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Abstract Variety registration of lucerne often fails be-
cause of the difficulty to pass the distinction test. This
test is presently based on phenotypic traits. We proposed
to evaluate if high-throughput genotyping of varieties
with genotyping-by-sequencing markers could help to
distinguish among 20 varieties and if the genetic dis-
tances were correlated to phenotypic ones. Genotyping
was performed either on 40 individuals or on 4 bulks of
100 plants per variety. At the methodological level, we
obtained a high number of polymorphic markers, a
precise determination of the allele dosage on the indi-
viduals, a high reproducibility of allele frequency esti-
mated on bulks and a good correlation between allele
frequencies scored on individuals or on bulks. Each pair
of the 20 varieties was significantly distinct when using
the markers. In addition, the varieties grouped in a way
that was consistent with their genetic origin. Genetic
distances were correlated to phenotypic distances

obtained from data collected in the distinction tests.
We suggest that molecular markers could be useful to
assist distinction tests during the official trials for regis-
tration of lucerne varieties.
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Introduction

Variety registration is based on two series of tests.
Distinctness, uniformity and stability (DUS) tests aim
at assessing whether candidate variety is (1) distinct
from all varieties of common knowledge (here described
as the reference collection), (2) genetically uniform
(taking into account the reproductive mode) and (3)
stable from one generation to the next one. Value for
cultivation and use (VCU) tests measure the genetic
progress for agronomical and quality traits, compared
to control varieties of good value. These tests comply
with the regulation adopted by the International Union
for the Protection of NewVarieties of Plants (UPOV). In
the European Union, each member state is responsible
for variety registration on its national list, but a variety
that has been registered in one state is automatically
included to the European list. The DUS tests are also
used to grant plant breeders’ rights. The Community
Plant Variety Office (CPVO) oversees this intellectual
property system for the European Union.

Lucerne (Medicago sativa) registration is facing se-
vere difficulties due to recurrent failings to pass the
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distinction test even though the VCU test is successful.
As a consequence, some promising varieties are never
registered and so the genetic progress cannot be deliv-
ered to the farmers.

Molecular markers are not allowed by UPOV rules
for direct variety distinction, except if markers are spe-
cifically linked to a phenotypic trait (UPOV 2013).
However, phenotypic and genotypic distances may be
combined to manage the variety collection. This model
aims to eliminate pairwise comparisons between candi-
date variety and variety of the effective collection, prior
to the DUS growing trial. For this purpose, the
BDistinctness plus^ threshold is a distance calculated
with molecular markers and phenotypic traits that un-
doubtedly separate a candidate variety from some other
varieties without a need for direct phenotypic compari-
son (UPOV 2013). According to UPOV (UPOV 2013),
a general trend for a positive correlation between genetic
and phenotypic distances has to be established in order
to combine molecular and morphological distances
(Burstin and Charcosset 1997; Dillmann et al. 1997).
This model, accepted by UPOV and based on the
BDistinctness plus^ threshold (Annex 2 of UPOV
2013) is currently used to manage maize (Zea mais)
and spring barley (Hordeum vulgare) collections.

For lucerne DUS testing, phenotypic traits are
recorded on spaced plants and small plot designs.
In these experiments, the varieties of the reference
collection for which seeds are provided by the main-
tainers (the effective collection of ~270 varieties
among 600 varieties in the whole reference collec-
tion) and the candidate varieties are compared. To
characterize the morphology of the varieties, the
main traits are plant height (recorded at different
stages of regrowth cycles), flower color, growth
habit and regrowth recovery in spring, summer and
autumn. In addition, disease tests are carried out
under controlled conditions (UPOV 2005a). Based
on these datasets, statistical analyses are performed
to distinguish each candidate variety from each of
the varieties of the effective collection: combined
over years analysis for distinction (COYD) are cal-
culated for each quantitative trait (UPOV 2016) and
χ2 tests are carried out for qualitative traits (UPOV
2002). The GAIA method, which is based on multi-
trait data (both quantitative and qualitative), has
recently been used to define groups of varieties so
that all the varieties within a group are distinct from
all the varieties of any other group (UPOV 2016).

