Table 1 List of measured quantitative traits and their abbreviations

differentiation among studied populations of M. ciliaris
(Table 1). Some of these traits were used by Bonnin et al.
(1997) and they were also used by Badri et al. (2004a, b).
All traits showed high heritability levels. For weight
determination, plant organs were dried at 70°C for 48 h.

Molecular markers

Extraction of DNA from leaves was carried out according to
Rogers and Bendish (1988) modified protocol by Gherardi
et al. (1998). Molecular characterization of studied lines
was performed using a total of 17 SSR loci (Table 2). PCR
was carried out in a volume of 20 pl with 30 ng of genomic
DNA, 11.4 pl of distilled water, 50 ng of each primer,
0.2 mM dNTP’s and 0.16 U of Taq polymerase (Uptima) in
2x 10 Taq buffer and 1.5 mM MgCl,. Each reaction was
overlaid with 25 pl of mineral oil to prevent evaporation.
Amplifications were carried out in a thermal cycler
(Biometra) under the following conditions: 4 min at 94°C,
followed by 40 cycles of 30 s at 94°C, 30 s at the annealing
temperature, 30 s at 72°C and a final 6 min extension step at
72°C. Depending on the primer pair, annealing tempera-
tures were 55°C (at most) and 50°C. Samples were stored at
4°C before use. Amplified fragments were resolved by gel
electrophoresis on 3.5% agarose run in 0.5x TBE
(45 mmol/l Tris, 45 mmol/l boric acid, 0.02 mmol/l EDTA
pHS8) using 110 V for about 3 h, stained with ethidium
bromide (EtB) and photographed under UV light (312 nm).
The Marcel ladder (Bio-Rad) was used as size standard.

Seedling traits Emergence date of first leaf (days)
Emergence date of sixth leaf (days)
Area of the first leaf (cm?)

Growth traits

Length of the main stem 20 days after the first flower bud stage (cm)

Daily growth of the main stem (cm)

Length of secondary stems at the first flower bud stage (cm)
Length of secondary stems 20 days after the first flower bud stage (cm)

Daily growth of secondary stems (cm)

Length of orthotropic axis at harvest (cm)
Length of plagiotropic axes at harvest (cm)

Length of orthotropic and plagiotropic stems at harvest

Weight of dried stems (g)

Reproductive traits
Total number of pods
Total weight of pods (g)
Total weight (g)
Weight of 100 pods (g)
Reproductive effort

Length of the main stem at the first flower bud stage (cm)

Date of the first stem flower bud stage (days)

DIF
D6F

SFT6

LPIBF

LP20

CP/J = (LP20 — LP1BF)/20
LSIBF

L.S20

CS/J = (LSIBF — LS20)/20
LOR

LPLAR

LTOTR

PTIG

FLOR

NGOU

PGOU

PTOT = PTIG + PGOU
P100GOU

REP = PGOU/PTOT
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Table 2 Name, linkage group, position, core sequence, primers and origin of 17 used SSR loci

