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Abstract: Diversity in Pistacia has been evaluated at all molecular levels using the internal transcribed
spacer 1 (ITS1) marker in three species (Pistacia atlantica subsp. atlantica; Pistacia vera and Pistacia
terebinthus), and compared with other Pistacia species. Results showed that the ITS amplification and
sequencing, followed by phylogenetic analyses, identify the species and confirm their classification,
which revealed that it can be used as a marker. Our results suggest that ITS1 analyses might provide
a simple and inexpensive approach to validate the species of samples collected from the natural
population, where species identification can be difficult, especially if hybrids are present or if the
season is not optimal for identifying differences in morphological traits.
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1. Introduction

Species of the genus Pistacia are dioecious trees which belong to the family Anacar-
diaceae and are widely distributed in the Mediterranean region, Middle Eastern areas and
Canary Islands [1,2]. Pistacia genus is believed to have originated in Central Asia 80 million
years ago [3].

Although the most economically important species is P. vera L., due to nut production,
other species such as P. atlantica Desf., P. terebinthus L. and P. integerrima L. are of interest,
as they are used as rootstocks for pistachio cultivation [4]. In addition, the cultivation
of pistachio and other Pistacia species is also particularly important for some Mediter-
ranean countries, as they are drought-resistant, and are used as windbreaks and for soil
conservation against erosion [2].

Due to its resistance to drought, the Atlas pistachio (Pistacia atlantica Desf. subsp.
atlantica) has been proposed for use in reforestation programs and to help prevent advance
of the desert [5]. Furthermore, this species has traditionally been used for many medical
and pharmaceutical applications [2].

Unfortunately, this species is affected by climatic conditions, but above all by anthro-
pogenic activity, which leads to a degradation of the stands. Therefore, it is important to
preserve its genetic variability, but it is equally important to distinguish this species from
others of the genus Pistacia which occur in the same area of dispersal.

For a long time, diversity among and within the Pistacia species has been mainly
based on morphological and phenotypic characteristics. Nowadays, molecular markers
are a useful complement to these characteristics, because they are used for the detection of

Diversity 2022, 14, 1051. https:/ /doi.org/10.3390/d14121051

https:/ /www.mdpi.com/journal/diversity


https://doi.org/10.3390/d14121051
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/diversity
https://www.mdpi.com
https://orcid.org/0000-0002-4859-6363
https://orcid.org/0000-0002-3772-4374
https://orcid.org/0000-0003-0033-6930
https://orcid.org/0000-0002-8829-8205
https://orcid.org/0000-0002-2121-5268
https://orcid.org/0000-0002-9863-150X
https://doi.org/10.3390/d14121051
https://www.mdpi.com/journal/diversity
https://www.mdpi.com/article/10.3390/d14121051?type=check_update&version=4

Diversity 2022, 14, 1051

2 0f9

genetic variability. They present a high degree of polymorphism and they are abundant in
the genome, independent of tissue or environmental effects and allow cultivar identification
in the early stages of development [6,7].

Taxonomic classification and identification of mastic trees is extremely limited and
not yet fully carried out. The use of molecular data has significantly increased the under-
standing of their systematic at different taxonomic levels [8]. Molecular classification of
10 Pistacia species was first reported by Parfitt and Badenes [9]. Nevertheless, it is not easy to
distinguish these different genotypes. In Turkey, Kafkas and Perl-Treves [10] have reported
the taxonomic relationships and genetic variations of wild Pistacia germplasm, including P.
atlantica, P. terebinthus and P. eurycarpa using morphological data and random amplified
polymorphic DNA (RAPD). In Syria, a molecular evaluation was carried out using the
Amplified Fragment Length Polymorphism (AFLP) technique on P. vera varieties [11].

Commonly used molecular markers for lower-level phylogenetic analysis in plants
are the internal transcribed spacer (ITS) regions of nuclear ribosomal DNA [12,13]. This
makes the ITS region an interesting subject for evolutionary investigations [11], as well
as biogeographic investigations [14,15]. In fact, the phylogeny of Pistacia has previously
been reconstructed with ITS sequences [16,17], and ITS1 has also been studied previously
to assess genetic diversity in some Pistacia species [16-18]. Recently, ITS, along with Inter
Simple Sequence Repeat (ISSR), Simple Sequence Repeat (SSR) and Random Amplification
of Polymorphic DNA (RAPD) markers, were used to evaluate patterns of genetic variation
and phylogenetic relationships in 24 wild-type mastic trees of P. lenticus L. in Turkey [19].

