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ABSTRACT
Hypericum triquetrifolium Turra is an ecologically, medicinally and economically important species 
in Tunisia. Thirty-six Hypericum individuals sampled from 6 northern Tunisian locations were 
investigated for their diversity and relationships using 10 inter-simple sequence repeats (ISSR) 
markers and 10 morphological features at vegetative stage. The phylogenetic analysis, using 
308 bp of sequenced ITS1 region, identified the Hypericum individuals as H. triquetrifolium that 
clustered with members of genus Hypericum section 9, 9a, 9b and 27, in agreement with the 
previous molecular classification of the genus. Among the 10 ISSR markers tested, 7 were scorable 
and yielded 91 loci with 94.5% of polymorphism. UBC848 and UBC836 were the most polymorphic 
ISSR markers. The level of genetic diversity (HT = 0.247) and gene flow between the six 
populations (Nm = 1.169) were moderate. The structure analysis revealed three genetic 
subpopulations: individuals of Le Krib location formed a subpopulation divergent from two other 
subpopulations, probably due to its northwestern and high-altitude geographic barriers, and its 
sub-humid microclimate. Zaghouan, northeastern location in the lower semi-arid, with the highest 
genetic (I = 0.370) and morphological (I = 0.631) Shannon’s information indices and, regrouping 
two out of the three genetic subpopulations, is the most probable zone of origin for H. 
triquetrifolium. In addition, morphological data showed higher diversity than ISSR data; however, 
no evidence of correlation between genetic and morphologic traits could be suggested in this 
study. These results on the genetic diversity and phylogenetic analysis will contribute to the 
conservation of the gene pool of H. triquetrifolium in Tunisia.

Introduction

Hypericum is a large genus, which includes almost 500 
species, mainly herbs, shrubs and a few trees and is 
classified into 36 taxonomic sections [1–4]. Members of 
this genus are characterized as weeds and distributed 
in agricultural areas in northern America, where more 
than 2 million hectares have been infested by the 
weeds since the 1940s [5]. They have been also declared 
as noxious weeds in Australia and Tasmania [6]. In 
Tunisia, the genus Hypericum, represented by eight spe-
cies (species H. perforatum L., H. humifusum L., H. tomen-
tosum L., H. perfoliatum L., H. triquetrifolium Turra, H. 
richeri L., H. androsaemum L. and H. ericoides L.), grows 
widely in the north and centre of the country in 

bioclimatic regions extending from the sub-humid to 
the upper arid [7]. H. triquetrifolium, a perennial herb 
native to the Mediterranean Basin and belonging to 
the section 9, 9a, 9b and section 27 (section Hypericum) 
[8], is the main species considered an invasive weed, 
which expands over vast areas, and infests crop fields 
and grazing lands, causing severe damage to Tunisian 
agriculture (Jenfaoui et al. Unpublished).

Medicinal and aromatic plants have gained recently 
more popularity. They include a high content of 
non-nutritive, nutritive and bioactive compounds such 
as flavonoids, phenolics, anthocyanins and phenolic 
acids, as well as nutritive compounds such as essential 
oils and minerals. Medicinal and aromatic plants have 
also distinct flavour and taste, excellent medicinal 
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value and health care functions [9]. The members of 
genus Hypericum have been largely used for their hor-
ticultural and medicinal values. These medicinally 
important plants contain pharmacologically active 
compounds, such as naphthodianthrones, hypericin 
and pseudohypericin, phloroglucinols, hyperforin and 
adhyperforin, as well as characteristic xanthones, fla-
vonoids, biflavonoids, tannins and phenolic acids. 
These compounds have a wide range of medicinal 
activities such as anti-inflammatory, antiviral, antibac-
terial, antifungal, antioxidant, cytotoxic and 
anti-depressive [10–18]. H. triquetrifolium has been 
used as herbal medicine for skin treatment and gas-
trointestinal diseases [19]. An antimicrobial activity of 
the essential oils of H. triquetrifolium from Tunisia has 
also been highlighted by Rouis et al. [16].

Whether it is considered as a weed or a medicinal 
plant, it is important to characterize the morphological 
and genetic diversity of Hypericum species in order to 
efficiently control or preserve these species. The frag-
mentation of populations and their disturbance are 
main factors causing random genetic drift which 
enhances genetic erosion and reduces the population’s 
adaptability to environmental changes [20]. Therefore, 
the study of the genetic diversity and genetic structure 
of H. triquetrifolium is necessary for the development 
of appropriate conservation and improvement programs.

Morphological, biochemical and molecular markers 
are currently used to investigate variations among and 
within Hypericum species. H. perforatum shows remark-
able variations in morphology, ploidy and breeding 
system, which range from sex to apomixis [4]. While 
Hypericum species are morphologically distinct at 
maturity, species identification based on vegetative 
stage distinctions may pose difficulties. Alonso et al. 
[21] showed that leaf colour, gland disposition and 
colour were the most widely used characters to sep-
arate taxa in Hypericum sections. In Tunisia, significant 
morphological variability was also shown between 
fourteen populations of H. triquetrifolium. In fact, a 
highly significant population effect for all morpholog-
ical characters studied has been observed. Population 
variability is mainly controlled by the leaves shape, 
the stem aspect, and the abundance of the black spots 
on the stem, leaves and sepals [22].

Molecular techniques, as a complementary method 
of plant material authentication, have unique advan-
tages as compared to macroscopic, microscopic and 
chemical techniques. They are preferred over other 
techniques because they do not depend on the growth 
period of the plant and environmental conditions. 
Molecular methods can also be sensitive enough to 
detect subtle differences allowing authentication of 

