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Abstract Diversity and structure of populations may
differ substantially between morphological traits and
molecular markers. Explanations of such discrepan-
cies are crucial for further progress in breeding as well
as for the maintenance of genetic resources. Our
objective was to compare indices of among-cultivars
differentiation for morphological traits (Qst) and
molecular markers (Fst) in alfalfa (Medicago sativa),
alegume forage species. Ten cultivars representing the
Northern and Southern types commonly grown in
Europe were investigated. For each cultivar, 40
genotypes were analysed with 16 SSR markers and
four morphological traits measured in two locations
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and several cuts. Qgr values were in general high
(0.02-0.39) compared to the differentiation observed
with molecular markers (Fst = 0.01), especially for
growth habit, indicating that morphological traits were
more efficient to structure the diversity than molecular
markers. For morphological traits, a clear separation
of Northern and Southern cultivars was observed,
whereas for molecular markers, no clear structure was
detected. Nevertheless, the grazing type cultivar
Luzelle was separated from the rest of the cultivars
for both morphological traits and molecular markers.
Although pairwise differences between cultivars were
significant for both morphological traits and molecular
markers, the main part of the variation was found
within cultivars. This large within-cultivar variation
may be explained, besides the outcrossing reproduc-
tive mode and autotetraploid genetics, by the recent
history of M. sativa domestication in Europe and the
frequent seed exchanges. Selection for morphological
traits (Qgt > Fgt) was achieved without modification
of within-cultivar neutral diversity.

Keywords Among and within population diversity -
Fst - Medicago sativa - Qgsr - Selection - SSR

Introduction
Information about germplasm diversity and genetic

relationships among accessions or cultivars is of
fundamental importance for breeding and the
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management of germplasm (Becker 1993). This
knowledge is also needed to implement genetic studies
aiming at deciphering the genetic determinism of
breeding traits. Besides the among-population diver-
sity, the within-population diversity is an additional
source of variation that may be large in outcrossing
species.

Levels of genetic variation in cultivated plant
species depend on the same interplay between evolu-
tionary forces as natural populations. This includes
mutation, genetic drift characterized by random
changes in allele frequencies among generations due
to the finite size of populations, gene exchanges or
gene flow among populations and selection (both
natural and artificial selection). The theory of popu-
lation structure that has been developed to analyse the
evolutionary mechanisms at work in natural popula-
tions can be used to study cultivated populations and to
identify the main forces at work in breeding programs
and human practices. Heterogeneous distribution of
genetic variation within and among populations is
provided by mutation, genetic drift, and spatially
variable natural selection, while gene flow and homo-
geneous directional selection tend to produce genetic
homogeneity among-populations (Endler 1977; Slat-
kin 1987). Molecular markers, such as SSR loci are
usually considered to be selectively neutral (Kimura
1983) so that the genetic level and population genetic
structure revealed with molecular markers should
mostly reflect the effect of demographic factors such
as migration and genetic drift. Genetic variation and
between populations differentiation observed for a
quantitative trait is expected to reflect both demo-
graphic factors and selective constraints. Comparing
the patterns of population differentiation for molecular
markers to the one observed on morphological traits
thus provides a way to identify selective pressures
acting on morphological traits.

The degree of population genetic differentiation
can be measured by Fgr, which is a standardized
measure of allele frequency variation for a genetic
locus. For neutral loci that are not influenced by
natural selection, the degree of differentiation among
populations depends largely on their effective size and
the amount of migration between them: small, isolated
populations are expected be more differentiated from
each other than large populations that are connected by
gene flow (Wright 1951). Qst is a quantitative
genetics analogue of Fgr that measures the amount
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of genetic variance among populations relative to the
total genetic variance in the trait. The value of Qg for
a neutral quantitative trait that has an additive genetic
basis is expected to be equal to the Fgt for a neutral
genetic locus. Fgr measured from neutral molecular
markers can be used as a null expectation for the
degree of population divergence due to drift and
migration. In cases in which Qst & Fgr, the inference
is that trait divergence among subpopulations could
have been achieved by genetic drift alone. If Qg1 > -
Fgsr, trait divergence exceeds neutral expectation, and
is likely to have been caused by directional selection.
If Qst < Fsr, trait divergence among populations is
less than expected by genetic drift alone; this pattern is
suggestive of uniform selection or stabilizing selection
across the populations. Qst—Fst comparisons have
been used in an increasing number of studies to infer
the action of natural selection on complex phenotypic
traits, as well as to quantify the degree of spatial
genetic structuring in quantitative traits among pop-
ulations (Spitze 1993).

