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Abstract Pistacia genus is botanically classified in
the Sapindales order and the Anacardiaceae family,
and the member of this genus P. eurycarpa is used
as a rootstock for pistachio. Due to its rich oil con-
tent, various soaps are produced from the green peels
of P. eurycarpa nuts and are used in the cosmetic
industry as soap. In the current study, we aimed to
release the complete chloroplast genome of P. eury-
carpa to detect the relationship of the members of
the Sapindales and also Pistacia genus. The length of
the chloroplast genome of P. eurycarpa was identi-
fied 160,693 (bp) and consisted of the distinct parts
of the genomic fragments such as LSC, SSC, and
IR regions. The length of the LSC was 88,410 (bp),
and SSC genomic range represented a total of 19,087
(bp). Inverted regions length was 26,598 (bp). A
total of 125 genes were determined within the whole
chloroplast genome of P. eurycarpa. The number of
simple sequence repeats (SSRs) in the chloroplast
genome was computed as 74. Three main clusters
defined the dendrogram of all accessions. The clos-
est pairs of species were identified among the P.
eurycarpa and P. vera species. The farthest genetic
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relationship was calculated among the members of
the Sapindales species Mangifera indica and the
Fagales species Castanea mollissima. The sequences
of the chloroplast genome of P. eurycarpa species
can be evaluated for the construction of the basis of
the complete evolution of the order, genera, and the
development of the SSRs for species-specific mark-
ers for revealing the evolution of Pistacia species for
future breeding research.
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Introduction

Pistacia L. genus takes place within the Sapindales
order, and it is a member of the Anacardiaceae fam-
ily. Horticultural important species such as mango,
pepper tree, and sumac are also members of the
Anacardiaceae (Kafkas et al. 2006). The genus Pista-
cia contains at least eleven species with more sub-
species (Kafkas 2006). Pistacia species are generally
dioecious flowering structure with a few exceptions
(Kafkas et al. 2000). P. eurycarpa is one of the most
significant species within the Pistacia, and is believed
to be derived from ancestral species of P. vera (Kaf-
kas 2019).

Taxonomic investigation of the genus Pistacia was
first performed by Zohary (1952) in several morpho-
logical traits of the accessions. The researcher stated
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that P. eurycarpa has not evaluated a novel species,
and it could be a subspecies of P. atlantica (var.
kurdica); despite the detection of the distinct species
from other wild Pistacia species by Yaltirik (1967).
He reported that six different species were recorded
in Tiirkiye, especially in southeastern regions such
as P. terebinthus, P. eurycarpa, P. khinjuk, P. vera, P.
atlantica and P. lentiscus. Yaltirik added a new spe-
cies to the literature used as a rootstock for pistachios
in Tirkiye, and reported that the P. eurycarpa spe-
cies is a different species from others. However, since
this is different from Zohary’s classification, Yaltirik
(1967) distinguished P. eurycarpa from P. atlantica
in terms of two features. Firstly, P. atlantica has a
petiole blade that continues from the terminal leaflet,
but the petiole blade of P. eurycarpa is narrower, and
sometimes present and sometimes empty. Another
feature is that its nuts have a more flattened shape.

The first transcriptomic paper related to P. eury-
carpa was carried out using the samples from a loca-
tion obtained from Yaltirik (1967) mentioned regions
in Gobek village of Gaziantep province of Tiirkiye
(Karct et al. 2020). The latter authors studied the
genetic background of the Pistacia species using
simple sequence repeats (SSRs) developed from
transcriptomes of P. vera. The results of the paper
quoted that P. eurycarpa could be a separate species
and closer to P. atlantica than P. khinjuk. Although a
few phylogenetic papers included P. eurycarpa spe-
cies were reported using different molecular marker
systems with dominant or codominant inheritance,
the ambiguity is still ongoing about the closeness or
distance of P. eurycarpa to other species or subspe-
cies (Kafkas and Perl-Treves 2001; Karct et al. 2020).
However, the results of the molecular characterization
papers supported by Yaltirik (1967) and by Kafkas
and Perl-Treves (2001) that P. eurycarpa was a sepa-
rate species from the others.