botanical extracts [23]. Internal transcribed spacer (ITS) 
gene sequences were used to distinguish H. perforatum 
from other species of Hypericum. Previous studies have 
demonstrated the utility of the ITS region for phyloge-
netic inference at the species level in Hypericum [23–25]. 
The possibility of amplifying ITS-1 and ITS-2 separately 
using internal primers allowed Nürk et al. [26] to dis-
tinguish poorly preserved plant tissue from older her-
barium specimens. In addition, inter-simple sequence 
repeat (ISSR) markers were successfully used to reveal 
the genetic diversity among and within populations of 
H. perforatum. The use of ISSR markers gave hints for 
the occurrence of sexual recombination in H. perforatum 
plants. In comparison to other molecular markers, the 
ISSR approach is easier to handle and can be performed 
with different primers that cover several sites of a 
genome [27–30]. Morshedloo et al. [29] assess genetic 
variability among 10 wild populations of H. perforatum 
growing in different climatic regions of Iran via ISSR 
markers. The 15 selected primers generated 191 poly-
morphic fragments with an average of 12 in each 
primer. Farooq et al. [27] also observed a moderate to 
high genetic diversity in H. perforatum clones from 8 
provinces of the Kashmir Valley in India and 71 ISSR 
loci out of the 98 tested were polymorphic. Other 
molecular approaches have been used to study the 
genetic diversity of Hypericum in Tunisia. Smelcerovic 
et al. [31] revealed a stronger correlation of secondary 
metabolite contents with RAPD (random amplified poly-
morphic DNA) data than with SSR data among six 
Hypericum species studied from Serbia. Béjaoui et al. 
[32] investigated the genetic diversity and population 
structure of 16 H. humifusum populations using 9 iso-
zymes. They observed a high genetic variation; eight 
out of the nine surveyed isozymes were polymorphic. 
Fourteen loci were detected; three out of which were 
monomorphic (MDH-3, PGM-1 and PGM-3) and the 
mean percentage of polymorphic loci (PPL) over all 
populations was 64.29%. In another study, the genetic 
structure of seven natural Tunisian H. humifusum pop-
ulations was also assessed using two isozymes and 
RAPD markers. The results showed a higher genetic 
diversity within populations using isozymes than RAPD 
markers. Nine isozymes surveyed (MDH, PGM, ICD, PGI, 
6PGD, EST, LAP, GOT and ADH), were encoded by 14 
putative loci. The genetic diversity was high within pop-
ulation. The number of alleles per polymorphic locus 
varied from 1.7 to 2.1 with an average of 2.01. For RAPD 
analysis, the 8 selected primers generated a total of 
166 bands, 153 of which were polymorphic (p = 92.42%). 
The PPL at the population level was relatively low, rang-
ing from 29.52% to 39.16% [33]. The study of Al-Rifaee 
et al. [34] was the only one reporting the genetic 
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diversity and population structure of H. triquetrifolium. 
The study was performed on 27 wild populations col-
lected form Jordan using 5 RAPD primers. Forty markers 
out of the 58 were polymorphic across the 27 wild 
populations. The percentage of polymorphism ranged 
from 54.6% for primer OPW-1O to 91.7% for primer 
OPB-20. The total percentage of polymorphism among 
the populations was 68.97%. The genetic diversity and 
population structure of H. triquetrifolium worldwide and 
in Tunisia is still unknown. Thus, the objectives of this 
research are to (i) study the morphological and genetic 
diversity of H. triquetrifolium in Tunisia, (ii) investigate 
the population structure of the Tunisian H. triquetrifo-
lium, and (iii) reveal the phylogenetic relationships 
between the Tunisian H. triquetrifolium at population 
and individual levels.

Materials and methods

Sampling locations

Six cereal crop fields located in northern Tunisia, 
belonging to the sub-humid, upper semi-arid and 
lower semi-arid bioclimates, were selected for sampling 
H. triquetrifolium individuals. The altitudes of the loca-
tions varied from 72 m (Mjez El Bab location) to 511 m 
(Touiref location). The main ecological features of the 
locations are reported in Table 1. All six fields have 
the same cultural practices and had been managed 
under wheat/barley monoculture for over 10 years. 
Reduced tillage was applied at all fields. The fields 
were harvested in July 2017 during intercropping and 
only Hypericum was present at the time of sampling.

Voucher specimens were deposited at the Herbarium 
of the Department of Botany, National Agronomic 
Institute of Tunisia.

Morphological assessment and data analysis

Twenty individuals in each location were sampled for 
morphological assessment. Individuals were sampled 
at distances exceeding 50 m to avoid the sampling of 
closely related individuals. Morphological characteri-
zation was established based on 10 morphological 

traits given in Table 2. Morphological data were 
assessed based on semi-qualitative scales published 
previously [21,35,36].

To assess the population structure based on mor-
phological characters, a Principal Coordinate Analysis 
(PCoA) was performed using GenAlEx 6.503 [37]. 
Shannon’s information index (I) was also calculated 
using GenAlEx 6.503 [37]. In addition, the number of 
morphotypes (M), corresponding to the number of 
different combinations of morphotypic traits, was 
assessed. The number of specific morphotypes, defined 
as combinations of morphotypic traits present in one 
location and absent in the others, was also calculated.

DNA isolation, ITS sequence amplifications and 
sequence analysis

In order to confirm the identity of the Tunisian 
Hyperium samples and situate them in relation to other 
known related species, one individual for each popu-
lation was chosen for ITS sequencing, using ITS1/ITS2 
primer sets [38]. Total genomic DNA was extracted 
from ground young and fresh leaves of a single indi-
vidual. The DNA isolation procedure was applied 
according to the cetyltrimethyl ammonium bromide 
procedure of Doyle and Doyle [39] with some modi-
fications: without adding 2-mercaptoethanol, using 0.2 
to 0.5 g of fresh leaf samples, incubating at 60°C for 
60 min and centrifuging at 13,000 rpm. Quantification 
of the isolated DNA was measured by using Optizen 
Nano Q micro volume spectrophotometer (Mecasys, 
Korea). The integrity of the DNA was visually checked 
in ethidium bromide stained 1X-TBE (Tris-borate eth-
ylenediaminetetraacetic acid) agarose gel. DNA solu-
tions were diluted to a final concentration of 30–50 ng/
µL. The ITS amplifications were performed at an 
annealing temperature of 48°C. ITS amplicons were 
migrated in 1.2% m/v agarose gel and 1X TBE buffer. 
Purification and sequencing processes were performed 
by Iontek Molecular Diagnostics (IMD - Turkey; Table 3).

NCBI online nucleotide Basic Local Alignment Search 
Tool (BLASTn), was first used to retrieve the GenBank 
accession ID of the best hit for each sequence at each 
population.

Table 1. M ain ecological features for the six Tunisian locations investigated for H. triquetrifolium morphological and genetic 
diversities.