Most studies of lucerne genetic diversity have been
carried out with a low number of markers because only
low-throughput technologies [random-amplified poly-
morphic DNA (RAPD), amplified fragment length
polymorphism (AFLP), microsatellites] have been
available until recently. These studies have shown that
it was possible to separate wild and cultivated materials,
sativa or falcata subspecies, or dormant and non-
dormant cultivars (Ariss and Vandemark 2007;
Bhandari et al. 2011; Crochemore et al. 1996; Ilhan
et al. 2016; Maureira et al. 2004), but the structure
among cultivated accessions has been usually weak
(Bhandari et al. 2011; Flajoulot et al. 2005; Herrmann
et al. 2018; Maureira et al. 2004) and poorly correlated
to the structure obtained with phenotypic traits
(Annicchiarico et al. 2016; Herrmann et al. 2018;
Qiang et al. 2015). In recent years, high-throughput
genotyping methods have been established on lucerne:
a 10-K single nucleotide polymorphism (SNP) array (Li
et al. 2014a) and genotyping-by-sequencing (GBS;
Annicchiarico et al. 2016; Li et al. 2014b; Rocher
et al. 2015) that have each yielded a few thousand
markers. By using such a high number of markers, the
structure of the cultivated material was close to that
expected from breeding origins (Li et al. 2014a) and
the distinctness among lucerne varieties was easier than
with microsatellite markers (Annicchiarico et al. 2016).

Genetic diversity analyses have usually been con-
ducted on populations in which a number of individuals
were genotyped. Since lucerne is an autotetraploid spe-
cies, the determination of allele dosage at the individual
level is impossible with dominant markers such as
AFLP, but feasible with some codominant markers in
optimized polymerase chain reaction (PCR) and revela-
tion conditions (Flajoulot et al. 2005). With GBS
markers, only three classes of genotypes are recovered,
the two monomorphic, quadruplex ones (AAAA or
BBBB) and one heterozygous class, comprising sim-
plex (ABBB), duplex (AABB) and triplex (AAAB)
genotypes (Li et al. 2014b; Rocher et al. 2015). The
allele frequency calculated at the population level from
individual data for which the allele dosage was not
properly determined may cause bias.

In some studies, when using low-throughput
genotyping methods (AFLP for example), pools of in-
dividuals were used (Bhandari et al. 2011) while making
the assumption that the presence of a marker revealed a
high frequency of this marker in the population. With
high-throughput SNP genotyping based on sequencing,
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the ability to quantify the allele frequency was theoret-
ically demonstrated (Raineri et al. 2012) and the repeat-
ability was tested on bulks of heterozygous diploid
populations of perennial ryegrass (Lolium perenne;
Byrne et al. 2013). This method was used in tetraploid
alfalfa (Annicchiarico et al. 2016), but the accuracy of
allele frequency estimated on bulks, compared to a
frequency based on a set of individuals per population,
was never tested.

In this study, we have tested several aspects of GBS
technology, including the ability to score the allele dos-
age at the individual level on an autotetraploid species,
the accuracy of the estimation of allele frequency on
pools of individuals, the ability to distinguish varieties
from a set of 20 varieties and the correlation between the
distinctness given by GBSmarkers and that provided by
phenotypic traits during DUS tests.

Material and methods

Material

Twenty varieties have been chosen in the lucerne refer-
ence collection to cover all the range of diversity for
autumn dormancy, flower color, disease (anthracnose:
Colletotrichum trifolii and Verticillium: Verticillium
alboatrum) and pest (stem nematode: Ditylenchus
dipsaci) resistances (Online Resource 1). All varieties
except one (Vernal) were registered in Europe. All these
varieties were genotyped in bulks of 100 plants. For 3 of
these varieties, 40 individuals were individually geno-
typed (Herrmann et al. 2010): Galaxie and Félicia, both
of dormancy 4, that are known to be phenotypically very
similar, and Barmed, dormancy 7, that is phenotypically
different from Galaxie and Félicia.