Name Linkage Position Core Primer left Sequence (5'-3') Primer right Sequence (5'—3') Origin
group (cM)* sequence
TP36B 1 96 (GA)6 GGCCCAACCACAATTTC CATAACTTCCAATAACTGCCA A
(=FMT11)
MTRS58 1 88.2 (TTG)s, GAAGTGGAAATGGGAAACC GAGTGAGTGAGTGTAAGAGTGC C
(AG)12
MTIC451 2 135.1 (TC)y, GGACAAAATTGGAAGAAAAA AATTACGTTTGTTTGGATGC B
MTIC452 2 273 (TC)y5 CTAGTGCCAACACAAAAACA TCACAAAAACTGCATAAAGC B
MTIC145 2 54.2 (AT)o, (ATTT), CCAAAAGGGGCAATTTTCTT
GCATAATTCAATACTTGATCCATTTC B
MTIC459 3 45 (TG)s TGGTCCTAGTTACCAAGCTG TAATCTGGTGTCACAAAGCA B
MTIC66 3 109.5 (AT)y, CGATCTTCTTCCGCCATAGA ATTCGTCTGTCCCGACTCTG B
ATPase456 4 0 (TTC)g AAGGTGGTCATACGAGCTCC GGGTTTTTGATCCAGATCTT B
JF20 5 28.80 (TTG), ATAAACTCCCCGCAACCATC GCCTGGTGGAACTGAACCTA C
MTIC153 6 81.4 (AG)s TCACAACTATGCAACAAAAGTGG TGGGTCGGTGAATTTTCTGT B
MTIC268 6 120.10 (CAT)y GAGGATTCATTCTTCTTCCA ATTGTTCCTAGGTTGGGTTT B
MTIC243 6 91.40 (TGG)g GGAGGAGGTTATAGGTTTGG TCAGTGCTCAGCATCTATGT B
MTIC126 6 9.5 (AC)g CCCAGTTGCAGACTCTCTCA GAAGGGTTTACCGGAGGAAG B
TPG20C 7 6.5 (CT)165 CAATCACTGGAAGCAAGGT AGCCTGCTCATTTGTATTGC A
(=FMT08) (CA),
MTIC36 8 120.8 (AAG);; AGAGAAGATGCAAGGCGGTA AAGATTGGATGCAAGTTCACC B
MTIC86 8 0 (TO)13 ATGGCAGCTGCTTCAACTTT CCTCCCCCAAATAACACAAA B
MtBA15B12F1 ND - (TCO)s CTCTCAACAACCTCCACACT TGAGAATGTTTGTTTGTGTTG B

? Genetic distance from the upper telomere estimated according to LR4 framework genetic map (Jemalong A17 x DZA315.16) (Huguet T
unpublished results). Origin: (A): Microsatellite-enriched genomic library; (B): Expressed Sequence Tags (ESTs); (C): Bacterial Artificial

Chromosome (BAC). ND: not determinant
Statistical analyses
Quantitative genetic variation

Genetic variance in quantitative traits was partitioned
into within and among populations components using
SAS Proc GLM (type III) (SAS 7.02 Institute, Inc.
1998). The model included population and genotype
within population. To estimate variance components,
population and genotype were considered as random
effects. Phenotypic mean values of each population were
compared for all quantitative characters with Duncan
multiple range test. Total phenotypic variance (o7) was
the sum of three components of variance: (i) arising
among populations (0;)7 (ii) between genotypes within
populations (oﬁ) and (iii) due to residual error arising
between individuals within original genotype (c2).
Broad-sense heritability (Hz) was estimated for each trait
within each population as the ratio of the variance
arising between genotypes (ag) on the sum of (ag) and
(62) (Bonnin et al. 1997).

The level of population differentiation at quantitative
traits (Qgy) was estimated as described in Bonnin et al.
(1996) as the following:
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For our design, using samples of lines from a selfing
species, the genetic variance within populations, oz, is
estimated by the among line nested within population
component of variance. However, this genetic variance
includes both additive and non-additive components, thus
leading to an underestimation of Qg7 values. Therefore, our
results should be considered with caution. The calculation
of 95% confidence intervals (CIs) for Qgr was performed
by 5000 bootstrap replicates in SAS Interactive Matrix
Language (IML). Association between Qg and
geographical distance matrices was examined with
Mantel (1967) test. Coefficient of genetic variation (CV,)
was obtained as shown below (Bonnin et al. 1997).

CV, =100 (ai)l/z/m
where m is the population phenotypic mean.