Code Location Bioclimatic zone Latitude (N) Longitude (E) Altitude (m)
Rainfall 

(mm/year)

A Zaghouan Lower semi-arid 36º 40′ 43.6″ 10º 06′ 70.5″ 166 483
B El Aroussa Upper semi-arid 36º 37′ 53.9″ 9º 41′ 95.5″ 215 432
C Le Krib Sub-humid 36º 34′ 69.4″ 9º 16′ 51.4″ 460 542
D Tastour Upper semi-arid 36º 48′ 62.6″ 9º 30′ 80.0″ 229 450
E Mjez El Bab Upper semi-arid 36º 64′ 64.4″ 9º 71′ 50.5″ 72 443
F Touiref Upper semi-arid 36º 34′ 95.9″ 8º 55′ 61.7″ 511 635
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Table 4. IT S and ISSR Primers used in the study and PCR amplification conditions.
Marker Primer Sequence (5′–3′) Amplicon size (bp) Annealing temperature

ISSR* UBC820 (GT)8C 300–1500 53°C
UBC823 (TC)8C 190–700 53°C
UBC825 (AC)8T 180–1300 54°C
UBC829 (TG)8C 210–800 49°C
UBC836 (AG)8YA 210–830 53°C
UBC848 (CA)8RG 250–700 56°C
UBC858 (TG)8RT 280–950 50°C

ITS** ITS1 TCCGTAGGTGAACCTGCGG 308 48°C
ITS2 GCTGCGTTCTTCATCGATGC

Y: C or T; R: A or G. *[46], **[38].

In addition, to assess the relationship between the 
individuals, alignment of the ITS sequences was first 
conducted using Clustal W application in Bioedit 
v7.2.5 [40] with manual adjustments. Furthermore, a 
total of 220 ITS sequences were used to conduct a 
phylogenetic analysis included our six ITS sequences 
from Tunisia and 214 ITS sequences retrieved from 
the nucleotide database of NCBI [26,41–43]. The phy-
logenetic relationship between the ITS sequences was 
inferred on unweighted pair group method with arith-
metic mean (UPGMA) tree, based on Nei’s [44] genetic 
distance using MEGA X software [45].

ISSR amplifications

For genetic analyses, six individuals in each location 
were assessed. As previously, about 5 g of young and 
fresh leaves from each representative individual were 
ground and stored at −80 °C until analyses. To genotype 
H. triquetrifolium individuals, ISSR markers were chosen 

because they are reliable, easy to use, highly polymor-
phic and they have been successfully used in previous 
genetic diversity, phylogeny, gene tagging, genome 
mapping and evolutionary biology studies in plant spe-
cies, including in Hypericum (H. triquetrifolium and its 
relative H. perforatum) [46]. The seven used ISSR primers 
are given in Table 4. Total volume of the PCR mixtures 
was 25 µL, prepared by using 2.5 µL of 10X PCR buffer, 
3 µL of 25 mmol/L MgCl2, 2 µL of 10 mmol/L deoxynu-
cleoside triphosphate (dNTP) mix, 0.5 µmol/L of selected 
primer, 1 µL of isolated DNA solution, 0.25 µL of 5 U 
(1.25 U) Taq-DNA polymerase and 16 µL of nuclease free 
ultrapure sterile water. The amplification processes were 
performed in an Aeris Thermal Cycler Model G96 (Esco 
Inc., Singapore). The Thermal cycler was programmed 
for an initial primer denaturation at 94°C for 5 min; 38 
cycles of denaturation at 94°C for 1 min, variable anneal-
ing temperature depending on the primer used for 30 s 
and extension at 72°C for 1 min, followed by a final 
extension at 72°C for 10 min.

Table 2. T he 10 studied morphological traits and their variations, assessed on the 120 H. triquetrifolium individuals 
sampled.
Morphological trait Variations (codification)

Plant colour (PC) Glaucous (1) - dark green (2) – green (3) - light green (4)
Stem aspect (SA) Upright (1) – lying (2)
Stem shape (SS) Round (1) – flattened (2)
Presence of longitudinal lines (PLL) Present (1) – absent (2)
Leaf shape (LS) Lanceolate (1) – obtuse (2)
Leaf articulation (LA) Embracing (1) – attenuated (2)
Stem colour (SC) Light green (1) - dark green (2) – reddish (3)
Limb border (LB) Uniform (1) – wavy (2)
Stem glands frequency (SGF) Uncommon (1) – common (2) - very common (3)
Leaf glands frequency (LGF) Uncommon (1)- common (2) – very common (3)

Table 3. G enBank accession ID of nuclear rRNA-ITS regions of each sequence analysed at each location and BLASTn results 
showing the first best hit detected on NCBI GenBank.

DNA region

Sequenced DNA regions in this study BLASTn first best hit on NCBI

Location Genotype GenBank ID*
G-C Content 

(%) Length (bp) Organism GenBank ID* Coverage (%) Identity (%)

ITS1, 
complete; 
5.8S rRNA, 
partial

Zaghouan A2 MG879533 56.82 308 H. triquetrifolium HE653651 93 95
El Aroussa B2 MG879534 55.84 97 91
Le Krib C3 MG879535 55.84 93 92
Tastour D3 MG879536 53.89 95 92
Mjez El Bab E2 MG879537 54.22 94 95
Touiref F2 MG879538 55.19 97 91

*NCBI accession number.
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After the amplification process, amplicons were sep-
arated by agarose gel electrophoresis. ISSR amplicons 
were migrated in 1.6% m/v gel and 1X TBE buffer. 
Migrated amplicons were visualized and photographed 
under UV photography (Vilber-Lourmat, France). The 
molecular weight of the amplicons was estimated with 
a 1000-bp plus DNA ladder (Thermo Scientific, USA).