Genotyping

For each variety, seeds were sown in cell trays in a
greenhouse. For individual genotyping, young leaflets
were sampled, dried in silica gel and DNAwas extracted
using the protocol of Doyle and Doyle (1987) adapted
for 96-well plates, with sodium bisulfite instead of beta-
mercaptoethanol as antioxidant. For bulk genotyping,
each variety was represented by 4 bulks of 100 different
plants. A leaflet of each of the 100 plants was sampled,
the bulk of leaflets (42 to 190 mg depending on the
bulk) were dried in silica gel and DNAwas extracted as

described above. Eight GBS libraries were built, with
each one containing 15 individuals and 10 bulks. The
construction of the libraries followed the protocols de-
scribed by Elshire et al. (2011). DNA (100 ng) was
digested by the restriction enzyme ApeKI (NEB,
R0643S) and ligated to a specific barcode adaptor and
a common adaptor. Digested DNA of 25 samples was
pooled (5 μl each) and cleaned up with the QIAquick
PCR purification kit (Qiagen, cat. no. 28104). For PCR,
2.5 μl of DNAwas mixed with 0.4 μM of each primer,
2 mMMgCl2, 0.2 mMdNTP, 1X PCR buffer and 1.25 u
Taq (ThermoScientific, #EP0402) in a final volume of
50μl. Temperature cycling consisted of 72 °C for 5 min,
95 °C for 30 s followed by 18 cycles of 95 °C for 10 s,
65 °C for 30 s, 72 °C for 30 s with a final Taq extension
step at 72 °C for 5 min. The PCR was replicated five
times and pooled. The libraries were cleaned up using
the QIAquick PCR purification kit, checked for quality
and diluted to obtain a concentration of 2 nM. Each
library was sequenced on a lane of an Illumina HiSeq
3000 at the genomic platform GeT-PlaGe of INRA
(INRA Toulouse, France). A 150-base, single-end pro-
tocol was used.

A Linux pipeline was developed to obtain the allele
dosage of the individuals and the allele frequencies in
the bulks. The five successive steps were common to
both analyses: i) demultiplexing, ii) trimming of the
sequences (discarding of the adaptors with scythe, min-
imum quality score of 30 and minimum read length of
60 with sickle); iii) alignment of the sequences on
M. truncatula reference genome sequence, version 4.0
with bwa aln, iv) local realignment with GATK
RealignerTargetCreator and IndelRealigner), v) variant
calling with GATK HaplotypeCaller (GVCF mode).
The GVCF f i les were merged wi th GATK
GenotypeGVSFs, either according to variety for indi-
viduals or including all pools for bulks. The biallele
variants with an alignment quality higher than 30 were
selected using GATK SelectVariants. Then SNPs with a
read depth of at least 30 and a quality of at least 30 were
retained. The alleles were coded as 1 for the reference
alleles (present inM. truncatula sequence) and 0 for the
alternative alleles. Regarding the distribution of the
reference allele frequency within each individual in the
varieties (Online Resource 2), the genotype of each
individual was defined by: 0 for individuals with a
frequency between 0 and 0.06; 1 for individuals with a
frequency between 0.06 and 0.36, 2 for individuals with
a frequency between 0.36 and 0.62; 3 for individuals
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with a frequency between 0.62 and 0.92; 4 for individ-
uals with a frequency between 0.92 and 1; NA for the
rest. For pools, only SNPs with an allele frequency
higher than 0.1 and lower than 0.9 were kept. A mean
allele frequency was calculated from the four bulks.

Phenotypic data

The 20 varieties are part of the varieties tested in official
DUS tests. The French office in charge of lucerne DUS
tests (GEVES: Groupe d’Etude et de contrôle des
Variétés Et des Semences) provided us with the data
collected on these varieties in two locations (Lavalette
near Montpellier and Anjouère near Angers) in 2013
and 2014. GEVES, as recommended by UPOV (UPOV
2002, 2008), calculated synthetic statistics called
combined-over-year distinctness (COYD) from quanti-
tative morphological traits (UPOV 2016). Thirteen traits
were used: growth habit, several measurements of plant
height in each season, date of flowering, stem length at
flowering and dormancy (UPOV 2005a). In the UPOV
regulation, each time a pair of varieties has a significant
COYD at a probability of 1% for at least one trait, the
varieties are judged as distinct. In this study, a 20 × 20
matrix containing the number of traits for which the
COYD for each pair of varieties was significant in the
two locations was built. It contained values ranging
from 0 (no significant trait) to 13 (2 different varieties
for the 13 different traits). In addition, the GAIA soft-
ware (UPOV 2016) was used to calculate a phenotypic
distance with five qualitative and quantitative traits
(flower color, dormancy, resistance to stem nematode,
Colletotrichum trifolii and Verticillium alboatrum). The
GAIA phenotypic distance between two varieties is a
weighted sum of distances on each observed character-
istic. GAIA distances are not yet used for variety dis-
tinction by GEVES on lucerne, but should be so from
2018.