Alfalfa (Medicago sativa) is an important forage
crop in temperate regions and is widely used for
animal feeding. As a legume crop able to fix
atmospheric nitrogen, it has a renewed interest to
decrease the energy costs related to nitrogen fertiliza-
tion and pollutions caused by the synthesis of chemical
nitrogen fertilizer and by nitrogen escapes in the soils.
M. sativa subsp. sativa was domesticated presumably
in the near East (Iran, the Mesopotamia plain) and/or
in Central Asia approximately in 5000 B.C. (Muller
et al. 2003; Small 2011). Its cultivation was then twice
introduced into the Mediterranean region, first with the
Roman Empire via Turkey, Greece to Italy and Spain
and second with the Moors via Maghreb into Spain.
The crop might have been introduced from Italy and
Spain into France shortly after the two introductions in
the Mediterranean region but it was mainly introduced
from Spain to France in the sixteenth century (Muller
et al. 2003). The introgression of M. sativa subsp.
falcata, which natural populations originated from
Siberia, resulted in a crop more resistant to cold and
with a higher dormancy, which allowed the expansion
to northern Europe. In France, M. sativa was cultivated
in every region and numerous landraces were used.
Modern varieties are mainly based on two landraces:
Flamande (Flemish from the North of France) and
Provence (a Mediterranean type from the South of
France). Whereas Southern type is mainly based on M.
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sativa subsp. sativa, Northern type was introgressed
with M. sativa subsp. falcata (Julier 1996). Modern
varieties are synthetic populations, usually obtained
through three or four generations of panmictic repro-
duction of a set of various numbers of parents (clones,
half-sib or full-sib families). Breeding programs
mainly focus on pest and disease resistance, lodging
resistance and forage yield combined to forage quality
(Lonnet 1996).

Numerous studies have described the diversity and
population structure in M. sativa (Annicchiarico et al.
2016; Crochemore et al. 1998; Li et al. 2014a;
Mengoni et al. 2001; Musial et al. 2002; Qiang et al.
2015), as well as gene flow among natural and
cultivated populations (Jenczewski et al. 1999b;
Prosperi et al. 2006) or relationship between diversity
and yield or combining ability (Kidwell et al. 1994b;
Maureira et al. 2004; Riday et al. 2003). In most cases,
morphological studies were conducted at the popula-
tion level. The assessment of genetic differentiation of
populations using both neutral marker loci (Fsr) and
quantitative traits (Qgt) scored on the same genotypes
was never performed in M. sativa.

The objectives of this study were to compare
molecular markers (SSR) and morphological traits to
evaluate population diversity and structure. Fgt and
Qst were compared in order to investigate the degree
of selection for the morphological traits and thus to
explain the discrepancies and similarities in popula-
tion structure for these two marker types.

Materials and methods
Plant material

Ten M. sativa cultivars or ecotypes divided into two
groups were investigated with morphological traits
and molecular markers: the Southern type with poor
winter hardiness and low dormancy adapted to the
Mediterranean region and the Northern type with a
higher winter hardiness and dormancy adapted to
northern France and Europe. The Northern group was
represented by the landrace Flamande and six modern
varieties (Luzelle, Mercedes, Alpha, Symphonie,
Cannelle and Harpe) and the Southern group was
represented by the landrace Provence and two modern
varieties (Zenith and Barmed), as described in Online
Resource 1.

Experimental conditions and morphological traits

In March 2003, 40 germinated seeds of each of the ten
cultivars were established in pots in the greenhouse at
INRA, Lusignan (France) under natural light condi-
tions. The 400 pots were randomized and first
measurements were performed in summer 2003 in
the greenhouse. In winter 2003/04, six clonal repli-
cates were produced for each genotype. Three clonal
replicates of the 400 genotypes were planted in the
field in three randomized blocks with a space of 0.7 m
among the plants in two environments in France:
INRA, Lusignan (46°26'N, 0°7’W) and Barenbrug
Tourneur Recherches, Connantre (48°43'N, 3°55'E).
The soil is a deep clay silt soil in Lusignan and a
rendzina soil in Connantre.

Four traits were measured in 2003 in the green-
house and in the first two growth cycles (cl or c2) in
2004-2007 in Lusignan (Lus) and 2004-2006 in
Connantre (Con): maximum stem height and rate of
stem growth that are forage yield components, growth
habit (erect varieties are selected for cultivation in
pure stands), flowering date that is used to describe and
differentiate the varieties. The height of the tallest
stem was measured four to five times per growth cycle
and rate of stem growth (RG) was calculated by
regression between these height measurements and
sums of degree-days. Maximum stem height (MH)
was defined as height of the tallest stem of the last
height measurement per growth cycle. Date of flow-
ering (DF) was assessed as flowering date transformed
into sum of degree-days. Sums of degree-days with a
temperature basis of 0 °C were measured from
January 1st to measurement date for the first growth
cycle and from date of first cut to the measurement
date for the second growth cycle. Growth habit (GH)
was scored visually using a scale from 1 (erect) to 5
(prostrate).

