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ARTICLE INFO ABSTRACT

In order to study the genetic diversity, the phylogeographic pattern and hybridization
between six Tunisian Capparis species, 213 accessions of Caper were genotyped with three
primer combinations of amplified fragment length polymorphism (AFLP) markers. Out of
750 fragments generated, 636 were polymorphic and 407 of them were restricted to a
single species. STRUCTURE and PCoA analyses clearly separated morphologically different
Keywords: populations into six distinct genetic ones. The UPGMA analysis grouped the species into
Capparis three main clusters: G1 grouped C. spinosa subsp. spinosa var. spinosa and C. sicula subsp.
AFLP sicula; G2 grouped C. ovata subsp. ovata and C. orientalis and G3 clustered C. zoharyi and
Genetic distance C. aegyptia. Populations from G1, G2 and G3 were mainly distributed in arid, subhumid,
Phylogeny and semi-arid bioclimates, respectively. Additional genetic studies on Capparis could help
Population structure . . R o . .
to identify genes underlying speciation events and local adaptation to geographic areas
leading to the development of breeding programs.
© 2016 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Capparis spinosa L. (the thorny caper, Capparaceae) is a
xerophyte plant mainly exploited as a condiment to
flavor foods [1-3]. It has a wide geographic distribution
in the Mediterranean area and in Central Asia [4,5], and
is adapted to several bioclimatic environments, from
humid to Saharan [4,6-8] and to different soil types [4,8—
10]. It has a high phenotypic diversity and several
morphological distinct intraspecific taxa and intermedi-
ate forms were reported making its classification very
ambiguous [10-13]. In addition, morphological markers
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are influenced by the environmental conditions and
developmental stages, which make their use limited in
diversity studies. It has become obvious these days that
morphological characterization of the species of Capparis
is not sufficient to make definitive discrimination among
the species, subspecies, and varieties [ 14]. More recently,
alternate approaches, including application of appropri-
ate molecular markers, have been increasingly adopted to
address the problems in Capparis taxonomy. Analyses on
genetic diversity and relationship among the species of
Capparis could also provide useful information for the
conservation of genetic resources and the establishment
of a Capparis breeding program. In fact, several recent
works assessed the biological activities of caper extracts
(whole plant, floral roots, sheets, buds, flowers and fruits)
on bacteria [15-20], fungi [19,21], nematodes [22], pests
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[23]and adventitious [24], and suggested that C. spinosa is
a potential source of natural antioxidant molecules [3,25-
27]. Genetic diversity studies could give a general guide
for choosing parental lines to make suitable cross
combinations for the selection of valuable traits with
large possible applications in agriculture, food industry
and medicine.

The inter-simple sequence repeats (ISSRs) and random
amplified polymorphic DNAs (RAPDs) analysis have been
the most commonly used techniques in wild and
cultivated forms of Capparis species, revealing genetic
variation among genotypes/species and/or collected sites
in Iran [28], Trans-Himalayan region [29], Syria [30],
Turkey [31], Egypt [32], Italy [33] and Morocco [34]. In
Syria, ISSR combined with simple sequence repeat (IRAP)
revealed genetic variation among 47 samples of three
Capparis species genotypes collected from 21 locations
and divided the samples into three genetic groups:
Capparis sicula, C. aegyptia and C. spinosa [30]. In Morocco,
ISSR markers identified 20 genetic groups among
90 accessions of Capparis spp. [34]. In Italy, Gristina
et al. [33] characterized 90 wild populations and
cultivated forms using ISSR markers and suggested a
clear genetic distinctness between two different subspe-
cies of C. spinosa at the regional level, C. spinosa subsp.
spinosa and subsp. rupestris. However, another recent
study on eight Egyptian taxa of Capparis and related
genera (Capparaceae) conducted by Moubasher et al. [32]
using three primers in randomly amplified polymorphic
DNA (RAPD) analyses revealed four varieties of Capparis
spinosa: C. spinosa var. deserti, C. spinosa var. canescens,
C. spinosa var. spinosa and C. spinosa var. inermis. Using
RAPD technique, Ozbek and Kara [31] also differentiate
five different varieties, Capparis spinosa L. var. spinosa, var.
aegyptia and var. canescens and C. ovata Desf. var.
palaestina, and var. herbacea, and intermediate forms
between 15 Turkish natural Capparis populations. In the
other hand, among the different molecular tools, the
Amplified Fragment Length Polymorphism (AFLP) method
has been extensively used for a wide range of species,
including medicinal plants [35-37], to investigate the
population genetic structure and assess the genetic
differentiation among species [38,39]. This technique is
a powerful DNA fingerprinting technology applicable to
any organism without the need for prior sequence
knowledge. It is a reproducible multilocus marker system
with selective PCR amplification [40]. The main advanta-
ges of AFLPs are the high levels of polymorphism and high
degrees of discriminative capacity for closely related
accessions [41-45]. This technique was used successfully
in C. spinosa, revealing genetic variations among 28 sam-
ples collected from six sites in the Aleppo and Lattakia
provinces (Syria), and showed the presence of specific
alleles for each province [46].

In Tunisia, C. spinosa is widely distributed. Although it
has been extensively studied morphologically, Capparis
taxonomy is also still highly controversial. Pottier-Alape-
tite [47] was the first to state four varieties (var. canescens,
var. rupestris, var. genuina and, var. aegyptiaca) based on
morphological traits. Later, Le Floc’h et al. [48], based on
Inocencio et al.’s [8] and Yousfi's [49] phenotypic studies,

sustained six Capparis species in Tunisia: C. spinosa subsp.
spinosa var. spinosa, C. sicula subsp. sicula, C. orientalis,
C. ovata subsp. ovata, C. aegyptia, and C. zoharyi, a new
species mentioned for the first time. More recently, Fici’s
[10] works, based on morphological, ecological, bio-
geographical characteristics and on herbarium samples,
suggested another classification and grouped intraspecific
taxa of C. spinosa into two subspecies in Tunisia based on
the presence of persistent thorns: C. spinosa subsp.
spinosa, the thorny morphotype, with three varieties
(var. canescens, var. spinosa, and var. aegyptia) and
C. spinosa subsp. rupestris, the inerm morphotype, with
two varieties (var. ovata and var. rupestris). According to
Fici [10], C. zoharyi is not morphologically distinct from
C. aegyptia. Until now genetic studies on Tunisian Capparis
were rare and limited to one variety/species or one region,
not helping to resolve this unclear classification. Khouildi
et al. [50] was the first to study genetically Capparis
species in Tunisia and showed a higher variability in
Tunisian caper populations compared to Italian popula-
tions using RAPD analysis. In addition, Ghorbel et al. [51]
subdivided 12 Tunisian Capparis populations into two
genetic groups belonging to inerm and thorny morpho-
types on the basis of RAPDs and isoenzymatic tools.
The objective of this study were:

o to molecularly characterize a representative panel of the
morphologically identified Capparis accessions in Tunisia
by AFLP analysis;

e to study the population structure, the phylogenetic
relationship between accessions, and gene flow;

e to study the correlation of the genetic diversity with
geographical and ecological suitability of Capparis in
Tunisia.

2. Material and methods
2.1. Plant materials and DNA extraction

Two hundred and thirteen caper accessions, sampled
from different climate zones, were selected for this study
from the collection conserved at the Tunisian National
Gene Bank (see details in supplementary material).
Accessions belong to six distinct caper species (C. sicula,
C. spinosa, C. ovata, C. orientalis, C. zoharyi, and C. aegyptia)
and were chosen based on clear morphological characte-
rizations [48]. Sampling site and GPS coordinates were
recorded for each accession.

Total genomic DNA was extracted from frozen young
leaves according to a modified CTAB procedure described
by Saghai-Maroof et al. [52]. DNA concentration was
estimated by spectrophotometer and by electrophoresis
on [1% (w/v)] agarose gel [53].