Statistical analyses

The accuracy of the estimation of allele frequency on
bulks of individuals was assessed by the calculation of
two components, precision and trueness [ISO 5725-
6:1994 (E) 1994]. Precision was evaluated by the coef-
ficients of linear regression between the allele frequen-
cies obtained on pairs of bulks of the same variety and
the interval of prediction. The trueness of the allele
frequency estimated on bulks was measured by the

coefficients of linear regression between the allele fre-
quency average on the 4 bulks and the allele frequency
measured on the 40 individuals and the interval of
prediction. Trueness was evaluated on the three varieties
that were sequenced in both individual and bulk
samples.

The structure among the set of 20 varieties was
illustrated with a principal component analysis (PCA)
calculated with all polymorphic SNPs. The same analy-
sis was further performed on subgroups of varieties. The
dudi.pca function of R software (The R Development
Core Team 2004) was used. On the data collected at the
individual level for three varieties, we performed a PCA
and then a discriminant analysis principal component
(DAPC) with the function dapc of the adegenet package
of R (Jombart et al. 2016).

The possibility to distinguish the varieties was based
on the calculation of FST index among pairs of varieties
[stamppFst function of the StAMPP package
(Pembleton et al. 2013)] with 1000 permutations. An
additional test was conducted with an analysis of mo-
lecular variance (AMOVA, stamppAmova function of
the StAMPP package) with 10,000 permutations calcu-
lated from the Nei distance between each pair of varie-
ties (stamppNei function of the StAMPP package). To
evaluate the number of markers required to separate 2
varieties, 100 subsamplings of 50, 100, 150, 500, 1000,
5000 and 10,000 markers were carried out for the most
similar pair of varieties; P value of AMOVA and FST
were calculated for each subsample and their mean and
standard deviation were drawn as a function of marker
number.

The correlation between Nei distance or FST index
and COYD or GAIA distances were calculated and
tested with a Mantel test (mantel.test of R) with 1000
permutations.

Results

Themean number of reads, after trimming andmapping,
for each individual or bulk varied from 3.7 to 4.6 million
reads.

Accuracy of the allele frequency in the bulks
of individuals

For the bulks, 39,424 polymorphic markers were ob-
tained. The frequency of missing data in a bulk averaged
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5.2%. The reference alleles (present in theM. truncatula
sequence and coded as 1) were more frequent than the
alternative alleles (coded as 0) and few alleles had an
intermediate frequency (Online Resource 3). The corre-
lation between the allele frequencies of each pair of the 4
bulks of 100 plants showed a highly significant correla-
tion (r between 0.985 and 0.997, P < 0.001) for each of
the 20 varieties (Online Resource 3 for Galaxie). The
regressions between the allele frequencies of each pair
of the four bulks were characterized by slopes and
ordinates at the origin that averaged 0.993 and 0.006,
respectively, and a mean interval of prediction of 0.116.
The precision of allele frequencies estimated on bulks
was thus very high.

For the three varieties genotyped at the individual
level, the number of polymorphic markers ranged from
52,479 for Félicia to 58,528 for Barmed. The allele
frequencies obtained on the 4 bulks of each variety were
highly correlated to the frequencies calculated on the 40
individuals (r = 0.995, 0.996, 0.996, P < 0.001, for the 3
varieties Galaxie, Félicia and Barmed, respectively;
Fig. 1 for Galaxie). The regressions were characterized
by slopes between 0.987 and 0.991, ordinates at the
origin between 0.0034 and 0.0066 and intervals of

prediction of the allele frequency between 0.118 and
0.137 for the three varieties. The trueness of allele
frequencies estimated on bulks was thus very good
compared to allele frequencies estimated on a set of
individuals.