Molecular genetic variation

Molecular genetic diversity was analyzed within each
population using four indices: (i) the number of multilocus
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genotypes (Geno), (ii) the mean observed heterozygosity
(Ho), (iii) the gene diversity (He), expected heterozygosity,
Nei 1978), and (iv) the linkage disequilibria (LD%)
under Hardy—Weinberg equilibrium using Genetix soft-
ware version 4.02 (Belkhir 2001). Linkage disequilibrium
was estimated as described in Volis et al. (2001). Fgr was
used as a measure of genetic differentiation among popu-
lations for the polymorphic loci. It was defined as a
standardized genetic variance among populations and it
was estimated according to Weir and Cockerham’s (1984)
method. Overall Fgr among populations and pairwise
estimates for all pairs of populations were computed,
running the FSTAT program (Goudet 1995). Confidence
intervals (CIs), based on re-sampling techniques, are pro-
vided with the software and involve jackknifing over all
loci to obtain the mean and the standard error of the overall
Fsr, and bootstrapping over loci to obtain 95% Cls.
Isolation by distance was analyzed as described in Rousset
(1997) through Mantel tests (Mantel 1967) carried out
between matrices of log-transformed geographic distances
and odds-transformed genetic distances Fgp/(1—Fgy).
Relationships among populations were studied by the
constructed Neighbor-joining (NJ) tree. Support for clus-
tering was determined by a bootstrap procedure applied on
SSR alleles (5000 replications). The NJ analysis and
bootstrapping were performed with Darwin software
(Perrier and Jacquemoud-Collet 2006). In addition, we
assessed spatial genetic structure within population using
spatial autocorrelation analyses. These were performed
with kinship coefficients (Loiselle et al. 1995) using
SPAGeDi software (Hardy and Vekemans 2002). As
described in Van Rossum et al. (2004), to test for isolation-
by-distance, the multilocus kinship coefficient for each pair
of individuals was plotted against the logarithm of the
geographical distance separating them.

Quantitative traits versus SSR markers

Sampling variances on estimates of variance components
can be obtained using bootstrap or Jackknife procedures.
As suggested by Jaramillo-Correa et al. (2001), we used
bootstrapping over loci and lines (5000 bootstraps) to
estimate 95% ClIs, respectively, of Fg¢r and Qgr from
the observed distribution. The degree of population diver-
gence in neutral quantitative traits and single locus markers
(as measured by Qg7 and Fs7, respectively) are expected to
be similar and independent of mutation rates, and depend
only on effective population size and migration rates which
affect all traits equally (Stenoien et al. 2005). Conse-
quently, any difference between Qgy and Fgr indices
estimated for the same set of populations should be
attributed to the effect of natural selection (Merild and

Crnokrak 2001). The correlation between genetic variation
at quantitative traits and SSR markers was estimated in two
ways. We first estimated the Pearson correlation coefficient
(r) between CV,, at both the trait-specific and multi-trait
levels, and gene diversity of each locus (He) and over all
loci (He all). Secondly, Mantel (1967) test was used to
estimate correlations between matrices of pairwise Qg7 and
Fsr (Gomez-Mestre and Tejedo 2004).

Associations of quantitative traits and SSRs
with environmental factors

Thirteen eco-geographical factors of sampling sites of
natural populations of M. ciliaris were scored: texture, pH,
saturation (ml/100g), -electro-conductivity (mmho/cm),
total calcareous (%), active calcareous (%), organic matter
(%), carbon (%), assimilated P,Os and K,O, climate,
annual rainfall (mm) and altitude (m). Only three factors
(texture, climate and altitude) out of these 13 parameters,
showing significant differences, between studied sites were
retained. To estimate the influence of the eco-geographical
factors on the behavior of natural populations at quantita-
tive traits two analyses were performed. Variance
components estimates within and among populations were
computed from quantitative data using SAS Proc Mixed
(SAS Institute 1998) with the following mixed model:

Yijkimn =+ Pi + Ly + T + Ar + Ry + €jjkimn

where y;xm, are the observations for all quantitative
traits, u the population mean, P; the random effect of
population, L;; the random effect of genotype nested
within population, T} the fixed effect of texture, A; the fixed
effect of altitude, R,, the effect of climate considered as
co-variable, and e, a random residual effect. Then,
correlations between quantitative traits and environmental
factors were computed using Pearson correlation coeffi-
cients (r). Significance level was set to 0.05, and adjusted
for multiple comparisons by Bonferroni corrections. On the
other hand, associations of gene diversity of each locus
(He) and mean gene diversity over all loci (He all) with
eco-geographical factors were estimated using the Spear-
man rank correlation analysis (Turpeinen et al. 2001).