Statistical analysis of morphological data

The experimental design corresponds to a “common
garden” experiment used in population genetics when
studying natural populations. To estimate Qsgt, we
performed an analysis of variance for each measure-
ment separately using the GLM procedure of SAS
statistical package version 8.1 (SAS Institute Inc.
2000). The model included the effects of block (fixed),
cultivar, genotype nested within cultivar and error
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(random). Components of variance for random effects
were calculated for each measurement using the
option REML of the procedure VARCOMP of SAS.
Qst was then calculated using the formula:

Osr = V2 / (Vf + 2vg2)

where V7 is the variance of the cultivar effect and V7
the variance of the genotype nested within cultivar
effect (Spitze 1993). Significative difference of Qg at
a threshold of 95, 99 and 99.9% was estimated after a
bootstrap procedure on the cultivars and the geno-
types, with 1000 iterations.

Canonical discriminant analysis was performed to
estimate within-cultivar diversity and to graphically
represent the within and between-population diversity.
The CANDISC procedure of SAS was used by using
the mean value of the genotypes. For each of the ten
cultivars, the standard deviation of each of the first five
canonical axes was estimated. Each standard deviation
was weighted by the proportion explained by the
respective axes and the five weighted values were
summed resulting in an estimation of within-cultivar
diversity (Ds). The genotypes were represented on the
first two axes of the canonical discriminant analysis.
The CANDISC procedure also calculated the Maha-
lanobis distances among pairs of populations.

Genotyping

DNA was extracted from young leaves following the
method described in Cheung et al. (1993). Sixteen
SSR markers (Online Resource 2) were selected in
order to have two markers on each chromosome (Julier
et al. 2003). Thirteen markers were analysed using an
automated DNA sequencer LI-COR IR? (LI-COR
Inc.) and 3 markers were scored on an ABI Prism 3700
genetic analyzer (Applied Biosystems Inc.). PCR
analyses were conducted in a total volume of 10 pL
containing about 15 ng DNA, 1 x PCR buffer, 2 mM
MgCl,, 0.1 puM of primers, 0.2 mM of each dNTP and
0.25 U Taq Polymerase (Invitrogen Inc.). PCR con-
ditions consisted of 4 min at 94 °C, 35 cycles of 30 s
94 °C, 30 s at 55 °C and 30 s at 72 °C followed by a
final extension of 3 min at 72 °C. Markers which were
examined on a LI-COR DNA sequencer were analysed
and scored as described in Flajoulot et al. (2005).
Among them, the allele dosage was coded for nine
markers (co-dominant coding). For the four other
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markers, it was not possible to code the allele dosage,
each allele was scored as presence or absence (dom-
inant coding). For markers which were analysed on
ABI Prism genetic analyzer, alleles were scored for
presence and absence (dominant coding), using the
Genotyper software (Applied Biosystems Inc.).

To enhance the accuracy of alleles coding, two
parents of an alfalfa mapping population were inte-
grated in the analysis of molecular markers, for which
data of allelic dosage were available (Julier et al.
2003).

Statistical analysis of molecular data

For the nine markers that were coded as co-dominant,
we checked if the dose of the fragments was scored
accurately. Assuming that the populations were at
Hardy—Weinberg equilibrium, departure from equi-
librium for the markers in each cultivar was tested
using AUTOTET software (Thrall and Young 2000)
under the hypothesis of random chromosomal segre-
gation. Resulting significant values of the test were
adjusted using Bonferroni correction. The frequency
of putative null alleles were estimated from the
heterozygote deficiency (Brookfield 1996). One of
these nine markers (MTIC365) did not fulfil the
criteria for accuracy of codominant coding. For all
cultivars, it clearly departed from Hardy—Weinberg
equilibrium with an average value of 0.60 for the
fixation index and significant difference between
observed and expected heterozygosities (P < 0.05).
Furthermore, the estimated frequency of null alleles
was 0.271 while the frequencies for the other eight
codominantly coded markers ranged from 0.001 to
0.026. Therefore, MTIC365 was further considered in
calculations as a dominantly coded marker.

To estimate within-cultivar diversity, the average
number of alleles per marker (A) and the average
number of alleles per genotype (A;) were calculated
for the 8 codominantly coded markers and for all 16
markers. For the codominantly coded markers, the
expected heterozygosity (Hg) assuming random chro-
mosome reduction was computed using AUTOTET
(Thrall and Young 2000).