2.2. AFLP genotyping

For each accession, 10 p.L of genomic DNA (500 ng) was
double digested with 5U of EcoRI restriction enzyme at
37°C in a final volume of 20 pL for 4 h, then with 5U of
Msel restriction enzyme at 65 °C in a final volume of 40 .1
for 4 hours. The resulting fragments were ligated to
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double-stranded EcoRI (5pmol) and Msel (50 pmol) in
ligation buffer (4UT4 DNA ligase, 10X T4 DNA ligase buffer)
and incubated at 37 °C for 16 h. Ligated DNA templates
were further diluted (5 fold) and pre-amplification was
performed using EcoRI+ A and Msel+ C primers in a total
volume of 25 L (0.20 pL of Taq, 1 pL of enzyme, 0.2 L of
dNTP, 1.5 pL of MgCl, and 2.5 puL of buffer). The pre-
amplification reaction was carried out in a thermocycler
for 2 min at 94 °C, 30 cycles at 94 °C denaturation (30 s),
56 °C annealing (30 s) and 72 °C extension (1 min) and a
final hold at 72°C for 10 min. Pre-amplified DNA was
analyzed by 1%agarose gel electrophoresis. The pre-
selective amplification product was diluted 25x in a TBE
buffer 1X and stored at 4 °C for amplification, or stored at
—20 °C for later use. Selective amplification was performed
in a final volume of 20 pL containing 1.5 L of buffer,
0.2 pL of dNTP, 1.25 L of MgCl,, 0.2 nL of Taq, 5ng of
EcoRI+ AXX and 30 ng of Msel +CYY and 5 L of a diluted
pre-amplified DNA sample. Amplifications were conducted
using a touchdown PCR program: 1 cycle of 94 °C for 30 s,
65 °C for 30 s, and 72 °C for 60 s, then 13 cycles with the
annealing temperature lowered by 0.7°C per cycle,
followed by 23 cycles of 94°C for 30 s, 56 °C for 30 s,
and 72 °C for 60 s. One microliter of the amplified product
was mixed with 13.5 pL of deionized formamide and
0.5l of GeneScan-500 Liz internal size standard,
denaturized at 95 °C for 5min and analyzed by capillary
electrophoresis on an automated ABI Prism 3130 DNA
sequencer.

A screening of 12 combinations of four EcoRI primers (E-
AAC, E-ACC, E-ACA and E-AAG) and six Msel primers (M-
CTC, M-CAG, M-CAT, M-AGG, M-GCT and M-CAA) with
three selective nucleotides were performed. Three highly
polymorphic primer combinations were selected: E-AAC/
M-CAG, E-AAG/M-CAA and E-ACC/M-CAT (Table 1).

2.3. AFLP polymorphism analysis

Clear and unambiguous bands in length ranging from
50 to 500 pb were considered as usable. AFLP bands were
scored, across all genotypes, for presence (1) or absent (0)
and transformed into 0/1 binary matrix. The total number
of bands was calculated for all primers. Polymorphic bands
were only taken into account to estimate the percentage of
polymorphic bands (%PB). The ability of the most informa-
tive primers to discriminate among cultivars was assessed
by the resolving power (Rp) [54]. Evaluation of the Rp was
performed according to the formula of Gilbert et al. [55]. In

Table 1

addition, the discriminating power of derived markers was
made by the assessment of the polymorphism information
content (PIC) using Lynch and Walsh [56] formula.

2.4. Population structure analysis

Population genetic structure was assessed using the
Bayesian clustering algorithm implemented in STRUCTURE
version 2.3 [57,58]. The program infers the number of
populations into which the analyzed genotypes can be
divided. The samples were analyzed assuming the admix-
ture ancestry model with K from 1 to 10 applying
4 independent runs for each of the different values of
K. Aburn-in period of 50,000 and Monte Carlo Markov Chain
replicates of 100,000 iterations were performed. The run
with maximum likelihood was used to assign individual
genotypes into groups. Within a group, genotypes with
affiliation probabilities (inferred ancestry)>80% were
assigned to a distinct group and those with < 80% were
treated as “admixture”. Plot of mean posterior probability
(In P(D)) values per clusters (K), generated by the
STRUCTURE program [57] and delta-K method of In P(D)
[59] were used to determine the optimal number of clusters.
Principal coordinate analysis (PCoA) was also performed via
distance matrix to describe the relationship between
accessions using software GenAIlEx version 6.5 [60].

2.5. Genetic diversity, genetic distances and phylogeny

The significance of population differentiation clustered
by STRUCTURE was further investigated by performing an
analysis of molecular variance (AMOVA). The gene flow
was estimated by using the equation Nm = ;5st), where
Nm is the number of migrants per generation, N is the
effective size of a population and m is the rate of migration.
The analysis of molecular variance (AMOVA) and the
determination of pairwise population genetic differentia-
tion (Fs;) and gene flow (Nm) were calculated by GenAIEx
6.502 [60]. Diversity indices within each subpopulations of
caper were also assessed by calculating the number of
segregating AFLP bands (S), the epiallele frequencies (ps),
Watterson’s theta (6), pi (), the number of specific alleles in
each species and the average divergence over AFLP
fingerprint pairs in same subpopulation (d), using the
software MEGA version 6 [61]. Pairwise Nei's genetic
distances between Capparis populations were calculated
using MEGA version 6 [61]. The similarity matrix was used
to construct a dendrogram by the Unweighted Pair Group

Number of AFLP bands, percentage of polymorphic bands, polymorphism information content (PIC) and resolving power (Rp) for each AFLP primer
combination used on 213 Capparis accessions from Tunisia.

Primer pairs Total Polymorphic Percent PIC Rp Fragment size
AFLP bands AFLP bands Polymorphism range (bp)
(No.) (No.) (%)

E-AAC/M-CAG 262 203 77.48 0.242 67.06 50-477

E-AAG/M-CAA 233 210 90.12 0.254 74.25 53-480

E-ACC/M-CAT 255 223 87.45 0.262 81.9 57-497

Total 750 636 - - 223.21 -

Average 250 212 85.02 0.252 74.40

AFLP: amplified fragment length polymorphism.
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Method Arithmetic (UPGMA) procedure using the software
MEGA version 6 [61]. In addition, correlations between the
genetic and the log (1 + geographic distance) transformed
geographic distances of accessions were analyzed using a
Mantel test for the entire population as well as for each
genetic cluster individually [62]. In order to investigate the
genetic variability explained by the bioclimate, an analysis
of molecular variance (AMOVA) was performed under
GenAlEx 6.502 [60]. The number of hybrids (hy), the
number of segregating AFLP bands (S), and the average
divergence over AFLP fingerprint pairs in same subpopu-
lation (d) were calculated within each bioclimatic stage
using the software MEGA version 6 [61]. The correlations
between these diversity indices were assessed by calcu-
lating the Pearson correlation coefficient r.

2.6. Neutrality test

The Tajima’s D test is a widely used test of neutrality in
population genetics to assess the random or non-random
evolutionary process in a species [63]. Tajima’s D [63] test
was performed for each population individually using
Mega 6 software. Tajima’s statistic computes a standard-
ized measure of the total number of segregating sites in the
sampled population and the average number of polymor-
phic sites between pairs in a sample. The null hypothesis of
the Tajima’s D test is neutral evolution in an equilibrium
population. The theoretical distribution of Tajima’s D (95%
confidence interval between —2 and +2) assumes that
polymorphism ascertainment is independent of allele
frequency. Positive values of Tajima’s D suggest an excess
of common alleles, which can be consistent with balancing
selection, population contraction or bottleneck; whereas
negative results are indicative of a population that has
undergone a recent expansion, as rare alleles are more
common than expected.