ISSR data analysis

All ISSR bands were evaluated and only reproducible, 
clearly stained and well resolved ISSR bands were 
scored as ‘1’ for present and ‘0’ for absent to produce 
a binary matrix. The effective multiplex ratio (EMR), 
marker index (MI), polymorphic information content 
(PIC) and resolving power (RP) were calculated for each 
ISSR primer [47–49]. To test the RP of our ISSR markers, 
a genotype accumulation curve was also calculated 
under R version 3.4.4 [50]. In addition, the number of 
polymorphic bands (NPB), the PPL, the number of 
effective alleles (Ne) per locus, the number of private 
allele (PA), the number of multilocus genotypes (MLG), 
the Shannon’s information index (I), the pairwise Nei’s 
genetic distances and the pairwise Nm were calculated 
and by genetic subpopulations as defined by 
STRUCTURE, under GenAlEx (version 6.503) [37]. The 
number of MLG correspond to the number of different 
combinations of genotypic bands. A private allele cor-
responds to a band present in one population or in 
one genetic subpopulation and absent in the others. 
In addition, PCoA was performed under GenAlEx 6.503 
using the ISSR data [37]. The correlation between 
genetic and geographic distances was performed using 
a Mantel test [51] under GenAlEx (version 6.503). 
Furthermore, Mega X software [45] was used to gen-
erate a neighbour-joining (NJ) tree between 36 H. 
triquetrifolium individuals based on Nei’s (1972) genetic 
distance calculated using the obtained data of 7 ISSR 
markers and, FigTree v1.4.4 was used to visualize it 
[52]. In addition, the genetic variability within and 
between populations and, within and between sub-
population were assessed with analyses of molecular 
variance (AMOVA) under GenAlEx 6.503.

Results

Genetic identification of the Tunisian H. 
triquetrifolium species and its relationship with 
other related known species

In this study, the ITS region from nuclear DNA was 
amplified, sequenced and analysed for inferring the 

identity of the six Hypericum samples and their phy-
logenetic relationship with other Hypericum genus 
members. The amplified nuclear rRNA-ITS sequences 
include the complete ITS1 region and partial 5.8S rRNA 
region. The final length of the ITS1 sequences was 
308 bp and the G-C content ranged from 53.89% to 
56.82%. The six sequences from the Tunisian H. triquet-
rifolium population were submitted to the NCBI nucle-
otide database (MG879533 (A: Zaghouan), MG879534 
(B: El Aroussa), MG879535 (C: Le Krib), MG879536 (D: 
Tastour), MG879537 (E: Mjez El Bab) and MG879538 
(F: Touiref )).

According to the results, H. triquetrifolium (AN: 
HE653651, AN: HE653652) and Hypericum sp. (AN: 
KY654968) sequences were the most closely related 
sequences (first hits) to the ITS sequences obtained in 
this study. The coverage and identity percentages 
ranged from 93% to 97% and 90% to 95%, respectively.

All the sequences obtained in this study clustered 
together with 99% bootstrap value and were joined 
by the two other H. triquetrifolium, HE653651 and 
HE653652. As expected, the close relatives to the 
Tunisian H. triquetrifolium belong to section 9, 9a, 9b 
and section 27 (Supporting Information Figure S1).

Morphological variation

A total of 10 morphological features were taken into 
consideration for morphological data (Table 2). The 
total number of morphotypes in the 120 Tunisian H. 
triquetrifolium individuals assessed was 75. Based on 
location, the number of morphotypes varied between 
18 (for El Aroussa) and 9 morphotypes (for Le Krib). 
Sixty-five of the 75 morphotypes were specific to a 
given location. Thirteen, 14, 7, 6, 11 and 14 morpho-
types were specific to Zaghouan (A), El Aroussa (B), 
Le Krib (C), Tastour (D), Mjez El Bab (E) and Touiref (F), 
respectively. None of the studied morphological traits 
were specific to a given location, but certain locations 
were monomorphic for certain traits. In fact, all indi-
viduals from Le Krib (C) had an embracing leaf artic-
ulation; all individuals from Le Krib (C) and Tastour (D) 
had an upright stem; all individuals from Zaghouan 
(A) and El Aroussa (B) had rounded stem; and all indi-
viduals from El Aroussa (B), Le Krib (C), Tastour (D), 
Mjez El Bab (E) and Touiref (F) presented longitudinal 
lines in the stem. The lowest and highest Shannon’s 
information indices based on morphological data were 
0.332 and 0.631, recorded at Tastour and 
Zaghouanlocations, respectively (Table 5).

The PCoA based on morphological data (Figure 
1(a)) showed that the first two axes accounted 
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respectively for 32.03% and 17.56% of the morpho-
logical variation, explaining altogether 49.59% of the 
total variation. The first axis clearly separated three 
distinct groups: group I, II and III. All regions were 
represented in groups I and III, while group II was 
represented by individuals only from Mjez El Bab, Le 
Krib and El Aroussa.

All morphotypes were specific to each group except 
one morphotype shared between group II and group 
III. Group I, II and III regrouped 37, 4 and 33 specific 
morphotypes, respectively. Morphological traits such 
as light green, dark green and reddish stem colours 
were specific to group I, group II and group III, respec-
tively (Supporting Information Table S1). Stem colour 

Figure 1. P rincipal coordinates analysis of Tunisian H. triquetrifolium based on 10 morphological traits at vegetative stage 
assessed for 120 individuals (a) and on 7 ISSR markers assessed for 36 individuals (b and c). Genotypes in (a) and (b) were 
colour-coded according to their locations; A: Zaghouan, B: El Aroussa, C: Le Krib, D: Tastour, E: Mjez El Bab, F: Touiref. Genotypes 
in (c) were colour-coded according to their membership to each of the three genetic subpopulations in blue, red, and green 
as defined by STRUCTURE at K = 3; Admixed individuals were colour-coded in grey.

Table 5.  Descriptive statistics using 7 ISSR markers and 10 morphological features of H. triquetrifolium populations in Tunisia 
by locations and genetic subpopulations.

ISSR data Morphological data at vegetative state

N NPB P (%) Ne I PA N M(s) I

Location A: Zaghouan 6 61 67.03 1.419 0.370 1 20 16 (13) 0.631
B: El Aroussa 6 52 57.14 1.356 0.316 3 20 18 (14) 0.540
C: Le Krib 6 43 47.25 1.286 0.258 3 20 09 (07) 0.405
D: Tastour 6 44 48.35 1.327 0.277 1 20 11 (06) 0.332
E: Mjez El Bab 6 42 46.15 1.289 0.256 1 20 15 (11) 0.561
F: Touiref 6 40 43.96 1.283 0.247 1 20 16 (14) 0.488
Average 48 51.65 1.327 0.287 0.493

Genetic Admix 8 61 67.03 1.396 0.357 3
Subpopulation Subpopulation 1 14 54 59.34 1.322 0.292 2

Subpopulation 2 5 37 40.66 1.266 0.232 2
Subpopulation 3 9 69 75.82 1.434 0.394 6
Average 55 60.71 1.354 0.319

N: number of individuals assessed; NPB: number of polymorphic band; P: percentage of polymorphic loci; Ne: number of effective alleles; I: Shannon’s 
information index; PA: number of private alleles; M(s): number of morphotypes (number of specific morphotypes). The highest and lowest values 
showed as bold case.
ISSR and morphological variations were evaluated on 6 and 20 individuals per location, respectively.
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and presence of longitudinal lines were traits with 
respectively the highest and lowest capacity to reveal 
morphological variation.