The genetic structure among cultivars was evalu-
ated with different methods. Fgt was calculated over
all 10 cultivars with the 8 codominantly coded
markers, by using the software Gene4x (Ronfort
et al. 1998). In NTSYS (Rohlf 2000), Euclidean
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squared distances were calculated from frequencies
per cultivar of the 279 alleles of all 16 markers. In
Structure (Pritchard et al. 2000), a admixture model
with correlated allele frequencies model was applied.
Calculations were performed with the eight codomi-
nantly coded and the eight dominantly coded markers
and a ploidy level of four. Twenty times calculations
were performed for each of K = 1-11 with a length of
burnin period of 20,000 and 50,000 MCMC reps. With
the resulting values, optimal K was identified based on
LnP(D).

The distribution of variation within and between the
cultivars was tested with an analysis of molecular
variance (AMOVA) in which the autotetraploidy of
the genotypes was taken into account (Jenczewski
et al. 1999a). For this calculation, we excluded rare
alleles, i.e. alleles with less than four fragments over
400 genotypes (Lynch and Milligan 1994), and
markers with more than 5% missing values, i.e.
MTIC107, MTIC365, MTICS58, Enod20 and
MTIC134 locus 2.

The Fgr was compared to Qg values. Qst was
noted as different from Fgt if Fgt was not included in
the confidence interval of Qgr. The limitations in
comparisons between Fgr and Qgr (Edelaar et al.
2011) were not applicable in our conditions because
gene flow (here, exchanges between breeding pools) is
expected to be high compared to the mutation rate of
SSR markers.

In this study, we used a small set of markers
compared to the genotyping methods that recently
emerged (Li et al. 2014b). However, we used codom-
inant SSR markers whose dosage could be read for
some of them, offering a better evaluation of within-
population diversity. Furthermore, more markers
would not drastically change the estimation of genetic
parameters such as Fgr, Euclidian distances or
AMOVA, nor their comparison to the calculations
carried out on morphological traits.

Results

Morphological analyses

Forty-five measurements were performed for the four
following traits: rate of stem growth, growth habit,

maximum stem height and date of flowering over four
cuts in 3 years and two locations (Table 1). Analysis

of variance revealed highly significant effects for
cultivars and/or genotypes within-cultivars for 41 of
the measurements. For further calculations, only these
41 significant measurements were taken into account.

Most Qgr values were significantly different from
0 and explained up to 39% of the genetic variation.
On average, Qgsr was low for date of flowering
(0.04), intermediate for maximum stem height and
rate of stem growth (0.06 and 0.07, respectively)
and high for growth habit (0.19) meaning that
growth habit was the trait that most differentiated
the cultivars (Table 1).

Squared Mahalanobis distances between varieties
were on average 11.3; they ranged from 3.6 between
Cannelle and Harpe to 27.2 between Luzelle and
Barmed and were significant (P < 0.05) for all other
pairs of cultivars (Table 2). The average distance
between one cultivar and the other nine was larger for
Luzelle (19.4) than for the other cultivars (7.7-13.0).

The first two axes of the canonical discriminant
analysis for the ten cultivars explained 59% of the total
variation (34 and 25%; Fig. 1). The first axis was
mainly explained by growth habit of the first growth
cycle in Connantre in 2005 (GHc1Con05), maximum
stem height of the first growth cycle in Lusignan in
2006 (MHcl1Lus06) and growth habit of the first
growth cycle in Lusignan in 2004 (GHc1Lus04). The
second axis was mainly explained by date of flowering
of the second growth cycle in Lusignan in 2007
(DFc2Lus07), growth habit of the first growth cycle in
Connantre in 2005 (GHc1Con05) and rate of stem
growth of the first growth cycle in Lusignan in 2005
(RGc1Lus05). The first and second axes separated the
Southern group (i.e. Provence, Barmed, Zenith), the
“Northern without Luzelle” group (i.e. Flamande,
Mercedes, Alpha, Symphonie, Cannelle and Harpe)
and Luzelle cultivar (Fig. 1). Canonical discriminant
analysis for the three groups “Northern without
Luzelle”, Southern and Luzelle showed squared
Mahalanobis distances of 6.2 (P < 0.001) between
“Northern without Luzelle” and Southern, of 13.8
(P < 0.001) between “Northern without Luzelle” and
Luzelle and of 19.6 (P < 0.001) between Southern and
Luzelle. Canonical discriminant analyses performed
separately for the two groups “Northern without
Luzelle” and Southern revealed a separation of the
cultivars within the Southern group whereas within the
“Northern without Luzelle” group, no further separa-
tion was observed (data not shown).
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Table 2 Mahalonobis distances based on morphological traits for the ten cultivars