3. Results
3.1. AFLP polymorphism

Three primer combinations generated a total of
750 reproducible amplification fragments across all caper
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accessions among which 636 were polymorphic. The
average number of polymorphic bands scored per primer
pair was 210 (Table 1). All the tested primers were
powerful to detect DNA polymorphisms in Capparis genus
with a similar level of polymorphism. The largest number
of polymorphic bands 223 was produced with primer
combination E-ACC/M-CAT and the least number of
polymorphic bands 203 was detected using primer
combination E-AAC/M-CAG. Moreover, estimates of the
resolving power (Rp) showed a high rate of collective Rp
(223.21) with an average of 74.4. The Polymorphism
Information Content (PIC) ranged from 0.242 to 0.262, with
an average of 0.252 per primer pair. The most informative
primer combination for distinguishing the genotypes was
E-ACC/M-CAT, with the highest values of Rp (81.9) and PIC
(0.262) (Table 1).

3.2. Population structure

The program STRUCTURE [57,58] was run independent-
ly four times, with K ranging from 1 to 10, in order to study
the structure of the caper population analyzed. The plot of
mean posterior probability (In P(D)) values per clusters (K)
as well as the AK plot based on In P(D) values indicated that
the most likely number of populations (K) was 6 (Fig. 1Aand
B). Each morphological group of caper, C. spinosa subsp.
spinosa var. spinosa, C. sicula subsp. sicula, C. orientalis,
C. ovata subsp. ovata, C. aegyptia and C. zoharyi, was distinct
and clustered into a separate genetic group named c.si, c.sp,
c.or, c.ov, c.ae, and c.zo, respectively. The graphic represen-
tation of the estimated membership coefficients to the
clusters for each accession (at K=6) is shown on Fig. 2. At
K=2, C. sicula subsp. sicula and C. spinosa subsp. spinosa var.
spinosa represented by c.si and c.sp respectively, split off
from the other species and together formed a separate
subpopulation. Increasing K to 3, the accessions largely
separated into a C. sicula subsp. sicula-C. spinosa subsp.
spinosa var. spinosa group, a C. orientalis—C. ovata subsp.
ovata group and a group containing C. aegyptia-
C. zoharyi. The population structure was also assessed
individually for each AFLP primer combinations leading to
the same clustering (data not shown). Thirty percent of
admixed individual was observed in the population; 80%

700 -
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400 -
300 A
200 -
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Fig. 1. Plot of mean posterior probability (In P(D)) values (A) per cluster (K), based on 4 replicates per K, for K ranging from 1 to 10, generated by the
STRUCTURE program [57], and delta-K analysis (B) of In P(D), according to Evanno et al. [59]. A burn-in period of 50,000 and Monte Carlo Markov Chain

replicates of 100,000 iterations were used.



446 H. Aichi-Yousfi et al./C. R. Biologies 339 (2016) 442-453

1.00

- [r
0.80 - |

1
0.60 —
0.40 -
0.20 - ﬂ
0.00 sl .

c.sl c:sp C.0

c.ov c.ae C.20

Fig. 2. Proportion of membership coefficient at K=6 for 213 Tunisian Capparis accessions belonging to 6 species using 636 amplified fragment length
polymorphism (AFLP) loci under STRUCTURE software. The different genetic populations, c1, c2, c3, c4, c5 and c6, identified under STRUCTURE were color-
coded in light blue, pink, yellow, dark blue, red, and green, respectively. Genotypes are ordered by their morphological similarities to a particular Capparis
species, c.si, c.sp, c.or, c.ov, c.ae and c.zo correspond to C. sicula subsp. sicula, C. spinosa subsp. spinosa var. spinosa, C. orientalis, C. ovata subsp. ovata,

C. aegyptia, and C. zoharyi species, respectively.

of them were morphologically identified as C. ovata subsp.
ovata. These hybrids are mixed between C. sicula subsp.
sicula, C. spinosa subsp. spinosa var. spinosa and C. orientalis
at about 33% each.

The PCoA of the 213 caper accessions showed that the
first two axes accounted respectively for 16.19% and
15.19% of the genetic variation, explaining altogether
31.38% of the total variation. The second axis clearly
separated the three clusters G1, G2 and G3, while the first
axis differentiates the species within clusters G1 and G2.
Color-coding of the accessions in the 2-dimensional PCoA
plot showed a good correspondence with the population
groups obtained from the STRUCTURE analyses (Fig. 3). The
presence of intermediate genotypes between clusters
confirmed STRUCTURE results of admixed individuals
(Fig. 2).

3.3. Analyses of molecular variance and diversity indices

The six populations identified from STRUCTURE analy-
sis were also subjected to analysis of variance (AMOVA) to
estimate the percentage of variation among populations
and within population. The AMOVA indicated a highly
significant (P<0.01) genetic differentiation within the
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sampled Capparis populations. Fifty percent of the total
genetic variance was attributed to the populations based
on structure, and the remaining 50% was explained by
individual differences within population (Table 2a). In
addition, ours results determined a high number of specific
alleles for each species (population) (Table 3). Capparis
spinosa subsp. spinosa var. spinosa presented the highest
number of specific alleles (103 AFLP loci) and C. ovata
subsp. ovata presented the smallest number of specific
alleles (42 AFLP loci). This result indicated that C. spinosa
subsp. spinosa var. spinosa and C. ovata subsp. ovata were
probably the most differentiated and non-differentiated
populations, respectively. We also showed that C. ovata
subsp. ovata has the less genetic deviation between
accessions (d=0.071), while C. orientalis has the highest
deviation indices (d =0.137). This indicates that C. ovata
subsp. ovata is the less diverse population, while
C. orientalis is the most diverse (Table 3).

3.4. Phylogenetic analysis and genetic distances

The dendrogram constructed using UPGMA clustering
method separated all the accessions of six species of caper
studied into three main clusters; and each species
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Fig. 3. Principal coordinate plot depicting the six genetic populations of Capparis within 213 Tunisian accessions using 636 amplified fragment length
polymorphism (AFLP) loci under GenAlex software. The different genetic populations, c1 to c6, identified under STRUCTURE were color-coded in light blue,
pink, yellow, dark blue, red, and green, respectively. Genotypes were color-coded according to their membership to each of the six genetic populations. hy,
color-coded in gray, referred to admixed individuals according to STRUCTURE results.
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Analysis of molecular variance (AMOVA) of 213 Tunisian Capparis accessions belonging to six genetic populations (a) and 4 bioclimatic stages (b) using
636 AFLP loci performed under GenAlex.

Source of variation Degree of Sum of Variance Estimated Percentage of P-value
freedom squares component variation variation
a. Genetic populations
Among populations 5 10742.230 2148.446 61.98 50 0.01
Within population 207 12724.624 61.47 61.47 50
Total 212 23466.854 123.45 100
b. Bioclimatic stages
Among bioclimatic stages 3 5573.85 1857.95 37.91 31 0.01
Within bioclimatic stage 209 17892.99 85.61 85.61 69
Total 212 23466.85 123.45 100
AFLP: amplified fragment length polymorphism.
Table 3
Diversity indexes within each Tunisian Capparis populations and Tajima’s Neutrality Test calculated using MEGA software.
Genetic code® M S Ds [C) 7 D (P-value) Specific AFLP bands d
(number: size - range in bp)
c.si 12 219 0.232 0.077 0.081 0.298 (0.081) 62: 69 - 497 0.082
c.sp 45 597 0.634 0.145 0.131 —0.334 (0.131) 103: 55 - 446 0.132
c.or 60 605 0.642 0.137 0.136 —0.024 (0.136) 53: 51 - 499 0.137
c.ov 8 157 0.166 0.064 0.070 0.562 (0.070) 42: 67 - 480 0.071
c.ae 25 466 0.495 0.131 0.107 —0.728 (0.107) 82: 70 - 492 0.107
c.zo 37 519 0.551 0.132 0.122 -0.273 (0.122) 65: 62 - 406 0.123