ISSR polymorphism

To reveal the genetic diversity among six populations 
of H. triquetrifolium from Tunisia, 10 ISSR primers were 
used. Seven primers resulted in clear and distinguish-
able band profiles. The highest number of loci was 
obtained for marker UBC820 with 20 loci while the 
lowest number of loci was obtained for marker UBC829 
with 5 loci. A total of 91 loci were obtained, 86 of 
which were polymorphic, with an average of 13 loci 
per ISSR marker. The length of the ISSR bands ranged 
from 180 bp to 1500 bp (Table 6).

The PPL was ranged between 82.35% (UBC825) and 
100% (UBC820, UBC823, UBC829 and UBC848) with an 
average of 94.51%. Average EMR and MI were 12.35 
and 3.63, respectively. The lowest, highest and average 
PIC values were 0.192 (UBC820), 0.370 (UBC848) and 
0.292, respectively. Besides, the lowest, highest and 
average RP values were 6.28 (UBC829), 16.89 (UBC836) 
and 10.53, respectively (Table 6). UBC848 had the high-
est capacity to reveal genetic polymorphism with the 
highest PIC value. UBC836 had the highest ability of 
distinguishing the individuals with the highest RP values.

Population structure of H. triquetrifolium in 
Tunisia

The STRUCTURE program [53,54] was run in order to 
study the population structure of H. triquetrifolium in 
Tunisia based on the seven ISSR markers used. The 
plot of mean posterior probability [ln P(D)] values per 
clusters (K) and, Evanno’s ΔK plot indicated that the 
most likely number of genetic subpopulations (K) was 
three (Figure 2(a,b)). The graphic representation of the 
estimated membership of each individual in the 
genetic subpopulations (at K = 3) is shown in Figure 

2(c). The three genetic subpopulations obtained were 
visualized in green, red and blue. The largest genetic 
group, subpopulation 1 (red) included all six individ-
uals from Touiref, three individuals from Mjez El Bab, 
two individuals from Zaghouan, two individuals from 
Tastour and one from El Aroussa. All the individuals 
sampled at Le Krib population were grouped in the 
same genetic subpopulation, subpopulation 2 (green). 
Subpopulation 3 (blue) included three individuals from 
Zaghouan, three individuals from Tastour, two individ-
uals from El Aroussa and one from Mjez El Bab. The 
remaining eight individuals were admixed.

The results of the PCoA based on ISSR data, clearly 
separated all the individuals sampled at Le Krib pop-
ulation from all the other individuals (Figure 1(b)). This 
high differentiation of the Le Krib population from the 
other populations is in agreement with the STRUCTURE 
results. In addition, the individuals from Zaghouan and 
from El Aroussa were mostly dispersed, while the indi-
viduals from Mjez El Bab, as well as the individuals 
from Tastour and from Touiref populations, were mostly 
gathered together. According to the PCoA results 
based on STRUCTURE output at K = 3, the three genetic 
subpopulations were also revealed distinctly (Figure 
1(c)). In addition, a Mantel test revealed a non-significant 
correlation between genetic and geographic distances 
(p = 0.090; Rxy = 0.109).

Genetic diversity analysis based on ISSR 
polymorphism

Overall, the total genetic diversity (HT) and the 
Shannon’s information index (I) were 0.247 and 0.388 
in the Tunisian H. triquetrifolium populations. At pop-
ulation level, the coefficient of differentiation 
among-population (GST) and the estimated gene flow 
(Nm) were calculated as 0.208 and 1.904, respectively. 
At subpopulation level, GST and Nm were calculated 
as 0.274 and 1.326, respectively. These values indicate 
a moderate level of genetic diversity in H. 

Table 6.  Discriminatory characteristics of the 7 ISSR primers used.
No ISSR Primer AS (bp) TB PB PPL (%) PIC EMR MI RP

1 UBC820 300–1500 20 20 100.00 0.192 13.00 2.50 9.22
2 UBC823 190–700 13 13 100.00 0.350 13.00 4.55 7.67
3 UBC825 180–1300 17 14 82.35 0.196 10.71 2.10 13.72
4 UBC829 210–800 5 5 100.00 0.313 13.00 4.07 6.28
5 UBC836 210–830 14 13 92.86 0.288 12.07 3.48 16.89
6 UBC848 250–700 12 12 100.00 0.370 13.00 4.81 7.94
7 UBC858 280–950 10 9 90.00 0.333 11.70 3.90 12.00
Average 13 12.29 94.51 0.292 12.35 3.63 10.53
Total 91 86

AS: range of amplified band lengths in bp; TB: number of amplified bands; PB: number of polymorphic bands; PPL: percentage of polymorphic loci; 
PIC: polymorphic information content; EMR: effective multiplex ratio; MI: marker index; RP: resolving power.
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triquetrifolium populations in Tunisia and an overall 
moderate level of gene flow in H. triquetrifolium pop-
ulations between the different locations and between 
the different genetic subpopulations.

Each of the 36 individuals genotyped corresponds 
to a different MLG. The accumulation curve showed the 
power of the seven ISSR markers that were able to 
reach the maximal range of differentiation among the 
MLGs (Supporting Information Figure S2). The NPB by 
population varied between 40 for Touiref and 55 for 
Zaghouan populations. Descriptive statistics by popu-
lation showed that PPL ranged between 43.96% (at 
Touiref location) and 67.03% (at Zaghouan) and I ranged 
between 0.247 (at Touiref ) and 0.370 (at Zaghouan; 
Table 5). The H. triquetrifolium population at Zaghouan 
location appeared to be the most genetically diverse 
one, while Touiref location includes the most genetically 
similar individuals. The highest number of private alleles 
(PA = 3) was observed at El Aroussa and Le Krib loca-
tions. However, the lowest number of private alleles (PA 
= 1) was observed at Tastour, Mjez El Bab and Touiref 
locations.