Alpha Barmed Cannelle Flamande Harpe Luzelle Mercedes Provence Symphonie
Barmed 11.8
Cannelle 6.9 15.5
Flamande 6.6 9.5 6.8
Harpe 7.7 12.7 3.6 8.0
Luzelle 21.7 272 16.1 16.4 19.0
Mercedes 5.6 10.0 7.5 4.6 6.6 134
Provence 13.0 8.5 12.9 8.5 114 18.7 7.8
Symphonie 6.8 14.5 5.5 7.9 43 17.0 53 13.8
Zenith 10.6 7.3 16.9 104 15.2 247 8.4 9.2 13.3
Distances were significant with P < 0.01 except for the pair Harpe/Cannelle with P < 0.05
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Fig. 1 Canonical discriminant analysis of the ten cultivars based on morphological traits. Analysis was based on 41 measurements of
the four traits: date of flowering, rate of stem growth, growth habit and maximum stem height

The index for within-cultivar diversity (Dg) ranged
from 0.76 for Alpha to 0.93 for Luzelle with an
average of 0.85. It was not higher for the two landraces
than for the cultivars (Table 3).

Molecular analyses

The 16 markers were equally distributed with two
markers per chromosome, with one on each of the two
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parts of the chromosome. A total of 279 alleles was
identified ranging from 5 (MTIC124) to 40 (Enod20)
alleles per marker (Online Resource 2) and an average
of missing values of 4.6% per marker. Frequencies of
alleles ranged from 0.003 (one genotype in 400 with
this fragment), to 0.938 (375 genotypes with this
fragment). Thirty cultivar-specific alleles were
observed but they always had a low frequency: 23
alleles had a frequency of 0.025 (one genotype in the
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Table 3 Indices describing within-cultivar diversity for the ten cultivars

Name Morphological traits 8 Markers 16 Markers

DS A Ai HE A Ai

Flamande 0.81 13.0 2.8 0.751 10.6 2.4
Luzelle 0.93 10.9 2.8 0.762 9.1 2.4
Mercedes 0.84 11.0 2.7 0.736 9.4 23
Alpha 0.76 11.1 2.8 0.761 9.5 2.4
Symphonie 0.85 11.3 29 0.762 9.3 24
Cannelle 0.84 11.3 2.7 0.726 9.4 2.3
Harpe 0.90 12.4 2.8 0.740 9.6 2.4
Provence 0.88 12.8 2.8 0.750 10.2 2.4
Zenith 0.84 13.9 2.8 0.762 11.1 2.4
Barmed 0.81 11.0 2.8 0.749 9.4 2.4

Values were based on the morphological traits (morph. traits), the eight codominantly coded markers (8 markers), or all 16
investigated markers (16 markers). Within-cultivar diversity was measured as weighted standard deviation for the first five canonical
axes (Ds) and average number of alleles per marker (A), average number of alleles per genotype (A;), expected heterozygosity (Hg)

40 genotypes of the cultivar) and among the other
specific alleles, the maximal frequency was of 0.175
(seven genotypes with this fragment in the cultivar).
This type of cultivar-specific alleles cannot be used for
cultivar identification.

Eight of the 16 markers were codominantly coded,
i.e. presence and absence of fragments were scored
and the dose of each fragment was also taken into
account. They were distributed with one marker per
chromosome but no marker was located on chromo-
some 8 and two markers were located on chromosome
7 (Online Resource 2). For these eight markers, all ten
cultivars were in Hardy—Weinberg equilibrium
(P > 0.05), with the exception of MTIC451 and
MTIC343 for Mercedes (P < 0.05). The other eight
markers were dominantly coded (Online Resource 2),
i.e. only for presence or absence of fragments, as
intensity differences of fragments was visually too
difficult to estimate or existence of null alleles was
assumed.

For the eight codominantly coded markers, the
three diversity indices, namely average number of
alleles per marker (A), average number of alleles per
genotype (A;) and expected heterozygosity (Hg), were
similar for the ten cultivars. Index A ranged from 10.9
(Luzelle) to 13.9 (Zenith), A; from 2.7 (Mercedes/
Cannelle) to 2.9 (Symphonie) and Hg from 0.726
(Cannelle) to 0.762 (Symphonie, Zenith, Luzelle).
When considering all 16 markers, A and A; were lower

than for the eight codominantly coded markers, but
also similar among the ten cultivars (Table 3).