M: number of accessions; S: number of segregating AFLP bands; ps: frequency of allele at the given site; ®: Watterson theta; D: Tajima’s neutrality test; I7:

nucleotide diversity; d: estimate of average evolutionary divergence over AFLP fingerprint pairs in same groups.

a

c.si, c.sp, c.or, c.ov, c.ae and c.zo were defined according to STRUCTURE results and correspond to the morphologically distinct species C. sicula subsp.

sicula, C. spinosa subsp. spinosa var. spinosa, C. orientalis, C. ovata subsp. ovata, C. aegyptia and C. zoharyi, respectively.

constitute a unique subgroup as described in STRUCTURE
analysis (Fig. 4). The first cluster, marked G1, grouped the
two species C. sicula subsp. sicula (c1) and C. spinosa subsp.
spinosa var. spinosa (c2). The second cluster G2 contained
the two species C. orientalis (c3) and C. ovata subsp. ovata
(c4). The third cluster G3 grouped the two species
C. aegyptia (c5) and C. zoharyi (c6). In each subgroup
(species), all genotypes shared the same ancestor.
Genetic similarity coefficients of the six genetic groups
(species) based on Nei’s genetic distance is given in Table
4, The high values of genetic similarity coefficients
indicated close genetic relationships between populations
and the low values indicated remote relationships among
populations. The highest similarity value (0.298) was
recorded between C. spinosa subsp. spinosa var. spinosa and
C. aegyptia, while the second highest similarity value
(0.286) was found between C. spinosa subsp. spinosa var.
spinosa and C. zoharyi. In addition, the lowest Nei’s genetic
distance (0.223) was found between C. zoharyi and C. ovata
subsp. ovata, and between C. aegyptia and C. zoharyi,
indicating that C. zoharyi and C. ovata subsp. ovata, as well
as C. zoharyi and C. aegyptia, are the most genetically
related species. Similarly, low Nei’'s distances were also
recorded between C. sicula subsp. sicula and C. spinosa
subsp. spinosa var. spinosa, and between C. orientalis and
C. ovata subsp. ovata with 0.225 and 0.234 respectively.
Furthermore, pairwise Nm values ranged from 0.226 to
0.588 suggesting frequent gene flow among populations.
Similar levels of gene flow were recorded between
populations within genetic cluster as Nm values between
C. sicula subsp. sicula and C. spinosa subsp. spinosa var.

spinosa, between C. orientalis and C. ovata subsp. ovata, and
between C. aegyptia and C. zoharyi were 0.522, 0.504 and
0.588, respectively (Table 4).

3.5. Genetic diversity is correlated with geographic distance

Mantel’s test in the entire Capparis population rejected
the null hypothesis as a correlation (R, = 0.145; P < 0.001)
between genetic and geographic distances was observed
among accessions. However, this was not true when the
Mantel test was performed for accessions within each
cluster individually suggesting that each population is
geographic localized (Table 5). Population clustering
largely corresponded to climatic zones in Tunisia
(Fig. 5). The two species of the G1 cluster, C. spinosa subsp.
spinosa var. spinosa and C. sicula subsp. sicula were mostly
(at 83.33%) grown in Saharan bioclimate; the two species
of the G2 cluster, C. orientalis and C. ovata subsp. ovata,
were frequent at 70% in arid bioclimate; while 95% of the
two species of G3 cluster, C. aegyptia and C. zoharyi, were
grown in semi-arid bioclimate. In addition, the major
frequencies of hybrid species (92%) were present in
northern Tunisia, represented by the subhumid and
semi-arid bioclimates. The subhumid bioclimate grouped
the highest number of species (5 out of 6). Capparis spinosa
subsp. spinosa var. spinosa and C. orientalis were the only
two species identified in all bioclimatic stages. The
analyses showed a significant correlation (r=0.956;
P <0.0001) between the number of hybrids and the
diversity indices of the bioclimatic stages. A north-south
gradient revealed the highest number of hybrids, and
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c.S\

Fig. 4. UPGMA clustering of Nei's genetic distance based on the amplified fragment length polymorphism (AFLP) data of 213 Tunisian Capparis accessions
performed under Mega software. Genotypes were color-coded in light blue, pink, yellow, dark blue, red and green according to their membership to c1, c2,
3, ¢4, c5 and c6 respectively. Admixed individuals were color-coded in gray. G1, G2 and, G3 correspond to the three main genetic clusters identified. c.si,
c.sp, c.or, c.ov, c.ae and c.zo correspond to the morphologically distinct species of C. sicula subsp. sicula, C. spinosa subsp. spinosa var. spinosa, C. orientalis,

C. ovata subsp. ovata, C. aegyptia and, C. zoharyi, respectively.

Table 4
Pairwise Nei's genetic distances (lower diagonal) and Nm values (upper
diagonal) between the Capparis populations based on AFLP data.

c.si C.sp c.or c.ov c.ae c.zo

0.000 0.522 0.443 0.260 0.288 0.352 c.si

0.225 0.000 0.483 0.428 0.350 0.405 c.sp
0.253 0.273 0.000 0.504 0.408 0.502 c.or
0.226 0.249 0.234 0.000 0.374 0.476 c.ov
0.270 0.298 0.275 0.225 0.000 0.588 c.ae
0.267 0.286 0.258 0.223 0.223 0.000 c.zo

AFLP: amplified fragment length polymorphism; c.si, c.sp, c.or, c.ov, c.ae
and c.zo were defined by STRUCTURE analysis and correspond to C. sicula
subsp. sicula, C. spinosa subsp. spinosa var. spinosa, C. orientalis, C. ovata
subsp. ovata, C. aegyptia and, C. zoharyi species, respectively.

diversity indices were observed in northern Tunisia
(represented by the subhumid and semi-arid bioclimates),
whereas the genetic diversity drops toward the south
(represented by the arid and Saharan bioclimates) (Fig. 6).
Our AMOVA analysis revealed that 31% of the total genetic
diversity is explained by the bioclimatic stages (Table 2b).

Table 5

Correlation between genetic distance and geographic distance for each of
the genetic cluster G1, G2 and G3 of Capparis in Tunisia based on a
Mantel’s test using AFLP data.

Genetic cluster® Ryy P(Ry-rand > Ry,-data)
All 0.145 0.001

G1 0.177 0.01

G2 0.139 0.02

G3 0.055 0.06

AFLP: amplified fragment length polymorphism; R,,: correlation coeffi-
cient of Mantel's test; P(Ry,-rand > R,,-data): probability of positive
autocorrelation.

2 Genetic clusters G1 to G3 were defined by UPGMA analysis.

3.6. Neutrality test

Tajima’s D [63] test was performed to identify
populations that do not fit the neutral theory model.
The neutrality test of Tunisian Capparis sp. displayed
significant negative Tajima’s D values for five populations,
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indicating an excess of rare variation, consistent with
population growth (Table 3). The population of C. aegyptia
presented the highest negative value of Tajima’s D
(—0.728), while for C. orientalis Tajima’s D value was the
closest to zero (—0.024). For C. sicula subsp. sicula and
C. ovata subsp. ovata, Tajima’s D value was positive,
indicating balancing selection.

4. Discussion

Caper classification is ambiguous and highly contro-
versial; its population structure has been poorly studied.
Various taxonomists have recognized 250 morphologically
different species in the genus Capparis. Most of the
confusion is due to free hybridization of different species
and occurrences of intermediate forms. The perplexing
condition of the Capparis phylogeny has driven many
researchers to resolve the classification ambiguities of wild
and cultivated forms of C. spinosa genotypes using
molecular markers. The objective of this study was to
genetically characterize 213 Capparis sp. accessions sam-
pled from diverse sites in Tunisia in order to study
population structure and to correlate the genetic makeup
with the morphological description and geographical
distribution of Capparis species.