Pistacia eurycarpa is cultivated naturally in East-
ern Anatolia and Southeastern Anatolia regions in
Tiirkiye, and it is grown naturally at altitudes between
1100 and 1800 m (AL-Saghir and Porter 2012). The
natural distribution of P. eurycarpa from Afghani-
stan, Armenia, Iran, Iraq, Pakistan, Syria (desert) to
Tiirkiye (Eastern Anatolia) and temperate Asia. And,
it is distributed in the Eastern and Southeastern Ana-
tolia regions of Tiirkiye (Yaltirik 1967).

Pistacia eurycarpa is used as a rootstock for pista-
chios since it adapts to clayey, calcareous, and hillside
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lands. Its nuts are used for different purposes. In
Tiirkiye, its nuts are used as snacks in Southeastern
Anatolia and especially in Siirt province. Due to its
rich oil content, various soaps are produced from the
green peels of P. eurycarpa nuts and are used in the
cosmetic industry as soap. In addition, Demirci et al.
(2001) reported that P. eurycarpa resin had different
levels of antibacterial activity against negative and
positive gram bacteria. Thus, P. eurycarpa has not
only importance in horticulture but also has potential
in the cosmetic industry.

To date, the previous research on P. eury-
carpa mainly focused on the development of the
markers and the detection of the rootstock potential or
power for P. vera (Kafkas and Perl-Treves 2001; Kaf-
kas 2006; Karct et al. 2020). The discussion related
to P. eurycarpa is a separate species from other wild
Pistacia species or is a subspecies of the closely
related Pistacia species is still ongoing within the
Pistacia breeders since there are not enough papers
related to chloroplast genomes of the genus Pistacia
(Kafkas 2019; Karct et al. 2020). Recently, several
complete chloroplast genome sequences belonging
to Pistacia species were released in P. weinmannifo-
lia (Zheng et al. 2018), P. chinensis (Xu et al. 2019,
2020), and P. vera (Mao et al. 2019) for completing
of the relationship among Pistacia species. However,
the genomic information of the P. eurycarpa species
was an extremely limited number, although it is quite
a significant species as a horticulturally.

Here, the main objectives of the current paper
are to (i) construct the complete chloroplast genome
of the P. eurycarpa for the first time, (ii) reveal the
genomic location of the P. eurycarpa within the
Pistacia and Sapindales species and (iii) consist of
the basis for completing the evolution of the Pistacia
genus. Revealing complexity within Pistacia sup-spe-
cies/species using the other wild Pistacia chloroplast
genome sequences will be the next step, after this

paper.

Material and methods
Plant material and DNA extraction

Pistacia eurycarpa genotype was used as the plant
material of the present study. The fresh plant leaves
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of the genotype were gathered from its wide distribu-
tion area, the province of Siirt in Tiirkiye (Fig. 1).
Genomic DNA was extracted utilizing the CTAB
(cetyltrimethylammonium bromide) technique (Doyle
and Doyle 1987) with minor alterations (Kafkas et al.
2006). The quality of the extracted genomic DNA
was controlled by 0.8% agarose gel. The measure-
ment of concentration was performed using both the
gel electrophoresis method and Qubit Fluorimeter
(Invitrogen) by following the standard procedures.