Variety distinctness based on molecular markers

For the three varieties analyzed at the individual level,
the PCA (Online Resource 4A) showed that, as expected
from phenotypic data, Barmed individuals were
grouped and were separated from Galaxie and Félicia
individuals, while Galaxie and Félicia individuals were
partly overlaid. The DPAC analysis (Online Resource 4)
separated Galaxie from Felicia, two varieties that are
phenotypically similar.

The PCA with the 20 varieties clearly showed that 5
varieties were different from the 15 others (Fig. 2a): Vernal
and yellow-flowered Juurlu, two very dormant varieties
from Canada and Estonia, respectively; Greenmed, a dor-
mant turf-type variety with violet flowers; FrankenNeu, an
old German variety with many violet or variegated flowers
and Luzelle, a French grazing type variety with variegated
yellow flowers bred from accessions of both subsp. falcata

0.0 0.2 0.4 0.6 0.8 1.0

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Galaxie

Allelic frequency from 40 individuals

A
lle

lic
 fr

eq
ue

nc
y 

fr
om

 4
 b

ul
ks

Confidence interval
Prediction interval

r=0.995, y=0.987x + 0.007, ip= 0.14

Fig. 1 Correlation between the average allele frequency determined on 4 bulks of 100 plants and 40 individual plants for the variety
Galaxie. r is the coefficient of correlation, y = ax + b is the equation of regression, Ip is the mean of the interval of prediction

Mol Breeding (2018) 38: 133 Page 5 of 12 133



−2 0 2 4 6 8 10 12

−
4

−
2

0
2

PCA on 20 varieties 

Axis 1 (21%)

A
xi

s 
2 

(6
%

)

Arpège
Artémis
Barmed
Capri
Daphné
Dorine
Europe
Fado
Félicia
Franken Neu

Galaxie
Greenmed
Juurlu
Luzelle
Meldor
Midi
Milky Max
Orca
Verdor
Vernal

−1 0 1 2 3 4 5

−
1

0
1

2
3

Axis 1 (8%)

A
xi

s 
2 

(7
%

)

Arpège
Artémis
Barmed
Capri
Daphné
Dorine
Europe
Fado

Félicia
Galaxie
Meldor
Midi
Milky Max
Orca
Verdor

PCA on 15 varieties 

Northern types

Southern types

−2 −1 10 2

−
2

−
1

0
1

2

Axis 1 (9%)

A
xi

s 
2 

(7
%

)

Arpège
Artémis
Capri
Daphné
Europe
Fado
Félicia
Galaxie
Milky Max

PCA on 9 varieties 

Barenbrug

Desprez

GIE GRASS

a

b

c

Fig. 2 For the varieties scored as 4 bulks of 100 plants, PCAwith the 39,424GBSmarkers: (A)with the 20 varieties, (B)with the 15French varieties,
(C) with 9 French varieties adapted to Northern France. The four dots with the same symbol and color corresponded to the four bulks of a variety