Fgt value for ten cultivars calculated with the eight
codominantly coded markers was only 0.0127
(P < 0.0001, standard error of 0.0000). Pairwise Fgt
values ranged from 0.003 between Flamande and
Provence to 0.028 between Cannelle and Barmed and
were significant with P < 0.01 (Table 4). Average
difference of Fgr to the other cultivars was higher for
Luzelle (0.0197) and for Barmed (0.0171) than for the
other cultivars ranging from 0.0090 for Flamande to
0.0140 for Cannelle. Similarly, with Euclidean squared
distances based on frequencies per cultivar for all 279
alleles (all loci), the lowest distances were observed
among Provence, Flamande and Harpe (1.7), whereas
the highest value was identified between Luzelle and
Barmed (4.7, Table 4). On average, Euclidean squared
distances between a cultivar and the other nine
cultivars were higher for Luzelle (3.7) and Barmed
(3.6) and lower for the other cultivars (2.3-3.3).

Using Structure software with the eight codomi-
nantly coded markers and the eight dominantly coded
markers, six clusters were found. The highest propor-
tion of membership to a cluster was observed for
Luzelle and Barmed. The other cultivars contained a
similar proportion of each of the six clusters (Online
Resource 3).

Fgr values were calculated for two allocations of
groups. The first allocation included the three groups
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Table 4 Fgr values and Euclidean squared distances among the ten cultivars based on SSR markers

Flamande  Luzelle Mercedes Alpha  Symphonie  Cannelle  Harpe Provence  Zenith  Barmed

Flamande ok 3.04 2.33 2.80 2.35 2.06 1.68 1.73 225 3.40
Luzelle 0.020 ok 4.47 4.39 3.69 3.32 3.31 2.95 3.35 4.74
Mercedes 0.006 0.026 ook 3.26 3.07 3.12 2.90 2.46 2.93 3.61

Alpha 0.008 0.019 0.008 ok 3.40 3.15 2.59 2.94 3.23 3.75
Symphonie  0.007 0.021 0.013 0.010 ek 2.52 2.52 2.07 2.83 3.32
Cannelle 0.009 0.018 0.013 0.012  0.013 ok 2.51 2.46 2.88 4.09
Harpe 0.008 0.020 0.013 0.008  0.015 0.012 ok 1.54 2.70 3.70
Provence 0.003 0.017 0.009 0.010  0.009 0.011 0.007  EEE 1.85 2.71
Zenith 0.004 0.017 0.009 0.009  0.005 0.010 0.015  0.006 ok 291

Barmed 0.016 0.019 0.015 0.014  0.015 0.028 0.019  0.015 0.013 ok

Fst values (below diagonal left) were based on the eight codominantly coded SSR markers and were significant with P < 0.01.
Euclidean squared distances (above diagonal right) were performed from frequencies per cultivars of all 16 markers

identified with morphological traits: “Northern with-
out Luzelle” (Flamande, Mercedes, Alpha, Sym-
phonie, Cannelle and Harpe), Southern (Provence,
Barmed, Zenith) and Luzelle. Fgt value between
“Northern without Luzelle” and Southern was 0.003
(P < 0.001) and Luzelle showed similar Fgt values to
the other two groups (0.016 with “Northern without
Luzelle” and 0.014 with Southern, both P < 0.001)
(Online Resource 4). The second allocation included
three differently defined groups, as found with
molecular markers: Luzelle, Barmed and the other
eight cultivars. Fgt values were 0.012 (P < 0.001)
between the eight cultivars group and Barmed, 0.016
(P < 0.001) between the eight cultivars and Luzelle
and 0.019 (P < 0.001) between Barmed and Luzelle.
When performing AMOVA based on dominantly
coded markers and 147 alleles, group effect accounted
for 0.13% of total variance in the first allocation
(“Northern without Luzelle”, Southern and Luzelle)
and 0.25% of the total variance in the second
allocation (Luzelle, Barmed and the other eight
cultivars; Online Resource 4). However, in both cases,
the major part of the variation (more than 99.5%) was
observed within cultivars.

Comparisons between FST and QST
All global Qg values (over the whole set of cultivars)
for the growth habit measurements were highly

different from Fgp (Table 1), indicating a strong
selective pressure on this trait. For the maximum stem
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height and the rate of growth, most Qgr values were
significantly higher than Fgt. Contrastingly, for the
date of flowering, Qgr was slightly significantly
different from the Fgt value. In pairwise comparisons
of cultivars, Qg (not shown) and Fgt (Table 4) values
were different, this excluded simple genetic drift.

Discussion

This study analysed not only the same cultivars but
also the same genotypes with both morphological and
molecular methods. Furthermore, the genotypes were
investigated over several years and two environments.
This design, which had never been experimented for
M. sativa, allowed the direct comparison of morpho-
logical traits and molecular markers.