The main objective of this study is the validation of ITS1 sequences for the assignment
of species in the genus Pistacia and the reconstruction of their phylogenetic relationships.
For that reason, we confirm the identification of Algerian samples of Atlas pistachio trees
(Pistacia atlantica subsp atlantica) and Italian samples of P. vera and P. terebinthus. This was
carried out based on the comparison of their ITS1 sequences, characterized in this study
with those available in GenBank for the genus Pistacia (https:/ /www.ncbinlm.nih.gov/
taxonomy /?term=Pistacia; accessed on 27 July 2021). Afterward, intra- and inter- specific
phylogenetic relationships were studied for these sequences.

2. Materials and Methods
2.1. Plant Materials

Extraction and molecular assessments were carried out from samples of young leaves
from two Atlas pistachio trees originating from the Batna forest (395 km East of Algiers;
35°37'10"” N, 6°22/13" E; altitude 1027 m), and from four trees from the Botanical Garden of
Padova (492 km north of Rome, Italy, 45°23'34” N, 11°54/10” E, altitude 25 m) relating to
the species P. vera and P. terebinthus (Figure 1).

Figure 1. Pistachio Terebinth tree of Botanical Garden in Padova (Italy) (A); Atlas pistachio tree in
region of Batna (Algeria) (B). Photos: Labdelli A.
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2.2. DNA Extraction

Total DNA was extracted from fresh-leaf material using the modified CTAB method
of Doyle and Doyle [20]. A 100 mg sample of young leaf tissue were manually ground into
a smooth powder in liquid nitrogen using a plastic micro-pestle, added to 2 mL Eppendorf
tube and mixed with 900 uL of CTAB extraction buffer, containing 1 M TRIS-HCI (pH 8),
5M Na(l, 0.5 M EDTA, 2% CTAB, 2% polyvinylpyrrolidone PVP, 0.2% b-mercaptoethanol
and 0.1 % NaHSOj3. Samples were incubated at 65 °C for 1 h, mixed with an equal volume of
chloroform-isoamyl alcohol (24:1) and centrifuged for 5 min at 20,784 x g. The supernatant
was transferred into a new 2 mL Eppendorf tube and mixed with an equal volume of
ice-cold isopropanol to precipitate the DNA and left at —80 °C for 1 h [21,22]. The tubes
were gently inverted several times. The nucleic acid pellet was recovered by centrifugation
(20,784 x g for 5 min), washed with 1 mL of 10 mM ammonium acetate in 76% ethanol for a
few minutes, dried for 15 min at room temperature and re-suspended in 100 uL modified
TE buffer (pH 8); (10 mM TRIS-HCI, 0.1 mM EDTA) with RNAase (5 ug/mL) [7]. DNA
integrity was ascertained by DNA staining after agarose electrophoresis (EuroSafe Nucleic
Acid Stain, Euroclone, Italy). Extracted DNA was diluted with milli-Q purified water to
20 ng/pL and used for polymerase chain reaction (PCR) amplification.

2.3. Amplification and Purification of ITS1 Region of rDNA

This study has only targeted the ITS1 region located between the regions encoding
the large subunits (18 S and 5.8 S) of ribosomal RNA. This region is among the most
conserved in plants [12,14], and has already been used in the genus Pistacia [14]. The
PCR amplification reaction volume is 20 pL, consisting of 1.7 uL of DNA, 0.4 pL of each
primer (Forward: GCGAACCTGTCTCATCATCATCATCATCATCG and Reverse: CAC-
CAAGTATCGCATTTCTCGCGCGCGCGCGCGQ), 4 uL reaction buffer (5X Green GoTaq®
Reaction Buffer, Milano, Italy), 0.8 uL MgCl, (50 mM), 0.8 uL dNTPs, 0.2 uL pfu (Promega,
PFU DNA Polymerase, 5 U/uL) and 11.7 pL ultrapure water. The reactions were carried
out according to the following procedure: the first phase of initial denaturation of the
DNA (94 °C for 10 min) was followed by 35 cycles of amplification of the target region
(each cycle comprising: 45 s denaturation at 94 °C, 45 sechybridization at 54 °C and 2 min
extension at 72 °C), and a final step of extension at 72 °C for 10 min [21]. The primers used
for the amplification of the ITS1 region of interest were synthesized by BMR Genomics
(http:/ /www.bmr-genomics.it/, accessed on 11 April 2016).