Whole genome re-sequencing (WGRS) and
chloroplast genome assembly

The high-quality paired-end sequencing was per-
formed by BGI (Beijing Genomic Institute) using an
[lumina (Hi-Seq 2500) NGS platform. The sequenc-
ing coverage was set to 20X coverage. The clean reads
(150 bp) of P. eurycarpa sample were mapped to
the reference genome of P. vera (Kafkas et al. 2022)
assembled with the chloroplast genome of P. vera
(KY549635) using BWA (v0.7.12) (Li and Durbin
2009). Then the Sequence Alignment/Map (SAM/
BAM) file were sorted using the SAMTOOLS (Li
et al. 2009) software. The duplicated reads of the
sample were marked using the PICARD software
(http://picard.sourceforge.net). The final output of
reads (BAM) was saved for extraction of the frag-
ment of the chloroplast. The extracted (BAM) file
was converted to (SAM), and PICARD was used for

converting to fastq files with forward and reverse
paired in the following step. The new paired reads
were assembled with SPADES and scaffold.contigs
were produced for generating reference-based merged
sequences using Geneious software (Grant and Sto-
thard 2008).

Gene annotation and sequence analysis

The constructed P. eurycarpa chloroplast genome
fasta file was loaded to annotate the chloroplast
genome Genbank file to CHLOROBOX GeSeq
software (Tillich et al. 2017). Then, the chloroplast
genome map was created using the fasta and Gen-
bank file with OGDRAW v1.2 (Greiner et al. 2019).
CpGAVAS was used to annotate the sequences for
detailed results (Liu et al. 2012).

Detection of the simple sequence repeats (SSRs)

MIcroSAtellite (MISA) was used to detect simple
sequence repeats in the chloroplast genome of P.
eurycarpa (Beier et al. 2017). The parameters for
SSRs were set as follows: a minimum number of
10, 5, 4, 3, 3, and 3 repeat units was adjusted for
the identification of perfect mono-, di-, tri-, tetra-,
penta-, and hexa-nucleotides motifs, respectively.
In addition to the whole chloroplast genome, SSRs
were separately analyzed in different regions of
genomes. Tandem repeat finder (https://tandem.
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Fig. 1 The distribution fields of P. eurycarpa all over the world and the region of the sampled of P. eurycarpa genotype in Tiirkiye
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bu.edu/trf/trf.submit.options.html, accessed on
September 2nd 2023) was used to identify tan-
dem repeats in the chloroplast genomes. Palindro-
mic and forward repeats were detected by REPuter
software (Kurtz et al. 2001). The minimum sizes
for repeat elements and the sequence identity were
considered to be 30 bp and more than 90% (ham-
ming distance of 3), respectively.

Phylogenetic analysis

The analysis of the relationship was carried out
using a total of 18 chloroplast genomes. Pistacia
species such as P. eurycarpa, P. vera, P. chinensis,
and P. weinmanniifolia and the species of mem-
bers of the Sapindales order within other genera
were used to detect genetic dissimilarities of the
genomes. In addition, hard-shelled nuts such as
Castanea mollissima Blume and Junglans regia
L. were included in the phylogenetic analysis
(Table 1). The dendrogram of chloroplast genomes
was generated with a neighbor-joining tree and
genetic dissimilarity coefficients of the chloroplast
genomes were calculated in Geneious software
(Grant and Stothard 2008).

Results

Pistacia eurycarpa chloroplast genome structure and
features

The first complete P. eurycarpa chloroplast genome
was sequenced using the samples from Siirt province
of the Tiirkiye. The statistics of the genomic positions
and lengths of the chloroplast genome were mined
in several open or commercial and web-based pro-
grams. The length of the chloroplast genome of P.
eurycarpa was identified 160,693 (bp) and consisted
of the distinct parts of the genomic fragments such
as LSC, SSC, and IR regions. The length of the LSC
was 88,410 (bp), and SSC genomic range represented
a total of 19,087 (bp) (Fig. 2, Table 2). The covering
values of the genome of these regions were 55.02%
and 11.88%, respectively. Two inverted regions
covered the genome with 33.10%, this length was
26,598 (bp). A total of 125 genes were determined
within the whole chloroplast genome. They consisted
of four rRNA, 38 tRNA, and 83 protein-coding genes.
The most abounded (49 genes) were photosynthesis-
related genes, followed by proteins for subunits of
ribosomal proteins (29 genes) and RNA polymerase-
coding genes (4 genes) among the 87 protein-coding