Results

Quantitative traits

Variance analysis of the population effect showed that 15
out of the 19 measured traits exhibited significant means

differences between populations (Table 3). The population
sampled from Rhayet site showed the lowest total weight
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Table 3 Populations’ means, coefficients of genetic variation (CV,) (in parentheses), heritabilities (Hz) and quantitative differentiation among
populations (Qs7) of the 19 measured traits for natural populations of M. ciliaris (TNC)

TNC1 TNCS TNC10
DIF 14.15° (15.2) 16.42% (25.8) 17.85" (31.6)
D6F 38.12° (36.0) 38.68 (34.0) 42.45" (29.5)
SFT6 19.49° (14.6) 18.16° (28.2) 27.23* (18.4)
FLOR 96.12° (7.6) 107.08* (15.6) 108.37* (10.7)
LP1BF 45.85° (28.7) 56.30° (31.2) 58.73° (22.2)
LP20 75.40° (23.2) 87.20° (24.3) 86.18° (18.4)
CP/J 1.48% (33.1) 1.55% (30.8) 1.38" (42.0)
LSIBF 124.23° (29.3)  172.87° (40.3) 168.58" (33.1)
LS20 381.27° (38.3)  458.60° (38.0) 406.38 (34.4)
CS/I 12.85° (52.0) 14.29" (46.9) 11.89° (50.5)
LOR 103.57% (24.0)  104.13* (24.9) 9458 (26.4)
LPLAR 1025.09° (38.4)  963.94*° (59.9)  836.00° (50.5)
LTOT 1128.67* (36.2)  1068.08" (55.6)  930.58" (47.2)
PTIG 9.05% (47.9) 8.75* (51.7) 8.03* (60.1)
NGOU 44.30* (39.0) 48.68* (64.8) 26.29° (66.4)
PGOU 9.96" (40.4) 10.67* (52.8) 5.71¢ (77.6)
PTOT 19.01* (37.3) 19.42° (48.0) 14.70° (53.7)
P100G 23.59% (41.3) 23.18% (24.6) 20.98* (38.2)
REP 0.52* (24.0) 0.55% (22.9) 0.36° (46.5)
Average

CV, (%) £ SD 3192 £ 1156  37.90 + 14.39 39.86 + 17.60

TNCI11 H? (SD) Osr ®Lower  °Upper
17.13* (24.0) 0.66 (0.085)  0.105™" 0.071  0.139
39.18% (21.1) 0.50 (0.090)  0.005" —0.003  0.013
26.48" (20.9) 0.47 (0.046) 0467 0.394  0.540
111.67* (11.6) 0.65 (0.053)  0.249™ 0.196  0.302
65.03* (19.5) 0.64 (0.091) 0.273" 0218 0328
95.68" (20.2) 0.63 (0.204)  0.176" 0.131 0221
1.53% (42.5) 0.52 (0.050)  0.000" 0.000  0.000
204.43* (38.7) 0.54 (0.148)  0.290" 0233 0.347
542.17% (33.6) 0.43 (0.041)  0.249"" 0.196  0.302
16.89% (48.6) 0.34 (0.090)  0.142" 0.102  0.182
99.03* (27.6) 0.51 (0.055)  0.000" 0.000  0.000
986.19% (46.8)  0.55 (0.077)  0.000" 0.000  0.000
1097.87°° (45.0)  0.57 (0.071)  0.000" 0.000  0.000
9.48% (45.0) 0.43 (0.045)  0.000" 0.000  0.000
35.96" (49.1) 0.42 (0.075)  0.250"" 0.197  0.303
8.16° (52.8) 0.48 (0.084) 0.254™" 0.200  0.308
18.69% (38.1) 0.37 (0.055)  0.084™" 0.053 0.115
22.41% (14.4) 0.20 (0.599)  0.000" 0.000  0.000
0.43°(37.8) 0.59 (0.012)  0.222" 0.172 0272
0.50 0.146" 0.090 0.216
33.77 + 13.35 Fgr 0.18 0.078 0273

Means followed by the same letters are not significantly different between analyzed populations of M. ciliaris at P = 0.05 based on Duncan’s
multiple-range test. SD: standard deviation, TNC1: Enfidha, TNC8: Soliman, TNC10: Rhayet and TNC11: Mateur

¢ The lower and upper confidence limits for a 95% confidence interval for Qg and Fsr based on 5000 bootstrap samples (bootstrapping over

lines/loci)

* Qsr was significantly smaller than Fgr at P = 0.05; o Qg7 was not significantly different to Fgy at P = 0.05; ***er was significantly larger
than Fgy at P = 0.05

(PTOT). Furthermore, populations collected in superior
and inferior semi-arid stages, the case of Soliman and
Enfidha respectively, revealed higher production of pods
(NGOU) and they allocated greater effort to reproduction
(REP) while lower values were found for Rhayet
population.