The amplified products were detected by electrophoresis on a 1% agarose gel contain-
ing a Eurosafe nucleic acid staining solution (Nucleic acid staining solution 20,000x). The
PCR products were purified prior to sequencing using the PureLink® PCR purification kit
(Invitrogen by Life Technologies, Wiesbaden-Nordenstadt, Germany).

2.4. Sequencing and Alignment of ITS Sequences

Sequencing was performed with PCR-amplified ITS1 region rDNA (400 ng) by BMR
GENOMICS SRL, Padova, Italy.

The obtained DNA sequences were compared with homologous sequences available
in the NCBI (National Centre for Biotechnology Information) GenBank database using the
BLAST program (Basic Local Alignment Search Tool) [23]. Our sequences were then entered
into a matrix and aligned with homologous sequences of pistachio trees recovered from
GenBank using Fast Fourier Transform (MAFFT) program (version 7) [24]. The resulting
aligned sequences file in FASTA format [25] was viewed and verified using the sequence
editor BioEdit software (Version 7.0) [26].

Thus, the first matrix of 107 aligned ITS sequences was constructed, comprising
our six sequences (P. atlantica Desf. subsp atlantica, P. vera L., P. terebinthus L.) and a
set of ITS sequences (obtained by Blast) of the genus Pistacia. Following a preliminary
phylogenetic analysis of this total matrix, only 44 sequences were retained, including
six sequences of interest, thirty-six representatives of the phylogenetic diversity of Pistacia
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and two outgroups (Cotinus coggygria, AY510157; Rhus chinensis, KP093194), to simplify the
analysis and visualisation of the results (Table 1).

Table 1. List of GenBank accession numbers of the ITS sequences used in this study.

N° Abbreviation BLAST GenBank Access Number Species Name

1 KJ018023Patl1 KJ018023 Pistacia atlantica Desf.

2 EF193076Patl2 EF193076 Pistacia atlantica Desf.

3 EF193077Patl3 EF193077 Pistacia atlantica Desf.

4 HE652105PatlxPver HE652105 P. atlantica x P. vera cultivar BIO200, clone BIO200_5
5 HE652103PatlxPver HE652103 P. atlantica x P. vera cultivar BIO200, clone BIO200_3
6 HE652102PatIxPver HE652102 P. atlantica x P. vera cultivar BIO200, clone BIO200_2
7 HE652101PatlxPver HE652101 P. atlantica x P. vera cultivar BIO200, clone BIO200_1
8 KF664185Paet KF664185 Pistacia aethiopica voucher Yi12041(KUN)

9 DQ390466Pchil DQ390466 Pistacia chinensis

10 KF664186Pcuc2 KF664186 Pistacia cucphuongensis voucher SK Dell 1100(US)
11 EF193081Pint1 EF193081 Pistacia integerrima voucher Parfitt 54

12 EF193105Pkhil EF193105 Pistacia khinjuk

13 KT956135Plenl KT956135 Pistacia lentiscus L.

14 KY549573Plen8 KY549573 Pistacia lentiscus L.

15 KF664188Pmex1 KF664188 Pistacia mexicana voucher Wen8675(US)

16 KY549576Pter4 KY549576 Pistacia terebinthus L.

17 EF193084Ptersubpal4 EF193084 Pistacia terebinthus L.

18 EF193096Ptersubpal5 EF193096 P. terebinthus subsp. palaestina voucher Golan 1.222 clone 1
19 EF193086Pter5 EF193086 Pistacia terebinthus voucher Golan 1.350