Subpopulations 1, 2 and 3 included 14, 5 and 9 
individuals, respectively. Eight individuals were 
admixed. The number of polymorphic loci by genetic 

subpopulation ranged between 37 for subpopulation 
2 and 69 for subpopulation 3. Descriptive statistics 
by genetic subpopulation showed that the PPL ranged 
between 40.66% (subpopulation 2) and 75.82% (sub-
population 3) and I ranged between 0.232 (subpop-
ulation 2) and 0.394 (subpopulation 3; Table 5). 
Subpopulation 3 appeared to be the most genetically 
diverse, whereas subpopulation 2 included the most 
genetically similar individuals. Subpopulation 3 had 
the highest number of private alleles (PA = 6); the 
lowest number of private alleles (PA = 2) was observed 
in subpopulation 2 and subpopulation 1.

In addition, AMOVA showed that 21% of the total 
genetic diversity was observed among distinct popu-
lations and 27% among distinct subpopulations, while 
79% of the genetic diversity was explained by differ-
ences within each population and 73% within each 
subpopulation (Table 7(a,b)).

Phylogenetic relationship between H. 
triquetrifolium populations and individuals in 
Tunisia

Nei’s [44] genetic distances at population level showed 
that the lowest genetic distance based on ISSR data 

Figure 2.  Bayesian STRUCTURE clustering results based on the variation of 7 ISSR markers among 36 H. triquetrifolium indi-
viduals sampled from six populations in Tunisia. (a) Delta K values as a function of K; (b) The linear relationship between LnP(D); 
and (c) STRUCTURE output at K = 3. A: Zaghouan, B: El Aroussa, C: Le Krib, D: Tastour, E: Mjez El Bab, F: Touiref.
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was calculated between Zaghouan and El Aroussa 
(0.045); while the highest was calculated between Le 
Krib and Touiref (0.234; Table 8(a)). At subpopulation 
level, Nei’s genetic distance was the lowest between 
subpopulation 1 and subpopulation 3 (0.099), while 
the highest was calculated between subpopulation 2 

and subpopulation 3 (0.229; Table 8(b)). The pairs 
Zaghouan and El Aroussa and, Le Krib and Touiref 
showed similarly the highest (Nm = 10.369) and the 
lowest (Nm = 0.724) gene flow, respectively. The highest 
gene flow was also calculated between subpopulation 
1 and subpopulation 3 (Nm = 2.316; Table 8(a)).

Table 7. A nalysis of molecular variance (AMOVA) for 6 populations (a) and 3 genetic subpopulations (b) of H. triquetrifolium 
based on ISSR data.

a)

Source df SS MS Est. Var. %

Among populations 5 135,583 27,117 2,765 21%
Within populations 30 315,833 10,528 10,528 79%
Total 35 451,417 13,293 100%
b)
Source df SS MS Est. Var. %
Among subpopulations 2 89,805 44,902 3,988 27%
Within subpopulation 25 264,338 10,574 10,574 73%
Total 27 354,143 14,562 100%

df: degrees of freedom; SS: sum of squares; MS: mean square; Est. Var.: estimated variance; %: percentage molecular variance.

Figure 3. N eighbour-joining (NJ) tree between 36 H. triquetrifolium individuals based on Nei’s (1972) [44] genetic distance 
calculated using 7 ISSR markers. Individual ID was coded based on the location : A1, A2, A3, A4, A5 and A6 are individuals 
from Zaghouan; B1, B2, B3, B4, B5 and B6 are individuals from El Aroussa; C1, C2, C3, C4, C5 and C6 are individuals from Le 
Krib; D1, D2, D3, D4, D5 and D6 are individuals from Tastour; E1, E2, E3, E4, E5 and E6 are individuals from Mjez El Bab; F1, 
F2, F3, F4, F5 and F6 are individuals from Touiref. Individuals were colour-coded by genetic subpopulations as defined by 
STRUCTURE at K = 3.
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At individual level, the NJ tree based on Nei’s 
genetic distance showed the relationship between the 
36 H. triquetrifolium: three clusters were distinguished, 
in agreement with STRUCTURE subpopulations. 
Individuals from Le Krib location, represented by sub-
population 2, diverged from all the other individuals. 
In addition, the NJ tree confirmed the close relation-
ship between subpopulation 1 and subpopulation 3 
(Figure 3 and 4).

Discussion

Morphological and genetic markers have become the 
most important tools for plant conservation and plant 
breeding applications and for assessing diversity levels, 
population structure and plant evolutionary process 
[56–58]. H. triquetrifolium is an ecologically and eco-
nomically important plant species, with an increasing 
interest as an alternative source of hypericin and 
pseudohypericin, secondary metabolites known for 
their antidepressant, antiviral, antibacterial and anti-
tumor properties [18,19]. However, limited studies are 
currently available on H. triquetrifolium genetic diversity 
and phylogenetic relationship between individuals and 
populations [25,26,36,59,60]. Additionally, African 
Hypericum species are still poorly represented in world-
wide phylogenetic studies [36]. In this study, we ana-
lysed Tunisian H. triquetrifolium populations, collected 
from 6 geographic locations, using 10 morphological 
traits and 7 ISSR markers.

Several previous worldwide phylogenetic studies 
within Hypericum genus were carried out. These studies 
revealed the phylogenetic and morphological relation-
ships between members of the genus and, the com-
plex evolutionary history and lineage divergence of 
Hypericum species, including a cold induced diversifi-
cation and accelerated speciation rates in the Hypericum 
genus [25,26,36,59–61]. In order to molecularly confirm 
the collected Tunisian specimens as H. triquetrifolium 
and situate them in relation with other known related 

species, sequence comparison of the ITS region of six 
individuals with 214 previously published sequences 
was performed. The phylogenetic analyses revealed 
that Tunisian H. triquetrifolium belongs to section 9, 
9a, 9b and section 27, in accordance with the findings 
of Nürk et al. [26]. Meseguer et al. [36] also investi-
gated the phylogeny of Hypericum genus using ITS 
sequences to understand the complex evolutionary 
history of the genus. According to their results, H. 
triquetrifolium clustered with some members of the 
group Euhypericum. In another genetic study con-
ducted by Nürk et al. [26], H. triquetrifolium clustered 
in the core of the Hypericum clade with some members 
of the sections 9, 9a, 9b, 9d and 9e in accordance 
with our study and with the phylogenetic analysis of 
Crockett et al. [23]. In addition, Nürk and Blattner [8] 
analysed the genus Hypericum in the aspects of mor-
phological diversity. The results also showed that sec-
tion 9, which H. triquetrifolium belongs to, clustered 
together with the apomictic species of the group 
Euhypericum in agreement with the morphological 
classification of Robson [2].