Comparison of structure of cultivars

In addition to the overall significant difference among
the 10 cultivars, differences between pairs of cultivars
were also significant but small for molecular markers
and for morphological traits. These significant differ-
ences were confirmed by a study investigating French
cultivars of M. sativa with SSR markers in which
mainly significant Fgr values were observed (Flajoulot
et al. 2005). In contrast, no significant difference
among cultivated populations based on allozyme
markers and only a small part of the pairwise
differences was significant for RAPD markers and
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for morphological traits (Jenczewski et al. 1999a, b).
This discrepancy may point out that, although signif-
icant differences among M. sativa populations were
often observed, these differences were in general
based on a very small part of total variance. All
cultivars, either landraces or varieties, had similar
within-population diversity (number of alleles and
heterozygosity) showing little effect of selection on
within-population diversity, as already found in a set
of varieties originating from a single breeding pro-
gram (Flajoulot et al. 2005). Qiang et al. (2015) found
more diversity in landraces than in varieties or wild
populations, but the number of genotypes was also
higher for landraces than for other types, possibly
causing a bias in diversity estimation.

Considering morphological traits, Luzelle was
clearly different from the other cultivars. The growth
habit contributed most to this separation as shown by
the high Qg value. This strong contribution of growth
habit to separate M. sativa populations was confirmed
in other studies with morphological traits (Crochem-
ore et al. 1998; Julier et al. 1995; Prosperi et al. 2006).
The largest difference between Luzelle and the rest of
the cultivars was also observed for molecular analyses.
Luzelle is the cultivar with the highest part of falcata
genome as one parent of the cultivar belongs to subsp.
falcata (P. Guy, pers. comm.). This results in a
prostrated growth habit for grazing purposes. In
general, when populations originating from the whole
M. sativa species complex were studied, a clear
separation of subsp. falcata was reported for molec-
ular markers (Crochemore et al. 1996; Maureira et al.
2004; Musial et al. 2002; Segovia-Lerma et al. 2003).
The main dormancy classes were also recovered (Li
et al. 2014a).

Barmed was also different from the rest of cultivars.
Barmed was selected from genetic resources of United
States of America and North Africa (D. Noél, pers.
comm.) and may therefore largely differ from the
resources of other French cultivars. However, this
separation was less pronounced than for Luzelle.

Even if similarities were noticed between structure
given by morphological and that given by molecular
analyses, major discrepancies were observed. Mor-
phological traits clearly separated “Northern without
Luzelle” group (i.e. Flamande, Mercedes, Alpha,
Symphonie, Cannelle and Harpe) from Southern
group (Provence, Zenith and Barmed), whereas no
clear structure was observed with molecular markers.

The two cultivars with the highest molecular similarity
were Flamande and Provence, i.e. the two landraces
representing the archetypes of the Northern and
Southern groups. In a large set of cultivars, a clear
separation of Northern and Southern groups with
morphological traits was also reported although this
structure was not detectable with RAPD markers
(Crochemore et al. 1996, 1998). Poor correlations
between structure of populations obtained by mor-
phological traits and molecular markers have also
been reported by other authors, for example in Lolium
perenne (Roldan-Ruiz et al. 2001) or in six-rowed
Hordeum vulgare (Manninen and Nissila 1997).
Authors concluded that discrepancies came from the
fact that molecular markers represent neutral diversity,
whereas morphological traits represent selected diver-
sity. However, in most studies, selection for morpho-
logical traits was not studied (Crochemore et al. 1998;
Roldan-Ruiz et al. 2001) because experimental
designs did not include replicates on individual
genotypes. In our study, selective effects were
demonstrated by the differences between Qgt and
Fgt values, thus explaining the discrepancies between
the structures given by morphological traits and
molecular markers.

Role of selection in the differences
among cultivars

Both Qgt and Fst were globally different from zero,
indicating difference among cultivars. For comparison
of morphological traits and molecular markers, neu-
trality of the latter was assumed but we hypothesized
that morphological traits were not neutral. When
populations are strongly differentiated with respect to
morphological traits, but not to molecular markers
(Qst > Fst), a predominant role for heterogeneous
selection among populations is predicted. In contrast,
when population differentiation is similar for mor-
phological traits and molecular markers, genetic drift
alone can explain the differentiation among popula-
tions (Spitze 1993). In natural populations, Qg values
generally are higher than Fgr values suggesting a
predominant role of natural selection in among
population differentiation (Leinonen et al. 2008).