20 KJ018021Pver2 KJ018021 Pistacia vera L.

21 KJ018020Pver3 KJ018020 Pistacia vera L.

22 KJ018022Pver9 KJ018022 Pistacia vera L.

23 KJ018018Pver4 KJ018018 Pistacia vera L.

24 AY677201Pver6 KJ018022 Pistacia vera L.

25 MH447397Pverl MH447397 Pistacia vera L.

26 MH447395Pver10 MH447395 Pistacia vera L.

27 MH447393Pverl1 MH447393 Pistacia vera L.

28 MH444793PverculMaw MH444793 Pistacia vera L.

29  MH444724PverculMaw MH444724 Pistacia vera L.

30 MH444689PverculKe MH444689 Pistacia vera L.

31 EF193089Pver8 EF193089 P. vera voucher Wen 7099 clone 1

32 EF193090Pver5 EF193090 P. vera voucher Wen 7099 clone 2

33 EF193091Pver7 EF193091 P. vera voucher Wen 7099 clone 3

34 KF664190Pweil KF664190 Pistacia weinmaniifolia

35 EF193103Pxsap1 EF193103 Pistacia x saportae voucher T10 clone 4

36 KY549571Pxsap5 KY549571 Pistacia x saportae

37 AY510157Cotcog AY510157 Cotinus coggygria

38 KP093194Rhchin KP093194 Rhus chinensis

39 PatlB7 (in this study) ONO026857 Pistacia atlantica Desf.B7

40 PatlB4 (in this study) ONO026858 Pistacia atlantica Desf.B4

41 Pter44 (in this study) ON026856 Pistacia terebinthus 1L.44

42 Pter45 (in this study) ONO026855 Pistacia terebinthus L.45

43 Pvera) (in this study) ON026854 Pistacia vera L.5

44 PVera?7 (in this study) ONO026853 Pistacia vera L.7

2.5. Phylogenetic Analysis

Phylogenetic analyses of the aligned ITS sequence matrices were performed using
MEGA-7 software version 7.0 [27], using the maximum parsimony (MP) method. The
robustness of the clades in percent confidence was evaluated by a bootstrap test with

1000 replicates [28].
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3. Results
ITS Amplification and Sequence Comparison

The amplified band size of the ITS1 region of all samples (P. vera L. (Pver5; Pver7),
P. terebinthus L. (Pter44; Pter45) and P. atlantica Desf. subsp atlantica (PatlB4; PatlB7) was
approximately 300 bp (Figure 2).

Figure 2. Agarose gel electrophoresis of the ITS1 region of: P. vera L., line 1 (Pver5) and line 2 (Pver7);
P. terebinthus L., line 3 (Pter44) and line 4 (Pter45); and P. atlantica Desf. subsp atlantica, line 5 (PatlB4)
and line 6 (PatlB7); M: Marker 100 bp ladder.

Multiple sequence alignment analysis (Table 2; Figure S1) showed a length of
248 nucleotide sites, of which 61 sites were variable (V) (24.6%), 185 were conserved
(C) (74.60%), 40 were informational sites (Pi) (Parsimony-informative: 16.13%) and 21 were
automorphic sites or Singletons (S) (8.41%).

Table 2. Site characterization of the sequences obtained.

Type of Site Number of Sequences
Total number of sites 248
Number of sites retained (C) 185 (74.60%)
Number of variable sites (V) 61 (24.60%)
Number of informative sites (Pi) (Parsim-info) 40 (16.13%)
Number of Singleton sites (S) 21 (8.47%)