Table 1 Plant species of previously released chloroplast genomes for construction of phylogenetic tree

Nos. Order Family Tribe Genus Species NCBI Accession no
1 Sapindales Anacardiaceae Rhoeae Pistacia P. eurycarpa Current paper
2 Sapindales Anacardiaceae Rhoeae Pistacia P. vera KY549635.1
3 Sapindales Anacardiaceae Rhoeae Pistacia P. chinensis MK738124.1
4 Sapindales Anacardiaceae Rhoeae Pistacia P. weinmannifolia NC_037471.1
5 Sapindales Anacardiaceae Rhoeae Rhus R. chinensis NC_033535.1
6 Sapindales Anacardiaceae Anacardieae Anacardium A. occidentale NC_035235.1
7 Sapindales Anacardiaceae Anacardieae Mangifera M. indica NC_035239.1
8 Sapindales Anacardiaceae Spondieae Spondias S. tuberosa NC_030527.1
9 Sapindales Anacardiaceae Spondieae Spondias S. mombin NC_035973.1
10 Sapindales Sapindaceae Nephelieae Litchi L. chinensis NC_035238.1
11 Sapindales Sapindaceae Sapindeae Sapindus S. mukorossi KM454982.1
12 Sapindales Rutaceae Aurantieae Citrus C. sinensis DQ864733.1
13 Sapindales Rutaceae Zanthoxyleae Zanthoxylum Z. bungeanum NC_031386.1
14 Sapindales Burseraceae Bursereae Boswellia B. sacra NC_029420.1
15 Sapindales Simaroubaceae Leitneriaceae Leitneria L. floridana NC_030482.1
16 Sapindales Meliaceae Swietenieae Khaya K. senegalensis NC_037362.1
17 Fagales Juglandaceae Juglandeae Juglans J. regia KT963008.1
18 Fagales Fagaceae Fagaceae Castanea C. mollissima MK352487.1
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Fig. 2 Circle map of Pistacia eurycarpa chloroplast genome
drawn using CPGview (Liu et al. 2023). The first circle rep-
resents the whole chloroplast genome size of P. eurycarpa
and its GC content. LSC, SSC, and inverted repeat (IRA and

genes. In total, six protein coding genes were respon-
sible for subunit acetyl-CoA-carboxylase, maturase,
c-type cytochrome synthesis, and envelope membrane
protein genes (Table 3). The highest proportion of the
predicted genes were localized into the LSC region
with 90 genes. The high amount of the rRNA-related
genes distributed in LSC and SSC sections, except
ccsA were located in LSC. tRNA genes were taken
place into IR regions, although many NADH dehy-
drogenase genes were defined into SSC genomic part
(Table 4).
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The percentage of the chloroplast genome GC
content in all of the fragments was calculated, and
the highest rate of the GC content was defined in
rRNA regions as 55.64%. The high variability in
nucleotide distribution was exhibited in P. eury-
carpa chloroplast genome. And, IR regions attracted
attention being second with the highest GC content
proportion (42.97%). LSC and SSC regions pro-
duced 35.91 and 32.39% GC contents, respectively,
although the GC content of tRNA genes was close
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Table 2 The nucleotide properties of the whole chloroplast genome and its genomic fragments of Pistacia eurycarpa