The most percentage of genetic variance was found within
populations (85.44%). Table 3 gives the coefficients of
genetic variation (CV,) of each trait and for each population
in M. ciliaris. The average CV, was 31.92% in Enfidha
(SD = £11.56%), 37.90% in Soliman (SD = +14.39%),
39.86% in Rhayet (SD = £17.60%) and 33.77% in Mateur
(SD = £13.35%). We will arbitrarily consider as large
those CV, above 25%. Twelve (12) traits out of 19 measured
traits in Mateur, 13 out of 19 in Enfidha, 14 out of 19 in
Soliman, and 15 out of 19 in Rhayet, showed large CV,.
Therefore, the higher within-population genetic variation
(CV,) (15/19) was found in Rhayet.

Heritability (H?) of measured traits ranges from 0.20 for
P100G to 0.66 for DIF with an average of 0.50 (Table 3).
Quantitative differentiation among populations (Qs7)

@ Springer

varies between Qg¢r = 0 and Qg7 = 0.47 with a mean of
Qs = 0.146 (Table 3). There was a strong positive corre-
lation (r = 0.84; P = 0.034) between Qg and geographic
distances matrices. For 171 possible correlations between
measured traits, 126 were significant and 96 out of them are
positive (Table 4). The flowering time trait (FLOR) was
positively correlated with emergence date of first and sixth
leaves (D1F and D6F) and stem weight (PTIG); however it
was negatively correlated with pods production (NGOU) and
with the effort allocated to reproduction (REP).

Molecular markers

In a preliminary study, the analysis of transferability
amplification of 30 SSR loci from the model legume
M. truncatula to M. ciliaris showed that about 56.66% of
them amplified with M. ciliaris. This finding suggests that
SSR markers developed from M. truncatula genome could
be considered as valuable genetic markers for M. ciliaris.
Seventeen (17) SSR loci out of these 30 tested markers
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were used to analyze molecular genetic differentiation
among natural populations of M. ciliaris.

Among the 17 used SSR loci, only 6 (TP36B, MTIC451,
MTIC452, JF20, TPG20C and MTIC86) out of them were
polymorphic. Higher number of alleles per locus was
observed for Expressed Sequence Tags (EST) SSR loci,
followed by those from Microsatellite-Enriched Genomic
Library (MEGL) and BAC (Bacterial Artificial Chromo-
some) SSR markers. Using the 3.5% agarose gels, we were
able to detect a minimal size difference of 2 pb between
alleles of each SSR marker. A total of 28 alleles
were detected over loci. Among the 48 studied lines of
M. ciliaris, 36 multilocus genotypes were distinguished.
The number of multilocus genotypes ranged from 7 out of
12 in Enfidha to 11 in Mateur. The within populations
molecular variability parameters are summarized in the
Table 5. Low rate of observed heterozygosity (Ho), with a
mean of about 1.3%, reflects that the studied species is
preferentially self-pollinating. The percentage of linkage
disequilibrium (LD%) between SSR markers ranged from
60% to 100% with an average of 73%.

High percentage of variance was found to occur within
populations (80.94%). Overall, similar levels of within
populations’ genetic variation (He) were found for ana-
lyzed populations. Molecular differentiation among
populations (Fg7) varies from 0.08 between Enfidha and
Soliman, and 0.30 between Soliman and Rhayet with a
mean of Fgr = 0.18 (Table 6). It is obvious that Fg; does
not support the isolation by distance model as an evolu-
tionary mechanism for natural populations differentiation
of M. ciliaris (r = 0.31; P = 0.47). Similarly, NJ analysis
(Fig. 2) showed that studied lines of M. ciliaris from the
same region group not all together and there seems to be no
association between geographical and genetic distances
among populations. However, there was a significant
relationship (P < 0.05) between within-population genetic
variation and geographical distance. We found a significant
linear relationship between decreasing pairwise kinship