According to ISSR and morphological diversity anal-
yses, the Zaghouan population was found to have the 
highest genetic and morphological diversities. However, 
the lowest genetic diversity and the lowest morpho-
logical diversity were found at Touiref and Tastour pop-
ulations, respectively. Additionally, the data measured 
revealed a lower genetic diversity than a morphological 
diversity, based on Shannon’s information index. The 
morphological features are polygenic and can be 
mostly altered by environmental factors [55,62]. Our 
results are in agreement with previous studies where 
Riazi et al. [63] reported that Hypericum species had a 
high variability in morphological characteristics. 
Bagdonaite et al. [64] also observed a vast ecological 
adaptation of Hypericum with a high morphological 
variability between populations. In our study, a mod-
erate level of genetic diversity was also observed. 
Barcaccia et al. [65] confirmed that facultative apomixis 

Table 8. P airwise Nei’s genetic distances (above diagonal) and pairwise Nm values (below diagonal) for H. triquetrifolium 
measured between the 6 populations (a) and between the 3 genetic subpopulations (b) using ISSR data.

a)

Populations Zaghouan El Aroussa Le Krib Tastour Mjez El Bab Touiref

Zaghouan 0.000 0.045 0.190 0.088 0.109 0.108
El Aroussa 10.369 0.000 0.152 0.108 0.111 0.125
Le Krib 1.314 1.517 0.000 0.210 0.198 0.234
Tastour 5.697 2.848 0.903 0.000 0.093 0.120
Mjez El Bab 3.085 2.472 0.898 2.916 0.000 0.082
Touiref 3.027 1.963 0.724 1.832 3.178 0.000
b)
Subpopulation Subpopulation 1 Subpopulation 2 Subpopulation 3
Subpopulation 1 *** 0.229 0.099
Subpopulation 2 0.720 *** 0.200
Subpopulation 3 2.316 1.249 ***
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is the prevalent mode of reproduction in H. perforatum 
populations. The correlation between genetic diversity 
level and reproductive potential was reflected in some 
populations that were characterized by high number 
of genotypes and very low levels of apomixis [4,66]. 
We can suggest here that the facultative apomixis 
mode of reproduction observed in Hypericum species 
could explain the moderate level of genetic diversity 
in our study.

Overall H. triquetrifolium populations in Tunisia were 
revealed to be genetically structured with a high 
genetic differentiation; in agreement with previous 
analyses [33]. We noted that population from Le Krib 
location was genetically distinct. In fact, from the Nei’s 
genetic distance, the pairwise Nm, the PCoA analysis 
and the STRUCTURE results based on ISSR markers, 
the population at Le Krib location showed a high dif-
ferentiation and isolation from all the other popula-
tions. Because the genetic diversity was not performed 
on the same individuals than the morphological 
assessment, no conclusion can be done on the cor-
relation between studied genetic and morphological 
traits. However, because the individuals sampled from 
Le Krib location did not present specific morphological 
traits but were genetically clustered, we can suggest 
here that no correlation between genetic and mor-
phological traits should be expected. Several factors 
have been reported to affect the genetic diversity level 
and population structure such as mating/breeding 
system of species, reproductive potential, seed disper-
sal, pollination dynamics and founder event of the 

populations [57,67]. For example, inbreeding could 
have deleterious effects, leading to genetic erosion 
and fitness reduction in small outcrossing populations. 
Habitat fragmentation or degradation and loss in indi-
viduals might also be a serious problem on fragmented 
populations [57,65]. Additionally, anthropogenic effects, 
physical barriers (mountain, forests, geographical dis-
tance, roads and new established cities) also affect the 
genetic diversity and even the viability of the popu-
lations and their structure [20,56,68,69]. In our study, 
physical barriers such as a mountain and forests and 
specific local environment, could be the reason for 
this difference in the population at Le Krib location, 
which spreads in sub-humid habitats, while the other 
populations spread in upper semi-arid (El Aroussa, 
Tastour, Mjez El Bab and Touiref ) or lower semi-arid 
(Zaghouan) zones. So far, no study has reported the 
genetic diversity of Tunisian H. triquetrifolium popula-
tions and its association with the geographic origin 
or distance. Our genetic diversity analysis and popu-
lation structure results showed an East-West gradient: 
individuals sampled within the northwestern location 
(Le Krib and Touiref ) were genetically more similar 
than individuals sampled within the northeastern loca-
tion(Zaghouan, El Aroussa, Tastour, Mjez El Bab); and 
subpopulation 1 and subpopulation 2 were exclusively 
present in the northeastern location and northwestern 
location (Le Krib), respectively. Furthermore, we can 
suggest here that the H. triquetrifolium in Tunisia was 
at first probably endemic in Zaghouan (North-East), 
the population that showed the highest genetic 

Figure 4. G enetic composition of Tunisian H. triquetrifolium populations at each of the 6 sampling locations. A: Zaghouan, B: 
El Aroussa, C: Le Krib, D: Tastour, E: Mjez El Bab, F: Touiref. Six individuals were genotyped at each location and individuals 
were colour-coded by genetic subpopulations as defined by STRUCTURE at K = 3.
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diversity. In fact, the centre of diversity much likely 
constitutes the centre of origin for several plant spe-
cies [70]. From this lower semi-arid zone of Zaghouan, 
H. triquetrifolium could have spread toward the West 
side, to found populations in the upper semi-arid and 
sub-humid zones. The H. triquetrifolium populations at 
Le Krib (subpopulation 2) and Touiref (subpopulation 
1), represented each by one genetic subpopulation, 
were probably founded from one establishment event 
each. In addition, our analyzes revealed subpopulation 
3 as the most diverse and the most widespread sub-
population, and the close genetic proximity between 
subpopulation 3 and subpopulation 1. These results 
suggested that subpopulation 1 and subpopulation 2 
were probably derived from subpopulation 3; the 
divergence (founder effect) of subpopulation 1 hap-
pened more recently than the divergence of subpop-
ulation 2.