TU) (%) A (%) C (%) G (%) GC Content (%) Simple Length (bp) Length (%)

sequence
repeats

P. eurycarpa

Whole Genome 31.38 30.80 19.24 18.58 37.83 74 160,693 100

LSC 32.62 31.48 18.44 17.47 35.91 54 88,410 55.02

SSC 33.65 33.96 16.83 15.56 32.39 11 19,087 11.88

IR 28.32 28.71 20.67 22.30 42.97 26,598 16.55

tRNA 24.48 23.37 17.57 20.35 37.92 3 10,867 6.76

rRNA 18.59 25.77 23.81 31.83 55.64 0 4,520 2.81

Table 3 The gene compositions of the chloroplast genome of Pistacia eurycarpa

Category of genes Group of genes

Name of genes

Photosynthesis ATP synthase atpA, atpB, atpE, atpF, atpF, atpH, atpl
Photosystem II pafl, pafl, pafll, psbA, psbB, psbC, psbD, psbE, psbF, psbl, psbJ, psbk,
psbM, psbT, psbZ
NADH-dehydrogenase ndhA, ndhA, ndhB, ndhB, ndhB, ndhB, ndhC, ndhD, ndhD, ndhE, ndhF,
ndhG, ndhH, ndhl, ndhJ, ndhK
cytochrome b/f complex petA, petB, petD, petG, petL
Photosystem I psaA, psaB, psaC, psal, psaJ
Rubisco rbcL
Self replication Large subunit of ribosome rplid, rpll6, rpl2, rpl2, rpl2, rpl2, rpl20, rpl22, rpl23, rpl23, rpl32, rpl36
DNA dependent RNA polymerase  rpoA, rpoCl, rpoCl, rpoC2, rpoC2
Small subunit of ribosome rpsll, rpsi4, rpsl5, rpsl6, rpsi8, rpsl9, rps2, rps3, rps4, rps7, rps7, rps8
Other genes Subunit of Acetyl-CoA-carboxylase accD
c-type cytochrom synthesis gene ccsA
Envelop membrane protein cemA
Maturase matK
Unknown Conserved open reading frames yefl, yefl, yefl5, ycfl5, ycf2, ycf2

to the whole genome GC content of the P. eury-
carpa (37.92%) (Table 2).

A total of ten genes owing to intron were recog-
nized into P. eurycarpa chloroplast genome. Among
them, nine intron-containing genes had one intron
while pafl gene contained in Intron II. Moreover, two
intron-owing genes exhibited the duplication into IR
genomic regions. The biggest intron sequence was
calculated as 1120 (bp) within ndhA gene, although
only one intron-owing gene was recorded within the
SSC region (Table 4).

Frequencies of the amino acids were computed
into the chloroplast genome of P. eurycarpa. In
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total, 52,637 codons were recognized within P.
eurycarpa chloroplast genes. The leucine amino
acid was the most frequent and consisted of a total
of 5459 different codon types (10.37%), in the fol-
lowing, isoleucine with 4398 (8.36%). On the other
hand, cysteine (690, 1.31%) and tryptophan (984,
1.87%) amino acids were identified as the least
prevalent amino acids in protein-coding regions of
P. eurycarpa chloroplast genome. The type of the
ATT codon derived from isoleucine represented the
most prevalent codon (1072) within P. eurycarpa
chloroplast genome (Table 5).
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Table 4 The lengths

. Gene Location Strand Start End ExonI IntronI ExonIl IntronII Exon III
of introns and exons
for the splitting genes rpsl6  LSC - 5830 6983 40 887 227
iﬁep C’ff]‘é‘;;‘;fa“s:yge";é’ie atpF - 13,434 14,749 154 752 410
sequences atpF - 13434 14,749 167 710 439
rpoCl - 22,541 25369 432 780 1617
rpoCl - 22,541 25369 430 768 1631
pafl - 45800 47,840 124 733 230 801 153
pafl - 45800 47,840 126 730 231 801 153
rpll6 - 85362 86888 9 1119 399
2 IR - 88,605 90,094 391 668 431
rpl2 - 88,605 90,094 391 665 434
ndhB - 99,276 101,489 775 681 758
ndhB - 99,276 101,489 775 681 758
ndhA  SSC - 125466 127,677 553 1120 539
ndhA - 125466 127,677 562 1108 542
ndhB IR + 147,770 149,983 775 681 758
ndhB + 147,770 149,983 775 681 758
pl2 + 159,182 160,671 391 665 434
pl2 + 159,182 160,671 391 668 431