Table 5 SSR markers diversity, averaged over loci, in analyzed
populations of M. ciliaris

TNCI1 TNC8 TNC10 TNCI11 TNC
N 12 12 12 12 48
Geno 7 9 9 11 36
Ho 0 0 0.025 0.025 0.013
He 0.137 0.131 0.133 0.155 -
LD% 66 60 100 66 73

Lines number (N), the number of multilocus genotypes (Geno), the
mean observed heterozygosity (Ho), the gene diversity (He, expected
heterozygosity, Nei 1978), and linkage disequilibria (LD%) under
Hardy—Weinberg equilibrium. TNC1: Enfidha; TNCS8: Soliman;
TNC10: Rhayet; TNC11: Mateur and TNC: M. ciliaris species
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Table 6 Pairwise populations’ differentiation at quantitative traits
(Os7) (upper diagonal) and SSR markers (Fs7) (lower diagonal) of
studied populations of M. ciliaris

TNCI TNC8 TNC10 TNCI1
TNCl1 0.000 0.070 0.190 0.183
TNC8 0.080 0.000 0.109 0.081
TNC10 0.215 0.298 0.000 0.084
TNC11 0.106 0.164 0.183 0.000

TNC1: Enfidha; TNC8: Soliman; TNC10: Rhayet and TNCI1:
Mateur

0 0.5

Fig. 2 Unrooted Neighbor-joining tree of the 48 lines of M. ciliaris
sampled from the four studied populations. Each tip represents a
single line. 1, 8, 10 and 11 indicate the populations of origin (Enfidha,
Soliman, Rhayet and Mateur, respectively). The numbers on the tips
indicate bootstrap values (expressed in percentages) and are shown
for all clusters with >50% bootstrap support

coefficients and the logarithm of increasing geographical
distance in Enfidha (r = —0.53; P < 0.001), Soliman
(r = —0.52; P <0.001), Rhayet (r = —0.49; P < 0.001)
and Mateur (r = —0.31; P = 0.006) (Fig. 3).

Quantitative traits versus SSR markers

We found three different patterns of population differentia-
tion across these 19 quantitative traits for M. ciliaris
(Table 3). First, we found that 7 out of the 19 measured traits
displayed significantly smaller Qs than Fgz, while only one
out of these traits exhibited significantly larger Qg7 than Fgr.
Second, we found that 11 out of these 19 traits displayed no
significant difference in the level of Qg and Fg7. There were
no consistent patterns of associations between CV,, at multi-
trait level and He over all loci (r = —0.55; P = 0.45), and
between CV, at specific-trait level and He of each locus
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Fig. 3 Average kinship coefficients between pairs of individuals over
all loci for each of eleven distance classes within four populations of
M. ciliaris plotted against geographical distance between individuals
in meters (log-scale). TNC1: Enfidha, TNC8: Soliman, TNCI10:
Rhayet and TNC11: Mateur

(P > 0.00044) (data not shown). Furthermore, no significant
correlation (r = 0.095; P = 0.33) was found between Qgr
and Fs7 matrices.

Associations of quantitative traits and SSR markers
with eco-geographical factors

The site-of-origin environmental factors explain about
9.07% of total phenotypic genetic variation among ana-
lyzed populations of M. ciliaris. For the 76 possible
correlations between analyzed quantitative traits and eco-
geographical variables, 9 are significant (P < 0.00088) and
5 out of them are positive (Table 7). The environmental
factors that influence more the quantitative traits of natural
populations of M. ciliaris are the soil texture and altitude
(44.44%), followed by climate (11.11%). On the other
hand, no significant associations were found between gene
diversity at each locus (He) as well as mean gene diversity
over all loci (He all) with environmental factors (data not
shown).