The three AFLP primer combinations revealed the same
level of polymorphism and diversity indices, and showed
the same power to discriminate between the Capparis
species. Our results support the importance of AFLP
analysis where only one primer combination is sufficient
for diversity studies. In the literature, very scarce
information regarding the genetic diversity of Capparis
species is known. Our AFLP results revealed a high
polymorphism level in the Tunisian Capparis genus
similarly to previous RAPD [28,29,31,32], and ISSR
[29,33,34] studies were the polymorphism among Capparis
accessions ranged from 48.8% to 98% and from 75.51% to
100%, respectively, with an average of 12.3 polymorphic
fragments per primer. The previous AFLP analysis in
Capparis was performed in 45 accessions from Spain,
Morocco, and Syria, and revealed 50% of polymorphic
bands and showed that C. aegyptia and C. ovata are quite
separated from the other taxa. The two groups correspond
to the populations from Syria as opposed to Morocco and
Spain, showing that geographical differences exist [64]. Al-
so, this analysis was performed between samples collected
from six sites in Aleppo and Lattakia provinces (Syria) and
revealed a certain number of specific alleles for each
provinces and the presence of genetic and reproductive
isolation deterrent to gene flow between the two provinces
[46]. However, the comparison of our AFLP diversity level
in Tunisian Capparis populations with previous genetic
studies worldwide is difficult. The amount of genetic
diversity is related to the marker used and to the Capparis
population and its size [64].

The present molecular study helped to solve taxo-
nomical ambiguities and the genetic relationship among
caper accessions in Tunisia. Out of the 636 polymorphic
fragments generated, 407 were species-specific. Our
STRUCTURE study was able to distinguish six populations
of Capparis in Tunisia with their AFLP fingerprint,

corresponding to the six morphologically characterized
species C. orientalis, C. ovata subsp. ovata, C. aegyptia,
C. zoharyi, C. sicula subsp. sicula and C. spinosa subsp.
spinosa var. spinosa. This genetic result was in line with
the morphological classification of Inocencio et al. [8], Le
Floc’h et al. [48], and Yousfi [49] The results obtained in
this study both at the individual and population levels
indicated that C. zoharyi constitutes a separate gene pool
from the other species, especially from C. aegyptia and
should be considered as a species by itself, contradicting
with Fici [10] morphological classification. In our study,
C. zoharyi presents 65 specific alleles and is genetically as
distant from C. aegyptia as C. sicula subsp. sicula is distant
from C. spinosa subsp. spinosa var. spinosa and C. ovata
subsp. ovata is distant from C. orientalis. In addition, our
phylogenetic analysis clarified the relationship between
the six species and suggested their classification into
three main genetic clusters. The first cluster (G1) grouped
the two species C. spinosa subsp. spinosa var. spinosa and
C. sicula subsp. sicula. These species have a procumbent
habit, with persistent stipules that are not thorny, but are
slender and curved, and grow mainly in the Saharan
bioclimate. The second cluster (G2) contained the two
species C. orientalis and C. ovata subsp. ovata, having a
pendulous habit, deciduous stipules that are not thorny,
but are slender and straight, and growing mainly in the
subhumid bioclimate. The third cluster (G3) grouped the
two species C. aegyptia and C. zoharyi that have an erect
habit, with evergreen stipules that are spiny, wide and
crooked and growing mainly in the semi-arid bioclimate.
The geographic distribution pattern of these species in
Tunisia and the spatial proximity between species within
genetic clusters probably explain the similar gene flow
level found in our study between C. sicula subsp. sicula
and C. spinosa subsp. spinosa var. spinosa, between
C. orientalis and C. ovata subsp. ovata, and between
C. aegyptia and C. zoharyi within G1, G2 and G3 genetic
clusters, respectively. In addition, this study revealed
that accessions from G2 and G3 are more genetically
related compared to accessions from G1. These genetic
results refute again Fici’s [10] morphological classifica-
tion where C. aegyptia (G3here) was shown to be more
closely related to C. spinosa subsp. spinosa var. spinosa
and C. sicula subsp. sicula (G1), because of its persistent
thorns, than to C. orientalis and C. ovata subsp. ovata (G2
here). Our results also contradict the previous work by
Saadaoui et al. [65] reporting that C. spinosa subsp.
spinosa was found in northern Tunisia (subhumid and
semi-arid bioclimatic zones), whereas subsp. rupestris
(C. orientalis) had a larger geographical distribution from
subhumid to Saharan regions. On the other hand, the
present study revealed that C. spinosa is commonly
grown in the wild in diverse geographical and climatic
regions in Tunisia contradicting Inocencio et al. [8]
studies reporting that most known populations of
C. spinosa were cultivated. In addition, our study did
not support Inocencio et al. [64] hypothesis on the
hybrid origin of C. spinosa between C. orientalis and
C. sicula. Previous studies considering C. aegyptia as a
varietal rank of C. spinosa (C. spinosa var. aegyptia (Lam.)
Boiss) [4,61,66] were also refuted here.
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This study was the first to cover most of the
geographical and ecological areas and the various Capparis
species growing in Tunisia. The AFLP polymorphism found
between species suggests high variations at the genomic
level that might have been accumulated during speciation
events in Capparis as is evident from its morphological
diversity. In addition, genotypes within species were
genetically diverse; 50% of the total genetic diversity is
observed within species. According to Khouildietal.’s [50]
results, the genetic variation found could be more likely
related to environmental factors. Our analysis revealed
that 31% of the total genetic diversity is explained by the
bioclimatic stages. Ecological adaptations of Capparis to
different environments could have been driven by
isolation. The particularly high level of genetic variation,
the negative value of Tajima’s D within species, the
population structure, and the presence of geographical
patternsindiversity suggest several hypotheses regarding
the population history of Capparis species. First, Capparis
did not recently colonized Tunisia, and we confirm here its
endemicity. Second, Capparis species may be undergoing
population expansion and may have large population
sizes. Third, our results revealed intermediate genetic
diversity levels in C. aegyptia and C. zoharyi while C. sicula
subsp. sicula and C. ovata subsp. ovata had low diversity
indices. Assuming a same evolutionary rate in all species,
we can suggest that through speciation, the divergence
between C. aegyptia and C. zoharyi occurred earlier than
the divergence between C. sicula subsp. sicula and
C. spinosa subsp. spinosa var. spinosa, and the divergence
between C. orientalis and C. ovata subsp. ovata. Fourth,
Capparis’s first settlement occurred in Northern Tunisia
and then migrated during speciation across the country
and colonized the southern regions. Subhumid bioclimate
of Northern Tunisia is the most diversified grouping the
three genetic clusters and five species out of six and is
probably similar to the origin climate of the ancestral
form. This genetic study also revealed that hybridization
events are more frequent in the northern area, where all
the genetic clusters are in sympatry. The region of greatest
diversity was shown to be the origin area for many other
wild species in plants [67-70]. Furthermore, from our
phylogenetic results, we suggest C. spinosa subsp. spinosa
var. spinosa (G1 genetic cluster), a species reported in all
bioclimate (from subhumid to Saharan) and with high
diversity indices, as the closest species to the ancestral
form that generated the different Capparis species.
Capparis spinosa subsp. spinosa var. spinosa was probably
the first species to be differentiated during speciation in
Capparis and had enough time to evolve and adapt to
different geographic areas. In fact, Renfew [71] mentioned
that C. spinosa var. spinosa was founded in fossils seeds
from Iraq 5800 years before Christ. A worldwide study is
necessary to confirm our hypothesis on Capparis evolu-
tion, speciation events and adaptation to geographic
areas.