133 Page 6 of 12 Mol Breeding (2018) 38: 133



T
ab

le
1

F S
T
ca
lc
ul
at
ed

be
tw
ee
n
pa
ir
s
of

va
ri
et
ie
s.
A
ll
F S

T
w
er
e
si
gn
if
ic
an
ta
tP

<
0.
05

A
rp
èg
e

A
rt
ém

is
B
ar
m
ed

C
ap
ri

D
ap
hn
é

D
or
in
e

E
ur
op
e

Fa
do

Fé
lic
ia

F
ra
nk
en

N
eu

G
al
ax
ie

G
re
en
m
ed

Ju
ur
lu

L
uz
el
le

M
el
do
r

M
id
i

M
ilk

y
M
ax

O
rc
a

V
er
do
r

A
rt
ém

is
0.
07
9

B
ar
m
ed

0.
09
3

0.
09
3

C
ap
ri

0.
07
8

0.
07
9

0.
09
0

D
ap
hn
é

0.
08
1

0.
08
4

0.
09
4

0.
08
0

D
or
in
e

0.
09
0

0.
08
9

0.
09
4

0.
08
6

0.
08
7

E
ur
op
e

0.
07
8

0.
07
8

0.
08
8

0.
07
5

0.
07
9

0.
08
4

Fa
do

0.
07
8

0.
08
0

0.
09
2

0.
07
8

0.
08
0

0.
08
9

0.
07
7

Fé
lic
ia

0.
08
4

0.
08
4

0.
09
5

0.
08
1

0.
08
4

0.
09
0

0.
07
9

0.
08
2

Fr
an
ke
n

N
eu

0.
09
0

0.
09
1

0.
10
0

0.
08
7

0.
09
0

0.
09
6

0.
08
5

0.
09
0

0.
09
1

G
al
ax
ie

0.
08
3

0.
08
4

0.
09
4

0.
08
1

0.
08
3

0.
08
9

0.
08
0

0.
08
1

0.
08
1

0.
09
0

G
re
en
m
ed

0.
11
6

0.
11
6

0.
12
0

0.
11
4

0.
11
4

0.
11
6

0.
11
3

0.
11
5

0.
11
7

0.
11
5

0.
11
6

Ju
ur
lu

0.
18
8

0.
19
2

0.
20
3

0.
18
9

0.
19
2

0.
19
9

0.
19
0

0.
18
9

0.
19
0

0.
17
1

0.
18
8

0.
19
2

L
uz
el
le

0.
10
7

0.
10
6

0.
11
5

0.
10
3

0.
10
8

0.
11
1

0.
10
2

0.
10
5

0.
10
7

0.
10
6

0.
10
8

0.
12
5

0.
17
5

M
el
do
r

0.
08
8

0.
08
9

0.
09
4

0.
08
6

0.
08
7

0.
09
2

0.
08
4

0.
08
7

0.
08
9

0.
09
4

0.
08
8

0.
11
7

0.
19
7

0.
11
0

M
id
i

0.
08
1

0.
08
1

0.
08
8

0.
07
7

0.
08
1

0.
08
3

0.
07
5

0.
08
0

0.
08
1

0.
08
5

0.
08
1

0.
11
1

0.
19
0

0.
10
2

0.
08
4

M
ilk

y
M
ax

0.
07
9

0.
08
1

0.
09
2

0.
07
9

0.
07
8

0.
08
5

0.
07
7

0.
07
9

0.
08
0

0.
08
7

0.
07
8

0.
11
1

0.
18
8

0.
10
4

0.
08
5

0.
07
8

O
rc
a

0.
09
5

0.
09
6

0.
10
4

0.
09
2

0.
09
3

0.
09
7

0.
08
9

0.
09
4

0.
09
6

0.
09
9

0.
09
4

0.
12
3

0.
19
7

0.
11
4

0.
09
8

0.
09
0

0.
09
1

V
er
do
r

0.
08
8

0.
08
7

0.
09
1

0.
08
5

0.
08
6

0.
08
5

0.
08
3

0.
08
7

0.
08
7

0.
09
6

0.
08
7

0.
11
4

0.
20
0

0.
10
9

0.
08
9

0.
08
1

0.
08
2

0.
09
7

V
er
na
l

0.
11
8

0.
12
0

0.
12
7

0.
11
7

0.
11
9

0.
12
3

0.
11
7

0.
11
8

0.
11
9

0.
11
1

0.
11
8

0.
13
0

0.
16
5

0.
12
5

0.
12
2

0.
11
5

0.
11
4

0.
12
6

0.
12
1

Mol Breeding (2018) 38: 133 Page 7 of 12 133



and sativa. A second PCA was carried out with the 15
remaining varieties, all registered in France. On the first
two-axis plan, a separation was obtained between the 10
varieties adapted to the northern part of France and the 5
varieties adapted to the southern part of France (Fig. 2b).
Among the north varieties, Orca, an old French variety
with very dark purple flowers, was separated from the
other ones. Finally, PCA was performed with the other
nine north varieties only. Interestingly, the varieties were
grouped according to the breeder, and particularly the
varieties bred by GIE Grass were separated from the
varieties bred by Florimond Desprez (Fig. 2c). As antici-
pated, the four bulks of each variety were grouped on the
PCA.

The possibility to distinguish the varieties was tested by
calculating AMOVA between pairs of varieties. All the
tests were significant, with P values ranging from 0.025 to
0.033. FST between pairs of varieties (Table 1) ranged from
0.075 (between Europe and Capri, both bred by Florimont
Desprez) to 0.203 (between Juurlu and Barmed, the two
extreme varieties for autumn dormancy). All FST were
significant at P = 0.05. Considering raw allele frequency
data, it was noticeable that differences among varieties
relied on small variation of allele frequency (not shown).