Discussion

Quantitative and molecular population differentiation
levels in M. ciliaris

Low population differentiation at quantitative traits (Qgr)
and SSR markers (Fs7) was found in M. ciliaris, indicating
that studied populations have not been isolated for long
periods of time. This result may be explained by the
restricted geographical distribution of this species in Tuni-
sia. In contrast, Badri et al. (2004a) reported higher level of
quantitative and molecular genetic differentiation among

Table 7 Estimated correlations between 19 measured traits for
M. ciliaris and site-of-origin eco-geographical factors

Texture Climate Altitude
DIF 0.30" 0.05 0.23
D6F 0.11 0.01 0.18
SFT6 0.22 —0.23" 0.36"
FLOR 041" 0.01 0.17
LPIBF 041" —0.08 0.16
LP20 0.36" —0.11 0.07
CP/J 0.05 —0.08 —0.11
LSIBF 0.38 —0.04 0.08
LS20 0.26 —0.14 —0.06
CS/J 0.13 —0.15 —0.11
LOR 0.01 —0.03 —0.04
PLAR —0.04 —0.10 —0.09
LTOT —0.04 —0.19 —0.09
PTIG 0.03 —0.13 —0.02
NGOU —0.13 0.11 —0.32"
PGOU —0.15 0.09 —-0.35"
PTOT —0.07 —0.02 —0.23
P100G —0.08 0.00 —0.13
REP —0.20 0.14 —0.39"

Significant after using Bonferroni correction at o = (0.05/57
= 0.00088)

natural populations of M. truncatula growing spontaneously
in the same areas as those of M. ciliaris. While M. trun-
catula is a widespread species in Tunisia, M. ciliaris is
limited to the north of country extending from humid to
inferior semi-arid stages. Accordingly, geographical range
has been shown to be a good predictor of the levels of
genetic variation in plants (Gitzendanner and Soltis 2000).
Similar levels of within-population genetic variation at
quantitative traits and SSR markers were found for studied
populations of M. ciliaris. Furthermore, most of this genetic
variability was found to occur within populations. This
finding is discordant with that found for several studies
based on molecular markers. Indeed, self-fertilizing plant
species tend to have lower within-population and higher
among-population genetic variation than out-crossing plant
species (Charlesworth 2003). This is a direct consequence of
the mating system. Inbreeding reduces the effective popu-
lation size, and consequently enhances the effect of genetic
drift. The majority of correlations established between the 19
measured quantitative traits are positive. These results
suggest that earlier emerging seedlings were the earliest-
flowering and they allocated the largest effort to reproduc-
tion. This finding was reported for Tunisian natural populations
of M. truncatula and M. laciniata (Badri et al. 2007) and
French populations of M. truncatula (Bonnin et al. 1997).
Low mean heterozygosity, about 1.3%, found for this
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collection of M. ciliaris indicates that this species is prefer-
entially self-pollinating. In contrast to Qg7, no significant
correlation was found between Fgy and geographical dis-
tances; rejecting the hypothesis of isolation by distance.
Nevertheless, we detected a significant pattern of fine-scale
spatial genetic structure consistent with the model of isola-
tion-by-distance: pods separated by short distances are more
likely to be genetically related than those that are farther
apart.

Quantitative traits versus SSR markers

Comparison of differentiation at quantitative traits (Qgsz)
and molecular markers (Fg7), supposed neutral, allows to
determine the relative importance of natural selection and
genetic drift in the differentiation process (Spitze 1993). We
found three different patterns of population differentiation
across the 19 measured traits for M. ciliaris. First, we found
that the majority of measured traits (11/19) displayed no
significant difference in the level of Qg7 and Fr, indicating
that the effects of drift and selection are indistinguishable to
explain the level of divergence (Merild and Crnokrak 2001).
However, significant correlations were established between
these traits and eco-geographical factors (7/9), consistent
with selection for local adaptation rather than genetic
drift. Second, we found that 7 out of these traits displayed
significantly smaller Qg7 than Fgr. This finding and the
observed lack of correlation between Fg; values and
geographical distance among populations support the
hypothesis of convergent selection for these traits. Third,
only one trait out of these measured traits exhibited signif-
icantly higher Qgr than Fg7, consistent with divergent
selection. Significant associations found between this trait
(SFT6) with climate and altitude factors may suggest that
this particular character is adapting in response to the
regional differences detected in these eco-geographical
factors. A synthetic review performed by Merild and
Crnokrak (2001) reported that more than 20 independent
studies have compared Fsr and Qg7 values. The overall
trend revealed by those studies is that natural selection
(Qsr > Fs7) appears to be a major differentiating and ori-
enting force of regional evolutionary change, maintaining
genetic polymorphisms under conditions of environmental
heterogeneity and stress (Bonnin et al. 1996; Kremer et al.
1997; Podolsky and Holtsford 1995). Other evolutionary
forces, such as mutation, drift and migration, do interact
with selection but appear subordinate to natural selection.
Depending on markers type some differences in Fg values
were found but they are also dependent on plant species as
reported by Isabel et al. (1999).