The phylogenetic tree resulting from the analysis of ITS sequences is shown in Figure 3.
It can be observed that all of the samples relating to pistachio tree species are descended
from a common ancestor, thus forming a monophyletic group distinct from the outgroup.
In addition, P. mexicana presented as an ancient lineage in a sister position to all other
pistachio trees. The latter form a large monophyletic group which is well-supported by
ITS1, with 93% bootstrap. This large group diversified from a common ancestor into
three divergent evolutionary lines equidistant from each other (polytomy) represented by
clades A, B and C (Figure 3). Despite having a significant number of informative sites for
the genus, these three clades did not present bootstraps values higher than 70, although the
synapomorphies were significant in two of the three groups (with values of 3 and 10). All
of our newly sequenced samples (coloured blue for P. vera L., green for P. terebintus L., and
red for P. atlantica Desf.) were included in a monophyletic group, clade C, which is mainly
composed of all samples of P. vera L., including cultivars, P. atlantica Desf., their hybrids
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and those of P. terebinthus L. This line C has itself diversified into three subclades, c1, c2
and c3, the latter showing the highest divergence (three synapomorphies and a bootstraps
value greater than 70) from the other two. The two individuals of the local population of
Atlas pistachio of Batna (PatlB4, PatlB7) position themselves unambiguously with the three
reference sequences of P. atlantica Desf. Hence, they form a monophyletic subgroup (c2) of
various origins, distributed from Asia to the Mediterranean region [14]. This confirms the
taxonomic identification of our PatlB4 and PatlB7 samples. Moreover, it is highly interesting
to note that this subgroup c2, although it is not robustly distinguishable not only from the
samples of P. vera L. and P. terebinthus L. that we obtained from the Botanical Garden of
Padova (Italy), but also from the few individuals of GenBank identified with hybrids of
P. atlantica Desf. and P. vera L., which are positioned with P. vera L. samples in subgroups c1
and c3. Concerning the two P. vera L. samples from the Botanical Garden of Padova, it is
conspicuous that they are clearly distinguished from each other; one relates to subgroup c1
(Pvera?) and the other to c3 (Pvera5). Finally, as demonstrated on the tree, the two samples,
Pter44 and Pter45, belong to the same lineage (P. terebinthus L.) within subclade c1, where
it is surprisingly positioned as a sister species to Pvera7, and not in clade A with other
P. terebinthus L. specimens.

KJ018018Pver4
HE652101PatIxPver
— EF193089Pver8
AY677201Pver6
MH447397Pverl
KJ018020Pver3 P. vera group
27 Pvera5
c3 3 MH444724PverculKer
HE652102PatIxPver
EF193105Pkhil
80 | EF193091Pver7
1 MH444689PverculKe
EF193090Pver5
KJ018021Pver2
KJ018022Pver9
C EF193076Patl2 .
3 EF193077PatI3 P. atlantica group
€2 — —ki018023Patl1
63 | PatIB7
2 PatiB4
HE652105PatIxPver
58 I Pterd4 .
ﬂPteMS P. wvera and hybrids
" 2 Pvera7
03 €171 |MH447395Pver10 group
3 1 HE652103PatIxPver
MH447393Pverll
MH444793PverculMaw
9 %KY549573P|en8
5 KY549571Pxsap5
f;;‘:csm B - 9 KF664185Paet
99 82 | KT956135Plenl
& 1 'EF193103Pxsapl
84 A KF664186Pcuc2
A 68 4 — KF664190Pweil
1 a3 1 DQ390466Pchil )
B 6 TEF193081P|nt1 P terebinthu
—— EF193096Ptersubpals . s group
! % | KY549576Pterd
2 83 | EF193086Pter5
1 'EF193084Ptersubpald
KF664188Pmex1
100 #AV510157C0tc0g

8

— KP093194Rhchin} Outgroup

Figure 3. Phylogenetic tree of Pistacia pecies based in Maximum Parsimony analysis of taxa.

The evolutionary history was inferred using the Maximum Parsimony method. The
most parsimonious tree with length = 86 is shown (Figure 3). Bootstrap values (with
1000 replicates) are shown above the branches when they are greater than 70. Below
the inner branches, the numbers of synapomorphy changes are given, and the terminal
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branches give the numbers of autapomorphy. Newly sequenced samples are coloured blue
for P. vera, green for P. terebinthus and red for P. atlantica Desf. The consistency index is
(0.725806), the retention index is (0.912371) and the composite index is 0.729897 (0.662205)
for all sites and parsimony-informative sites (in parentheses). The percentage of replicate
trees in which the associated taxa clustered together in the bootstrap test (636 replicates)
is shown next to the branches [28]. The MP tree was obtained using the Subtree-Pruning-
Regrafting (SPR) algorithm [29] (p.126) with search level 1, in which the initial trees were
obtained by the random addition of sequences (10 replicates). The names of the samples are
indicated as accession number, initials of the species name and clone number (see Table 1).