The fact that all varieties were distinct from one other
can be attributed to the number of markers obtained in this
study. We performed 100 samplings of 50, 100, 150, 500,
1000, 5000 or 10,000 markers for the 2 most similar
varieties, Europe and Capri. The mean of the P values of
the AMOVA and its standard deviation declined as the
number of markers increased (Fig. 3). The mean FST value
was not greatly affected by the number of markers, but, as
for the P value of AMOVA, the standard deviation de-
creased as the number of markers increased. When the
number of markers reached 1000, the mean of the
AMOVA P value became very close to the value obtained
with all markers (P = 0.0288) and the FST was significant
(P < 0.05) in all subsamples.

Correlation between molecular distinctness
and phenotypic distinctness

The two phenotypic distances, COYD and GAIA, were
significantly correlated (r = 0.520,P value ofMantel test =
0.005, Online Resource 5). For some pairs of varieties that
had low COYD values (0 or only 1 quantitative trait that
was significantly different), the GAIAvaluewas high. This
means that the qualitative traits included in GAIA
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increased the ability to differentiate the varieties over
COYD. The two genetic distances, FST index and Nei
distance, were highly correlated (r = 0.990, P value of
Mantel test <0.001, Online Resource 5).

The correlation between COYD and Nei distance or
FST index was positive and reached 0.626 and 0.686,
respectively (Fig. 4a and b, Online Resource 6), and the
Mantel tests were highly significant (P < 0.001). More-
over, the GAIA distance was correlated to Nei distance
and FST index, with r = 0.653 (Mantel test, P < 0.001) and
r = 0.705 (Mantel test, P < 0.001), respectively (Fig. 4c
and d, Online Resource 6). Several pairs of varieties had
a low genetic distance but a high phenotypic distancewhile
the opposite was infrequent. The graph between FST and
COYD revealed an outlier pair of varieties (Greenmed and
Juurlu) that had a high FST (0.19) and a low COYD (1).
However, as their GAIAvalue was high (85), this pair was
plotted with the other pairs of varieties in the graph be-
tween FSTand GAIA. Indeed, Greenmed and Juurlu great-
ly differed for a single quantitative trait (date of beginning
of flowering, P = 0.001), but were highly different when
introducing the qualitative traits (flower colors; Fig. 4).

Juurlu was the variety that generated FST higher than
0.16 and Nei distances higher than 0.006. When the

correlations between FST or Nei distances and COYD
or GAIAwere calculated without the Juurlu variety, the
correlations decreased by remained highly significant
(Online Resource 7). As a main result, the two methods
of differentiation, either based on phenotypic traits or
molecular markers, gave consistent distances between
pairs of varieties.

Discussion

Accuracy of GBS in alfalfa

In this study, the genotyping of individuals or bulks of
individuals of tetraploid lucerne with GBS has been
successful, as already demonstrated by other groups
(Annicchiarico et al. 2016; Li et al. 2014b; Rocher
et al. 2015). However, we have also obtained two new
important results. Firstly, the possibility to score allele
dosage at the individual level, by using thresholds on
allele frequencies in order to define classes of geno-
types, was shown. This means that the heterozygous
plants can now be separated as simplex, duplex or
triplex genotypes (A000, AA00 or AAA0, respectively).
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This provides a more accurate genotyping that should
increase the precision in any genetic study, be it either a
genetic distance calculation or a test of marker effects on
trait variation, such as in association studies. Secondly,
we have shown that allele frequencies scored on bulks
of individuals are reproducible and well correlated to the
allele frequencies calculated as an average of individual
genotyping in an autotetraploid species. The use of
bulks of genotypes is time- and cost-effective in allog-
amous species for which populations, including varie-
ties, are composed of heterozygous individuals.

We have obtained several thousands of markers with
a low frequency of missing data, thus enabling all types
of genetic studies such as diversity analysis, genetic
mapping, genome-wide association study or genomic
selection on a species for which the investment in ge-
nomics has been relatively low. A new development
could be to fine-tune the choice of restriction enzyme
and common adaptor [with the possible addition of
specific base(s) for increased reduction of genome com-
plexity] to obtain the needed marker numbers for a
specific experiment with a minimum sequencing effort.