We found no significant correlation between population
differentiation at quantitative traits and SSR markers.

@ Springer

Accordingly, numerous studies do not support such corre-
lation and hence molecular markers become inaccurate
predictors of variation at quantitative traits (Reed and
Frankham 2001; Gomez-Mestre and Tejedo 2004; Volis
et al. 2005). Absence of such association between genetic
variation at quantitative traits and molecular markers might
be explained by several genetic and environmental factors.
These factors include a non-additive genetic component
such as epistasis or dominance (Crnokrak and Roff 1995),
the conversion of non-additive genetic variance compo-
nents to additive through genetic drift (Lopez-Fanjul et al.
2003), variation in mutation rates across loci, and variation
in selection pressures and eco-geographical effects (Reed
and Frankham 2001). Nevertheless, in some cases quanti-
tative and neutral molecular distances have been reported
to show a significant positive correlation (Merild and
Crnokrak 2001; Stenoien et al. 2005; Zhan et al. 2005),
suggesting that variation at molecular markers can be used
as a predictor of the degree of quantitative differentiation.
A review covering more than 70 studies performed on
various species revealed that established correlations
between the population differentiation at molecular mark-
ers and quantitative traits were not significant, with
an overall correlation coefficient of —0.08 (Reed and
Frankham 2001). As the population differentiation at
quantitative traits was found to be significantly correlated
with geographical distances, it is not surprising that we
failed to detect a relationship between Qg and Fr.

Associations of quantitative traits and SSRs
with environmental factors

An additional factor that may cause genetic divergence of
populations is the presence of local adaptation via geno-
type-by-environment interactions. In this study, established
correlations between quantitative traits and eco-geograph-
ical factors (soil texture, altitude and climate) suggest that
these particular traits are adapting in response to the
regional differences detected in such factors. In agreement
with our findings, significant correlations between quanti-
tative traits and environmental factors were observed in
populations of Triticum dicoccoides (wild emmer wheat)
(Li et al. 2001) and in Hordeum spontaneum (wild barley)
(Huang et al. 2002) showing a significant micro-geo-
graphical genetic differentiation in response to climate
(solar radiation, temperature and aridity stress). This
micro-geographical adaptive differentiation with respect to
climate was also found in some tree species such as Pinus
edulis (pinon pine) (Mitton and Duran 2004). Overall, the
moderate number of correlations established between
quantitative traits and eco-geographical factors and the low
Qsr found for M. ciliaris suggest its weak phenotypic
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plasticity local
conditions.

Several studies reported significant correlations between
SSR markers and eco-geographical factors suggesting the
operation of natural selection on these markers by creating
SSR loci regional divergence. These results were observed
in wild emmer wheat (Li et al. 2000), in wild barely
(Ivandic et al. 2002) and in the selfing plant, Arabidopsis
thaliana, (Innan et al. 1997). However, in agreement with
Jaramillo-Correa et al. (2001) our findings do not support
this hypothesis suggesting that used SSR markers were
selectively neutral.

The high proportion of amplification transferability of
SSR markers from M. truncatula to M. ciliaris suggests
that genetic and genomic tools developed for the model
legume M. truncatula will radically improve genetic
characterizations and breeding programs of M. ciliaris. We
found a moderate degree of differentiation among analyzed
populations of M. ciliaris in both quantitative traits and
SSR markers. There was no significant correlation between
population differentiation at quantitative traits and molec-
ular markers. In contrast to the among populations genetic
structure, we detected a significant pattern of fine-scale
spatial genetic structure consistent with the model of iso-
lation-by-distance. Further study is needed to analyze the
mechanisms underlying adaptive genetic differentiation
within and among natural populations of M. ciliaris in
relation to environmental factors. We call also for further
research to focus on ecological genetics of salt stress
tolerance in this species.

to adapt to varying environmental
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