In this study, although an East-West genetic gradi-
ent was observed, no significant correlation (p = 0.09; 
Rxy = 0.109) between genetic diversity and geographic 
distance among H. triquetrifolium populations was 
revealed overall. Genotypes belonging to the same 
genetic subpopulation have been found in geograph-
ically distant locations (for example genotypes of sub-
population 1 were found in Mjez El Bab and Touiref ) 
and genotypes belonging to distant genetic subpop-
ulations have been found at the same geographic 
location (for example genotypes of subpopulation 1 
and subpopulation 3 were found in Zaghouan, El 
Aroussa, Mjez El Bab and Tastour). In fact, high level 
of gene flows were observed between Zaghouan and 
El Aroussa (Nm = 10.369), and between Zaghouan and 
Tastour (Nm = 5.697). In addition, a much lower genetic 
variability between populations was revealed com-
pared to within population. Several cultural practices, 
mainly the transport of cereal straw bales contami-
nated with H. triquetrifolium stems from one region to 
another, could be the principal factor for the spread 
of this invasive weed in Tunisia. However, Le Krib pop-
ulation presents a genetically distinct population 
because of its specific sub-humid micro-climate, its 
mountains/forest surroundings and its isolation by dis-
tance, reducing the gene flow between this location 
and the other regions within this outcrossing species. 
In fact, both northwestern locations, Le Krib and 
Touiref, are also characterized by higher altitudes 
(>450 m) than the other locations (<250 m). There alti-
tude isolation could also explain their lower genetic 
diversities; each location was exclusively represented 
by individuals belonging to one genetic subpopulation. 
Morshedloo et al. [29] assessed the genetic diversity 

in 10 natural populations of H. perforatum growing in 
Iran using ISSR markers, and no significant correlation 
between genetic and geographical factors was found. 
However, some studies investigated the chemical com-
position of some Hypericum species, including H. tri-
quetrifolium, in Tunisia, and showed a correlation with 
the geographic locations [13,16]. In addition, Hosni et 
al. [13] investigated the fatty acid composition of 
Tunisian H. triquetrifolium populations; the authors 
observed that six out of the nine populations exhibited 
a good correspondence between fatty acid composi-
tion and geographic origin.

Although investigations on Tunisian H. triquetrifo-
lium were limited, there are some genetic studies on 
other Hypericum genus members [30,31,71]. The pat-
tern found here in the Tunisian H. triquetrifolium pop-
ulations, i.e. a genetic structure not showing a 
complete geographic pattern, a high level of genetic 
differentiation, and a highest genetic diversity in the 
lower semi-arid zone, was also reflected in previous 
studies on other Hypericum species in Tunisia. In fact, 
Béjaoui et al. [32] investigated the population struc-
ture and genetic diversity of 16 natural H. humisufum 
populations from different bioclimatic conditions and 
assessed the genetic variability by using isozymes. 
They observed high level of genetic diversity and 
heterozygosity within populations. Also, relatively 
high level of differentiation and restricted gene flow 
between the populations were observed. Researchers 
stated that the grouping of populations was not 
related to geographic region and/or climatic factors 
and this divergence could have resulted from habitat 
fragmentation and outcrossing. When using RAPD 
markers to assess genetic diversity among and within 
seven H. humisufum populations from Tunisia, Béjaoui 
et al. [71] also showed an overall high level of genetic 
differentiation and limited gene flow among popu-
lations. The sub-humid zone (represented by Edkhila) 
was also genetically distinct using RAPD markers with 
the lowest genetic diversity (based on Shannon diver-
sity index and percentage of polymorphism) and was 
closely related with one population from the lower 
semi-arid zone. Béjaoui et al. [32] also suggested that 
the variation among H. humisufum populations was 
due to bioclimatic zones: semi-arid and lower 
semi-arid zones showing the lowest and highest level 
of genetic diversity (for number of alleles per poly-
morphic loci, mean PPL and observed heterozygosity), 
respectively. These results suggest that, similarly to 
H. triquetrifolium (in our study), H. humisufum popu-
lations could have also evolved by founder effect 
from lower semi-arid zones.
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Conclusions

In this study, we aimed to investigate the morpho-
logical and genetic diversities of H. triquetrifolium 
populations in Tunisia. The results based on ISSR and 
ITS data indicated (i) a moderate overall genetic diver-
sity level; (ii) a significant genetic differentiation, with 
Le Krib population (sub-humid climate) grouped in a 
single subpopulation, divergent from the two other 
genetic subpopulations; (iii) a variable level of gene 
flow between populations (high between Zaghouan 
and El Arroussia, and low between Touiref and Le Krib) 
and between genetic subpopulations (high between 
subpopulation 1 and 3, and low between subpopula-
tion 2 and 3); (iv) a low association of population 
structure with geographic origin of the individuals; 
and (v) phylogenetically, H. triquetrifolium clustered 
within 9, 9a, 9b and section 27 of the Hypericum 
genus. In addition, the morphological analysis indi-
cated that (i) the diversity based on morphological 
traits was higher than the diversity based on ISSR 
data; (ii) the individuals from Zaghouan location were 
the most diverse morphologically, in agreement with 
genetic results based in ISSR markers and suggesting 
that Zaghouan (lower semi-arid bio-climate) is the 
most probable zone of origin of the H. triquetrifolium 
populations in Tunisia; (iii) the individuals from Le Krib 
location were not differentiated morphologically from 
the individuals of other five locations, despite of their 
genetic divergence compared to them; (iv) the mor-
phological traits appeared to be more complex and 
therefore more difficult to reveal the population struc-
ture than the ISSR markers. All these results could 
highly contribute to the control and the conservation 
of H. triquetrifolium populations in Tunisia and the 
genomic pool of the species worldwide. Therefore, 
further genetic investigations must be done such as 
on chromosome and ploidy variations, and on repro-
duction habits. Additionally, a more exhaustive sam-
pling could help us to confirm our findings and get 
a better picture of the genetic diversity of H. triquet-
rifolium in Tunisia.
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