Variety distinction

On this set of 20 varieties that already passed theDUS tests
for variety registration, all pairs of varieties were signifi-
cantly different, even when they had close genetic origins.
This result confirms the power of GBSmarkers for lucerne
variety distinctness (Annicchiarico et al. 2016), mainly
because of the high number of markers that can be obtain-
ed. Indeed, when more than 1000 markers were used, the
capacity of variety distinction was reached. Such numbers
of markers have never been reached when using AFLP or
simple sequence repeats (SSR). Similarly, other studies
report a significant distinctness among accessions with
molecular markers: in a set of 13 inbred lines of maize
(Zea mays) genotyped with 33,200 SNP markers
(Jambrovic et al. 2014), in a set 27 accessions of ryegrass
(Lolium sp.) genotyped at the individual level with 369
SNP markers (Wang et al. 2014) and in a set of
8 L. perenne accessions genotyped at the population level
with GBSmarkers (Byrne et al. 2013). The power of GBS
markers for lucerne variety distinctness has to be con-
firmed on a larger variety set, especially in the situation
where varieties have similar phenotypes and close genetic
origins. In addition, the threshold for judging the distinct-
ness has to be elaborated, for example, by comparing
different seed lots of the same variety.

The genetic Nei distance and FST index were signifi-
cantly correlated to phenotypic distances calculated from
GEVES DUS tests (COYD and GAIA). The value of this
correlation was affected by the number and the identity of
the varieties under study so more varieties are needed to
definitively state on the correlation between genetic and
phenotypic distance. In contrast, the correlation was not
significant in a study carried out on Italian lucerne varieties
(Annicchiarico et al. 2016). This discrepancy could origi-
nate from the lower number of markers and the lower
number of morphological traits obtained on the Italian
varieties. In the latter study, some pairs of varieties could
not be differentiated with GBS markers. The narrow ge-
netic basis (Italian varieties only) cannot be conjured up
because some pairs of varieties were also very close in our
study but nevertheless distinguished, and the number of
markers was higher than the threshold of 1000 we calcu-
lated. The statistics we used (Nei genetic distance and FST
index) could be more efficient than those used by
Annicchiarico et al. (2016; allele frequency difference,
Least Significant Difference (LSD) for individual
principal component axes and discriminant analysis). In
most studies where a low number of markers was used, a
poor correlation between genetic and phenotypic distances
was found (Gunjaca et al. 2008) or a triangular correlation
was observed (Burstin and Charcosset 1997; Dillmann
et al. 1997). In the latter studies, in contrast to ours, high
genetic distances could be observed for pairs of varieties
with low phenotypic distances. More recently, on barley
(Hordeum vulgare), a high correlation was also found
between phenotypic and genetic distances, on 431 varieties
phenotyped in DUS tests and genotyped with 3072 SNP
markers (Jones et al. 2013). In this latter study, the corre-
lation was not improved beyond a certain number of
markers.

The use of genetic distances for DUS testing has been
questioned many times. At the present time, genetic
distances are used in a number of species to restrict the
number of varieties to be tested in phenotypic trials
(UPOV 2013). A similar use of genetic distances calcu-
lated from GBS markers could be applied to lucerne
DUS testing. This procedure would limit the size of the
field experiments and thus, because of less within-trial
environmental variation, increase the precision of the
trials. Another solution could be to modify the UPOV
regulations and accept a marker-based distinctness as a
basic method because a genetic distance calculated from
a high number of markers effectively reflects genetic
similarity or dissimilarity between varieties. Phenotypic
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traits would then still be needed to describe and charac-
terize the varieties. Such evolution would require further
studies to choose the best genotyping and statistical
methods and to define the thresholds to be used in order
to differentiate distinct varieties, similar varieties and
essentially derived varieties. Taking into account the
increasing size of reference collection that is very sharp
with the increase of UPOV members and breeding
activity (UPOV 2005b), the system based on phenotypic
traits alone is becoming more and more challenging.
The UPOV working group on biochemical and molec-
ular techniques can examine the results of this study as
an input to decide on the use of molecular markers in
DUS tests.
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