In this study, we observed that Qgr values for the
four traits were generally higher than the Fgr. This
indicates that selection is acting on morphological
traits. This was particularly pronounced for growth
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habit, for which all Qgt values were significantly
(P < 0.05) different from Fgr values, and to a lower
extent for stem height and stem growth rate. In
cultivars, besides natural selection, a strong artificial
selection influences diversity among populations. This
artificial selection could act in the same direction as
natural selection since high fitness is important for
natural and agricultural purposes. Nevertheless, natu-
ral and artificial selections may have contrasted effects
if breeding traits do not contribute to a highly
competitive population. Farmers may require an
alfalfa variety with erect growth for silage/haying or
a more prostrate growth for grazing. Therefore, growth
habit is a trait considered in breeding (Lonnet 1996)
and showed a high Qg value. Stem elongation is also a
breeding criterion because it was shown to be corre-
lated to forage yield (Annicchiarico et al. 2015). Qgr
values higher than Fgt for stem height and stem
growth rate are consistent to the selection for these
traits. In contrast, the low Qgr values for the date of
flowering is in accordance with the fact that this trait is
not included in breeding criteria list (Lonnet 1996). In
most species, date of flowering usually is a major
breeding or adaptative trait, as it determines the
coincidence between reproduction and favourable
environmental conditions (Anderson et al. 2011).
Date of flowering and reproduction are less important
for adaptation in a perennial forage species such as
alfalfa than for an annual seed crop. Indeed, little is
known on genetic architecture of flowering date in
perennial species (Anderson et al. 2011; Friedman and
Rubin 2015). Most experiment data [reviewed by Le
Corre and Kremer (2012)] also reported Qst values
higher than Fgr. These authors suggest that adaptative
traits may be controlled by large number of genes
resulting in multiple but possibly low allele frequency
changes.

Comparison of within-cultivar diversity with traits
and markers

Although differences between cultivars were identi-
fied with molecular markers and morphological traits,
Qst and Fgt values were in general small and the main
part of variation was present within cultivars. For
molecular markers, this high within-cultivar diversity
was further confirmed by the average number of
alleles per genotype and expected heterozygosity.
Although values between studies varied due to
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different marker systems, calculation methods and
number of genotypes per cultivar, several authors
observed a high within-cultivar diversity for M. sativa
based on molecular markers (Flajoulot et al. 2005;
Jenczewski et al. 1999a, b; Kidwell et al. 1994a;
Mengoni et al. 2001; Musial et al. 2002; Qiang et al.
2015). For morphological traits, the high spread of
genotypes within each cultivar in canonical discrim-
inant analysis further confirmed the high within-
cultivar diversity. Only very few other diversity
studies with genotype replications have been reported
and all have verified a high within-cultivar diversity
(Bolafios-Aguilar et al. 2000; Julier et al. 2000). In
addition, within-cultivar diversity was similar in the
eight varieties and the two landraces. Comparable
results were obtained with French varieties using SSR
markers (Flajoulot et al. 2005) and a set of Australian
varieties using RAPD markers (Musial et al. 2002).

A large part of within-population diversity is
expected in tetraploid and outcrossing species such as
M. sativa, but several other facts contribute to this lack
of differentiation between cultivars. Principally, Euro-
pean landraces mainly come from populations intro-
duced in the sixteenth century from Spain to the rest of
Europe (Muller et al. 2003). This time offered limited
opportunities for population differentiation, especially
for this perennial species. In addition, as M. sativa
mostly exists as cultivated populations in Europe, their
evolution relies on selection pressures or genetic drift
handled by farmers or breeders. Furthermore, seed
exchange was often conducted in modern breeding
(e.g. Barmed see above) and during the establishment
of landraces. For example, farmers of the North of
France (Northern type) used to buy seeds from farmers
of the South (Southern type) as conditions in the North
were often not appropriate for seed production (Julier
1996). Similarly gene flow between the originally
introduced germplasms is hypothesized in the USA (Li
et al. 2014a). Considered as a whole, traditional and
modern breeding was achieved without strong modi-
fication of the neutral genetic background.

The genetic structure available in alfalfa is favor-
able to the use of specific design to decipher genetic
architecture of agronomic traits. The large within-
population diversity, for both traits and markers, and
the low level of structure are adequate to conduct
association genetic studies. Indeed, the plant material
presented here was used to assess the effect of a
candidate gene of Constans-like family in flowering



Genet Resour Crop Evol (2018) 65:527-540

539

date and stem length variation (Herrmann et al. 2010;
Julier 2012).

Conclusions

This study allowed a direct comparison of M. sativa
structure and diversity using morphological traits and
molecular markers. Selection for morphological traits
was shown (Qst > Fst), especially for growth habit.
This higher part of diversity among cultivars identified
for morphological traits explained the clearer structure
between cultivars observed for morphological traits
compared to molecular markers. Furthermore, our
study helped to explain discrepancies observed
between the population structures obtained with the
two marker types. It verified the hypothesis that
morphological traits represent selected characteristics
and molecular markers neutral diversity. However, the
main part of variation was observed within M. sativa
cultivars, which could be explained, beside the
reproductive mode and its genetic characteristics, by
the history of domestication and breeding. The
obtained results broadened the basic understanding
of trait selection and of structure of M. sativa
populations.
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