5. Conclusion

In conclusion, our study showed that AFLP analysis is an
efficient method to investigate the genetic diversity and

the relationship between species in Capparis. A total of six
morphologically distinct species of caper were genotyped
in Tunisia using 3 EcoRI-Msel AFLP primer combinations.
Data analysis revealed a high degree of polymorphism
allowing the distinction of the six species and their
grouping into three main genetic clusters emphasizing
the existence of recognizable genetic similarity within
species and genetic heterogeneity between them. These
three main clusters seem to be adapted to different
geographic areas in correlation with bioclimate.

Acknowledgements

This study was carried out at Plant Biotechnology
Laboratory of the Tunisian National Gene Bank. We are
grateful to all reviewers for their very helpful comments on
the manuscript.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.
crvi.2016.09.001.

References

[1] INRGREF, Rapport scientifique final du projet de développement de la
culture du caprier dans le Nord-Ouest de la Tunisie, Institut national
des recherches en génie rural, eaux et foréts (Tunisie) Annexes, 2001
(84 p.).

[2] C.Inocencio, F. Alcaraz, F. Calderon, C. Obon, D. Rivera, The use of floral
characters in Capparis sect. Capparis to determine the botanical
and geographical origin of capers, Eur. Food. Res. Technol. 214
(2002) 335-339.

[3] D.Rivera, C.Inocencio, C. Obon, F. Alcaraz, Review of food and medicinal
uses of Capparis L. subgenus Capparis (Capparidaceae), Ecol. Bot. 57
(2003) 515-534.

[4] M. Zohary, The species of Capparis in the Mediterranean and the Near
Eastern Countries, Bull. Res. Counc. Isr. 8D (1960) 29-64.

[5] W. Greuter, H.M. Burdet, G. Long, Med-Checklist. A Critical Inventory of
Vascular Plants of the Circum-Mediterranean Countries, 1. Pteridophyta
(ed. 2), Gymnospermae, Dicotyledones (Acanthaceae-Cneoraceae),
Conservatoire et Jardin botaniques de la Ville de Genéve, 1984.

[6] S. Rhizopoulou, Physiological responses of Capparis spinosa L. to
drought, J. Plant. Physiol. 136 (1990) 341-348.

[7] S. Rhizopoulou, G.K. Psaras, Development and structure of drought-
tolerant leaves of the Mediterranean shrub Capparis spinosa L., Ann. Bot.
92 (2003) 377-383.

[8] C. Inocencio, D. Rivera, C. Obdn, F. Alcaraz, ]. Barrena, A systematic
revision of Capparis section Capparis (Capparaceae), Ann. Mo. Bot. Gard.
93 (2006) 122-149.

[9] G.O. Sozzi, Caper bush: botany and horticulture, Hortic. Rev. 27 (2001)
125-188.

[10] S.Fici, A taxonomic revision of the Capparis spinosa group (Capparaceae)
from the Mediterranean to Central Asia, Phytotaxa 174 (1) (2014)
1-024, http://dx.doi.org/10.11646/phytotaxa.174.1.1.

[11] A. Prosper, Plantes d’Egypte, Institut francais d’archéologie orientale,
1581 (traduit du latin par R. Fenoyl, 195 p).

[12] J.-A. Battandier, L. Trabut, Flore analytique et synoptique de I'Algérie et
de la Tunisie, Yves Giralt imprimeur-éditeur, A. Franceschi, Mustapha,
Alger, 1902 (460 p.).

[13] R. Maire, Flore de I'Afrique du Nord, Volume XII, Encyclopédie biolo-
gique, LXVII, Ed. Le Chevalier, Paris, 1965 (407 p.).

[14] S. Fici, Intraspecific variation and evolutionary trends in Capparis
spinosa, Plant. Syst. Evol. 228 (2001) 123-124.

[15] H. Bouriche, N. Karnouf, H.S. Belhadj, D. Dahamna, A. Harzalah,
Senator free radical, metal-chelating and antibacterial activities of
methanolic extract of Capparis spinosa buds, Adv. Environ. Biol. 5 (2)
(2011) 281-287.


http://dx.doi.org/10.1016/j.crvi.2016.09.001
http://dx.doi.org/10.1016/j.crvi.2016.09.001
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0370
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0370
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0370
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0370
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0370
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0375
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0375
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0375
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0375
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0380
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0380
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0380
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0385
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0385
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0390
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0390
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0390
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0390
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0395
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0395
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0400
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0400
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0400
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0405
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0405
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0405
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0410
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0410
http://dx.doi.org/10.11646/phytotaxa.174.1.1
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0420
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0420
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0420
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0420
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0425
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0425
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0425
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0425
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0430
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0430
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0430
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0435
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0435
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0440
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0440
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0440
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0440

452 H. Aichi-Yousfi et al./C. R. Biologies 339 (2016) 442-453

[16] S.V.P.I. Abraham, A. Palani, B.R. Ramaswamy, K.P. Shunmugiah, V.R.
Arumugam, Antiquorum sensing and antibiofilm potential of Capparis
spinosa, Arch. Med. Res. 42 (2011) 658-668.

[17] M.S.L. Orooba, Evaluation of antibacterial activity of Capparis spinosa
(Al-Kabara) and Aloe vera extracts against isolates bacterial skin wound
infections in-vitro and in-vivo, Kufa J. Vet. Med. Sci. 3 (2012) 23-25.

[18] A. Meddour, M. Yahia, N. Benkiki, A. Ayachi, Etude de I'activité anti-
oxydante et antibactérienne des extraits d'un ensemble des parties de
la fleur du Capparis spinosa, Leb. Sci. J. 14 (1) (2013) 49-60.

[19] M. Mahboubi, A. Mahboubi, Antimicrobial activity of Capparis spinosa
as its usages in traditional medicine, Herbapolonica 60 (1) (2014),
http://dx.doi.org/10.2478/hepo-2014-00XX (10 p.).

[20] N. Aissani, P. Caboni, M. Saba, G. De Nicola, R. lori, V. Coroneo, Dicar-
boxylic acids from Caper leaves enhance antibiotic susceptibility of
Pseudomonas aeruginosa to vancomycin, Int. J. Curr. Microbiol. Appl. Sci.
3(11) (2014) 54-64.

[21] M.S. Ali-Shtayeh, S.I. Abu Ghdeib, Antifungal activity of plant extracts
against dermatophytes, Mycoses 42 (11-12) (1999) 665-672.

[22] P.Caboni, G. Sarais, N. Aissani, G. Tocco, N. Sasanelli, B. Liori, A. Carta, A.
Angioni, Nematicidal activity of 2-Thiophene carboxaldehyde and
Methylisothiocyanate from Caper (Capparis spinosa) against Meloido-
gyne incognita, J. Agric. Food. Chem. 60 (2012) 7345-7351, http://
dx.doi.org/10.1021/jf302075w.

[23] A.Ladhari, F. Omezzine, I. Chaieb, A. Laarif, R. Haouala, Antifeeding and
insecticidal effects of Capparis spinosa L. on Spodoptera littoralis (Bois-
duval) larvae, Afr. J. Agric. Res 8 (42) (2013) 5232-5238, http://
dx.doi.org/10.5897/AJAR2013.7254.

[24] A. Ladhari, F. Omezzine, M. Dellagreca, A. Zarrelli, R. Haouala, Phyto-
toxic activity of Capparis spinosa L. and its discovered active
compounds, Allelopathy J. 32 (2) (2013) 175-190.