Comparison of P. eurycarpa chloroplast genome with
Pistacia species

The P. eurycarpa chloroplast genome size and parts
of the genomes were compared with other genus
Pistacia species (Table 6). To date, the reported four
Pistacia species including P. eurycarpa of chloro-
plast genome sizes were detected similar to each
other. The range of the whole genomes varied from
160,598 to 160,767 (bp), and the largest chloroplast
genome size was detected in P. weinmaniifolia. How-
ever, P. eurycarpa genome size (160,693 bp) was
almost similar to P. chinensis and P. weinmaniifolia.
The whole chloroplast genome size variation was
calculated as 169 (bp) among Pistacia species. The
GC contents of the chloroplast genomes had close
values, GC contents of the P. eurycarpa was 37.83%.
The biggest genomic fragment of P. eurycarpa was a
large single-copy (LSC=288,410 bp), and the size of
the LSC of variation of all genomes was 236 (bp). In
addition, although P. eurycarpa had 19,087 (bp) SSC
genomic length, the smallest and largest SSC lengths
were calculated as 19,330 bp (P. vera) and 19,057 bp
(P. chinensis), respectively. The lengths of IR regions
of Pistacia species ranged from 26,547 (P. vera) to
26,618 (bp) (P. weinmaniifolia). The numbers of
genes in the P. eurycarpa genome were detected as

125 genes, and the total genes were ordered from
highest to lowest values, P. chinensis (132), P. wein-
maniifolia (131 genes) P. eurycarpa (125) and P. vera
(121 genes). The lowest tRNA-related genes were
found in P. vera, while the highest tRNA genes were
exhibited in P. eurycarpa. On the other hand, the
number of rRNA genes was not recognized variability
among Pistacia species.

Detection of the SSRs in P. eurycarpa chloroplast
genome

The whole chloroplast genome sequences of P. eury-
carpa were screened for detection of the SSRs. The
number of SSRs in the chloroplast genome was com-
puted as a total of 74 SSRs, and the distribution of
the SSRs in the whole genome fragments was carried
out between three and 54 SSRs (Table 2). The most
abounded SSRs were mined from the largest genomic
regions (LSC) as a total of 54 SSRs, while the region
of the rRNA was not identified in the length of the
4520 (bp). The rest of the detected SSRs were distrib-
uted according to counts from SSC to tRNA coding
sequences. Mononucleotide repeats were the most
frequent motifs, while the repetition of the di-nucleo-
tides was found in quite low numbers. The most com-
mon type of simple sequence repeats was T/A repeats

@ Springer
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Table 5 The number of codons of chloroplast genome of Pistacia eurycarpa and its rate within the chloroplast genome

Amino acid Genome (%) Codon Counts tRNA Amino acid Genome (%) Codon Counts tRNA

Ala 5 GCA 741 trnA-UGC  Pro 4.01 CCA 631 trnP-UGG
GCC 401 CCC 422
GCG 324 CCG 343
GCT 1166 CCT 716

Cys 1.31 TGC 222 Gln CAA 1379 trnQ-UUG
TGT 468 trnC-ACA CAG 413

Asp 3.98 GAC 469 trnD-GUC  Arg 6.2 AGA 928 trnR-UCU
GAT 1628 trnE-UUC AGG 449

Glu 5.14 GAA 2001 CGA 727 trnR-ACG
GAG 705 CGC 245

Phe 6 TTC 1155 trnF-GAA CGG 288
TTT 2002 CGT 629

Gly 6.35 GGA 1283 trnG-UCC  Ser 7.99 AGC 303 trnS-GCU
GGC 345 trnG-UCC AGT 823
GGG 625 TCA 788 trnS-UGA
GGT 1092 TCC 691 trnS-GGA