4. Discussion

Our results show a relatively high variability of ITS1 sequences within the genus
Pistacia (about 16%) (Table 2), indicating that the ITS1 region appears to contain a good
proportion of phylogenetically informative sites in these species. Pi sites are useful for
determining phylogenetic relationships, and the higher their rate, the more they condition
the most parsimonious phylogenetic tree and, thus, the most reliable hypothesis of kinship
relationships.

In the literature, the genetic diversity found in ITS sequences of P. atlantica Desf. was
relatively low in relation to other species of Pistacia. In our study, all five sequences of
this species showed greater than 99% identity and a low value of diversity compared to
the identity of P. vera, which was lower than 94% identity. Their sequences appear in
two different subclades. Esmailpour [30] has explained that this may be due to a significant
decline in its habitat, in addition to over-harvesting, resulting in genetic erosion. In this
sense, Pazouki et al. [31] have suggested that the low genetic diversity of P. atlantica subsp.
kurdica could be sensitive to environmental changes and disease attacks, and that protection
against loss of genetic diversity is an urgent need.

The results of Al Sousli et al. [22], based on molecular data, have shown that P. vera
L. was closer to P. atlantica Desf. than P. terebinthus L. These results are consistent with
Kafkas and Perl-Treves [32], who found that P. terebinthus L. was the most diverged species
based on their RAPD data. In relation with the two analysed samples of P. terebinthus L.,
Pter44 and Pter45 are positioned in clade C with P. vera L. specimens and not with other
P. terebinthus L. samples (clade A). This result would suggest an identification problem for
these samples, or that we may be dealing with P. vera x P. terebinthus hybrids. This will
need to be examined in more detail in the future by other molecular markers to clarify the
nature of the relationships between these samples with such little divergence.

Despite the near-universal usage of ITS sequence data in plant phylogenetic studies, its
complex and unpredictable evolutionary behaviour reduces its application for phylogenetic
analysis. In fact, in the tree obtained in this study, some clades were not well resolved. It has
been suggested that more reliable results are likely to emerge from the use of single-copy
or low-copy nuclear genes [33].

ITS sequence data have provided, and may continue to provide, insights into phyloge-
netic history, polyploid ancestry, genome relationships, historical introgression and other
evolutionary questions [34], but the data generated will only have the most lasting value if
compared with data gained with other sequences.

The data on ITS sequence length and diversity may be a useful parameter for the
assessment of genetic diversity at the intra-specific level, although the level of diversity is
much higher at the inter-specific level in different groups of plants [35].

The sequencing of ribosomal DNA (rDNA) has become a commonly used procedure
and one of the most widely applied molecular markers for reconstructing plant phylogenies
at the intra-family level (intra- and inter-generic and inter-specific levels) [11], as demon-
strated by the increasing number of publications discussing polymorphic rDNA [33,34,36].

Perhaps even more striking is the fact that 34% of all published phylogenetic hypothe-
ses are based exclusively on ITS sequences [33]. Optimally, phylogeographic analyses
should be based on more than one genome, and nuclear phylogeographic based on ri-



Diversity 2022, 14, 1051 80f9

bosomal ITS, introns or exons of genes will become increasingly important as a result of
decreasing costs of DNA sequencing [37].

5. Conclusions

Our results are in agreement with previous findings, and suggest that ITS1 analyses
could provide a simple and inexpensive approach to validate the assignment of some
species where identification is not always easy, especially if hybrids are present or if the
season is not optimal to highlight differences in morphological traits. This study has shown
that the analysed samples of pistachio species from Algeria and Italy come from a common
ancestor. In addition, it has verified the low variability among samples of the Atlantic
pistachio compared to other species. The pistachio tree is of great ecological and economic
interest, so it is advisable to preserve it from various natural and anthropogenic threats.
Studies, such as those carried out in this work, help to identify genetic diversity between
and within species.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/d14121051/s1, Figure S1: Multiple alignment of nucleotide sequences of the ITS1 region of the
DNAnr (5.8 S) performed by Geneiuos Prime software on 44 samples of the genus Pistacia.
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