[25] E. Le Floc’h, Contribution a une étude ethnobotanique de la flore
tunisienne. Publ. Sci. tunisiennes. Programme « Flore et végétation
tunisiennes », Imprimerie officielle de la République tunisienne, 1983

[26] L.A.Benseghir-Boukhari, R. Seridi, Le caprier, une espéce arbustive pour
le développement rural durable en Algérie, Méditerranée 109 (2007)
100-105.

[27] H.E.Jiang, X.Li, D.K. Ferguson, Y.F. Wang, CJ. Liu, C.S. Li, The discovery of
Capparis spinosa L. (Capparidaceae) in the Yanghai Tombs (2800 years
b.p.), NW China, and its medicinal implications, J. Ethnopharmacol. 113
(3) (2007) 409-420.

[28] H.Nosrati, M.A.H. Feizi, M. Mazinani, A.R. Haghighi, Effect of population
size on genetic variation levels in Capparis spinosa (Capparaceae)
detected by RAPDs, Eur. Asian J. Biol. Sci. 6 (2012) 70-75, http://
dx.doi.org/10.5053/ejobios.2012.6.0.8.

[29] M.S. Bhoyar, G.P. Mishra, P.K. Naik, R.B. Srivastava, Estimation of
antioxidant activity and total phenolics among natural populations
of Caper (Capparis spinosa) leaves collected from cold arid desert of
trans-Himalayas, Aust. J. Crop Sci. 5 (2011) 912-919.

[30] B. Al- Safadi, H. Faouri, R. Elias, Genetic Diversity of Some Capparis L.
Species Growing in Syria, Braz. Arch. Biol. Technol. 57 (6) (2014) 916-
926, http://dx.doi.org/10.1590/S1516-8913201402549.

[31] 0. Ozbek, A. Kara, Genetic variation in natural populations of Capparis
from Turkey, as revealed by RAPD analysis, Plant. Syst. Evol. 299 (10)
(2013), http://dx.doi.org/10.1007/s00606-013-0848-0.

[32] H. Moubasher, M.M. Abd El-Ghani, W. Kamel, M. Mansi, M. El-bous,
Taxonomic considerations among and within some Egyptian taxa of
Capparis and related genera (Capparaceae) as revealed by RAPD finger-
printing, Collect. Bot. 30 (2011) 29-35, http://dx.doi.org/10.3989/col-
lectbot.2011.v30.003.

[33] A.S. Gristina, S. Fici, M. Siragusa, I. Fontana, G. Garfi, F. Carimi, Hybrid-
ization in Capparis spinosa L.: molecular and morphological evidence
from a Mediterranean island complex, Flora 209 (2014) 733-741,
http://dx.doi.org/10.1016/j.flora.2014.09.002.

[34] N. Saifi, J. Ibijbijen, D. Echchgadda, Genetic diversity of caper plant
(Capparis ssp.) from North Morocco, ]. Food. Agric. Environ. 9 (3-4)
(2011) 299-304.

[35] J.P. Loh, R. Kiew, A. Kee, L.H. Gan, Y.Y. Gan, Amplified fragment length
polymorphism (AFLP) provides molecular markers for the identifica-
tion of Caladium bicolor cultivars, Ann. Bot. 84 (1999) 155-161.

[36] N.J.C.Zerega, S. Mori, C. Lindqvist, Q. Zheng, T.J. Motley, Using Amplified
Fragment Length Polymorphisms (AFLP) to identify black cohosh
(Actaea racemosa), Ecol. Bot. 56 (2) (2002) 154-164.

[37] Y.E. Choi, C.H. Ahn, B.B. Kim, E.S. Yoon, Development of specific AFLP-
derived SCAR marker for authentication of Panax japonicas C.A. Meyer,
Biol. Pharm. Bull. 31 (2008) 135-138.

[38] J. Tohme, D.O. Gonzélez, S. Beebe, M.-C. Duque, AFLP analysis of gene
pools of a wild bean core collection, Crop. Sci. 36 (1996) 1375-1384.

[39] C.H. Mba, J. Tohme, Use of AFLP markers in surveys of plant diversity,
Meth. Enzymol. 395 (2005) 177-201, http://dx.doi.org/10.1016/S0076-
6879(05)95012-X.

[40] P. Vos, R. Hogers, M. Bleeker, M. Reijans, T. van de Lee, M. Hornes, A.
Frijters, ]. Pot, J. Peleman, M. Kupier, M. Zabeau, AFLP: a new technique
for DNA fingerprinting, Nucleic Acids Res. 23 (1995) 4407-4414.

[41] M. Hill, H. Witsenboer, M. Zabeau, P. Vos, R. Kesseli, R. Michelmore,
PCR-based fingerprinting using AFLPs as a tool for studying
genetic relationships in Lactuca spp., Theor. Appl. Genet. 93 (1996)
1202-1210.

[42] H.D. Mignouna, M.M. Abang, S.A. Fagbemi, A comparative assessment
of molecular marker assays (AFLP, RAPD and SSR) for white yam
(Dioscorea rotundata Poir.) germplasm characterization, Ann. Appl. Biol.
142 (2003) 269-276.

[43] S.Kafkas, Y. Dogan, A. Sabur, A. Turan, H. Seker, Genetic characterization
of hazelnut (Corylusavellana L.) cultivars from Turkey using molecular
markers, Hort Sci. 44 (6) (2009) 1557-1561.

[44] S. Ercisli, J. Gadze, G. Agar, N. Yildirim, Y. Hizarci, Genetic relationships
among wild pomegranate (Punica granatum L.) genotypes from Coruh
Valley in Turkey, Genet. Mol. Res. 10 (2011) 459-464.

[45] LEEV. Ferrao, ET. Caixeta, F.F. Souza, E.M. Zambolim, C.D. Cruz, L.
Zambolim, S.N. Sakiyama, Comparative study of different molecular
markers for classifying and establishing genetic relationships in Coffea
canephora, Plant. Syst. Evol. 299 (1) (2013) 225-238, http://dx.doi.org/
10.1007/s00606-012-0717-2.

[46] A. Ibrahim Youssef, A. Baraket, D. Zerigua, A comparative study of
genetic variations of Capparis spinosa using AFLP in the two cities of
Aleppo and Lattakia in Syria, Tishreen Univ.].Res. ad Scien.Stud-Biol.S-
ci.Ser. 36 (2) (2014) 313-333.

[47] G.Pottier-Alapetite, Flore de la Tunisie : Angiospermes - Dicotylédones
Apétales Dialypétales, Premiére partie, Imprimerie officielle de la
République tunisienne, 1979 (651 p.).

[48] E. Le Floc'h, L. Boulos, E. Véla, Catalogue synonymique commenté de la
flore de Tunisie, République Tunisienne, ministére de I'Environnement
et du Développement durable, Banque nationale de génes, Tunis, 2010
(500 p.).

[49] H. Yousfi, Variabilité morphologique et écologique du Caprier en
Tunisie, (Mastére de recherché), ISACM, 2010 (70 p.).

[50] S. Khouildi, M.A. Pagnotta, O. Tanzarella, A. Ghorbel, E. Porceddu,
Suitability of RAPD technique for estimating the genetic variation in
natural genotypes of Tunisian and Italian caper (Capparis spinosa L.),
Agric. Med. 130 (2000) 72-77.

[51] A. Ghorbel, A. Ben Salem-Fnayou, S. Khouildi, H. Skouri, F. Chibanl, Le
cprier ; caractérisation et multiplication. Des modéles biologiques a
I'amélioration des plantes, 2001, 157-172.

[52] M.A. Saghai-Maroof, K.M. Soliman, R.A. Jorgensen, R.W. Allard, Ribo-
somal spacer length polymorphisms in barley: Mendelian in heritance,
chromosomal location and population dynamics, Proc. Natl. Acad. Sci. U
S A 81(1984) 8014-8019.

[53] J. Sambrook, E.F. Fritsch, T. Maniatis, Molecular Cloning: a Laboratory
Manual, vol. 3, Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, NY, USA, 1989.

[54] A. Prevost, M.J. Wilkinson, A new system of comparing PCR primers
applied to ISSR fingerprinting of potato cultivars, Theor. Appl. Genet. 98
(1) (1999) 107-112.

[55] J.E. Gilbert, R.V. Lewis, M.]. Wilkinson, P.D.S. Caligari, Developing an
appropriate strategy to assess genetic variability plant germplasm
collections, Theor. Appl. Genet. 98 (1999) 1125-1131.

[56] M. Lynch, B. Walsh, Genetics and Analysis of Quantitative Traits,
Sinauer Associates, Sunderland, MA, USA, 1998.

[57] J.K. Pritchard, P. Stephens, P. Donnelly, Inference of population
structure using multilocus genotype data, Genetics 155 (2000)
945-959.

[58] D. Falush, M. Stephens, J.K. Pritchard, Inference of population structure
using multilocus genotype data: linked loci and correlated allele fre-
quencies, Genetics 164 (2003) 1567-1587.

[59] G. Evanno, S. Regnaut, J. Goudet, Detecting the number of clusters of
individuals using the software STRUCTURE: a simulation study, Mol.
Ecol. 14 (2005) 2611-2620.

[60] R. Peakall, P.E. Smouse, GenAlEx 6.5: genetic analysis in Excel.
Population genetic software for teaching and research - an update,
Bioinformatics 28 (2012) 2537-2539, http://dx.doi.org/10.1093/bioin-
formatics/bts460.

[61] K. Tamura, G. Stecher, D. Peterson, A. Filipski, S. Kumar, MEGA 6:
Molecular Evolutionary Genetics Analysis version 6.0, Mol. Biol. Evol.
30 (2013) 2725-2729.

[62] N. Mantel, The detection of disease clustering and a generalized re-
gression approach, Cancer Res. 27 (1967) 209-220.

[63] F. Tajima, Statistical method for testing the neutral mutation hypothe-
sis by DNA polymorphism, Genetics 123 (3) (1989) 585-595.

[64] C. Inocencio, A.R.S. Cowan, F. Alcaraz, D. Rivera, M.K. Fay, AFLP finger-
printing in Capparis subgenus Capparis related to the commercial
sources of capers, Genet. Resour. Crop. Evol. 52 (2005) 137-144.


http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0445
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0445
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0445
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0450
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0450
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0450
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0455
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0455
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0455
http://dx.doi.org/10.2478/hepo-2014-00XX
http://dx.doi.org/10.2478/hepo-2014-00XX
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0465
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0465
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0465
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0465
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0470
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0470
http://dx.doi.org/10.1021/jf302075w
http://dx.doi.org/10.1021/jf302075w
http://dx.doi.org/10.5897/AJAR2013.7254
http://dx.doi.org/10.5897/AJAR2013.7254
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0485
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0485
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0485
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0490
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0490
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0490
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0495
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0495
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0495
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0500
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0500
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0500
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0500
http://dx.doi.org/10.5053/ejobios.2012.6.0.8
http://dx.doi.org/10.5053/ejobios.2012.6.0.8
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0510
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0510
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0510
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0510
http://dx.doi.org/10.1590/S1516-8913201402549
http://dx.doi.org/10.1007/s00606-013-0848-0
http://dx.doi.org/10.3989/collectbot.2011.v30.003
http://dx.doi.org/10.3989/collectbot.2011.v30.003
http://dx.doi.org/10.1016/j.flora.2014.09.002
http://dx.doi.org/10.1016/j.flora.2014.09.002
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0535
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0535
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0535
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0540
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0540
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0540
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0545
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0545
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0545
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0550
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0550
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0550
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0555
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0555
http://dx.doi.org/10.1016/S0076-6879(05)95012-X
http://dx.doi.org/10.1016/S0076-6879(05)95012-X
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0565
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0565
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0565
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0570
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0570
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0570
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0570
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0575
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0575
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0575
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0575
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0580
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0580
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0580
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0585
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0585
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0585
http://dx.doi.org/10.1007/s00606-012-0717-2
http://dx.doi.org/10.1007/s00606-012-0717-2
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0595
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0595
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0595
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0595
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0600
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0600
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0600
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0600
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0605
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0605
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0605
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0605
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0605
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0610
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0610
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0610
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0615
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0615
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0615
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0615
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0620
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0620
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0620
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0625
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0625
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0625
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0625
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0630
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0630
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0630
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0635
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0635
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0635
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0640
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0640
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0640
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0645
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0645
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0650
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0650
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0650
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0655
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0655
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0655
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0660
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0660
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0660
http://dx.doi.org/10.1093/bioinformatics/bts460
http://dx.doi.org/10.1093/bioinformatics/bts460
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0670
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0670
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0670
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0675
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0675
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0680
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0680
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0685
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0685
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0685

H. Aichi-Yousfi et al./C. R. Biologies 339 (2016) 442-453 453

[65] E. Saadaoui, A. Guetat, N. Tlili, M. El Gazzah, A. Khaldi, Subspecific
variability of Tunisian wild populations of Capparis spinosa L., J. Med.
Plant. Res. 5 (17) (2011) 4339-4348.

[66] L.Boulos, Flora of Egypt. Vol. 1 (Azollaceae-Oxalidaceae), Nord. J. Bot. 19
(3)(1999) 328.

[67] N.I Vavilov, Studies on the origin of cultivated plants, Bull. Appl. Bot.
Plant Breed (Leningrad) 16 (2) (1926) 1-248.

[68] C. Higham, The transition to rice cultivation in Southeast Asia, in: T.
Price, A. Gebauer (Eds.), Last Hunters—First Farmers, School of Ameri-
can Research Press, Santa Fe, NM, USA, 1995, pp. 127-155.

[69] R.Talebi, M.N. Naji, F. Fayaz, Geographical patterns of genetic diversity in
cultivated chickpea (Cicer arietinum L.) characterized by amplified frag-
ment length polymorphism, Plant. Soil. Environ. 54 (10) (2008) 447-452.

[70] A. Badr, H. El-Shazly, Molecular approaches to origin, ancestry and
domestication history of crop plants: barley and clover as examples, J.
Genet. Eng. Biotechnol. 10 (1) (2011) 1-12, http://dx.doi.org/10.1016/
j-jgeb.2011.08.002.

[71] ].M. Renfrew, Palaeoethnobotany, the Prehistoric Food Plants of the
Near East and Europe, Methuen & Co. Itd., 11, New Fetter Lane, London
EC 4, Great Britain, 1973 (248 p., 48 plates).


http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0700
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0700
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0700
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0705
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0705
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0710
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0710
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0715
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0715
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0715
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0715
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0720
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0720
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0720
http://dx.doi.org/10.1016/j.jgeb.2011.08.002
http://dx.doi.org/10.1016/j.jgeb.2011.08.002
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0730
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0730
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0730
http://refhub.elsevier.com/S1631-0691(16)30111-1/sbref0730

	Genetic diversity and population structure of six species of Capparis in Tunisia using AFLP markers
	1 Introduction
	2 Material and methods
	2.1 Plant materials and DNA extraction
	2.2 AFLP genotyping
	2.3 AFLP polymorphism analysis
	2.4 Population structure analysis
	2.5 Genetic diversity, genetic distances and phylogeny
	2.6 Neutrality test

	3 Results
	3.1 AFLP polymorphism
	3.2 Population structure
	3.3 Analyses of molecular variance and diversity indices
	3.4 Phylogenetic analysis and genetic distances
	3.5 Genetic diversity is correlated with geographic distance
	3.6 Neutrality test

	4 Discussion
	5 Conclusion
	Acknowledgements
	Appendix A Supplementary data
	References