His 2.62 CAC 375 trnH-GUG TCG 453 trnS-CGA
CAT 1003 TCT 1146

Tle 8.36 ATA 1301 trnl-UAU  Thr 4.89 ACA 782 trnT-UGU
ATC 938 trnl-GAU ACC 481 trnT-GGU
ATT 2159 ACG 324 trnT-CGU

Lys 5.5 AAA 2078 trnK-UUU ACT 989
AAG 817 Val 5.18 GTA 988 trnV-UAC

Leu 10.37 CTA 750 trnL-UAG GTC 376 trnV-GAC
CTC 421 GTG 395
CTG 447 GTT 969
CTT 1089 trnL-UAA  Trp 1.74 TGG 984 trnW-CCA
TTA 1559 Tyr 3.65 TAC 420 trnY-GUA
TTG 1193 trnL-CAA TAT 1500

Met 2.24 ATG 1181 trnM-CAU  Stop 1.08 TAA 227

Asn 4.84 AAC 632 trnN-GUU TAG 186
AAT 1916 TGA 156

Total codon numbers 52,637

in P. eurycarpa. The other motif types were not found
in P. eurycarpa chloroplast genome.

The long repeat sequences within the P. eury-
carpa genome were recognized, and tandem repeats
distribution was found frequently in the chloroplast
genome. A total of 42 tandem repeats were identi-
fied in P. eurycarpa chloroplast genome. The most
tandem repeats were ranged from 18 to 20 (bp). Most
of the forward (93.75%) and palindromic (52.94%)
repeat lengths varied from 22 to 52 (bp). In total, 16
forward and 34 palindromic and 42 tandem repeats
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were revealed in the chloroplast genome of P. eury-
carpa, respectively.

Identification of genetic relationship of the species

Cluster analysis of a total of 18 species belonging
to Sapindales and Fagales orders was carried out
using the neighbor-joining method. Three main clus-
ters consisted in the dendrogram, and the accessions
belonging to Sapindales order were grouped within
two sub-groups. The first main Sapindales cluster
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Table 6 The chloroplast

Properties Species
genome features of the . o o o . . L
members of the Pistacia Pistacia eurycarpa Pistacia vera Pls.lacm Pistacia chinensis Variation
genus; P. eurycarpa, P. wewnman-
vera, P. weinmannifolia, nifolia
and P. chinensis Large single-copy region (LSC)
Length (bp) 88,410 88,174 88,402 88,371 236 bp
G+C (%) 35.91 33.13 36.00 36.01 2.88
Length (%) 55.02 54.90 54.98 55.02 0.12
Small single-copy region (SSC)
Length (bp) 19,087 19,330 19,129 19,057 273 bp
G+C (%) 32.39 32.36 32.90 32.44 0.54
Length (%) 11.88 12.04 11.90 11.86 0.18
Inverted repeat (IR)
Length (bp) 26,598 26,547 26,618 26,595 71 bp
G+C (%) 42.97 42.94 42.90 42.90 0.07
Length (%) 16.55 16.53 16.56 16.56 0.03
Whole Genomes
Length (bp) 160,693 160,598 160,767 160,618 169 bp
G+C (%) 37.83 37.87 36.80 38 1.2
Length (%) 100 100 100 100 0
Total genes 125 121 131 132 11
Protein-coding 83 87 87 87 4
tRNA 38 30 37 37 8
rRNA 4 4 4 4 0

covered all species between P. eurycarpa and L. chin-
ensis species. The second sub-cluster consisted of
the C. sinensis, Z. bungeanum, L. floridana and K.
senegalensis species. The members of the Fagales
order species J. regia and C. mollissima were sepa-
rated sharply and defined as outgroups. The genus
Pistacia samples were separated from the other mem-
bers of the Sapindales. The closest pairs of species
were identified among the P. eurycarpa and P. vera
species. In the following, P. chinensis joined these
species, and it was the second close species within
Pistacia genus according to coefficients. Although
P. vera and P. eurycarpa species had the closest rela-
tionship, the most distant of them was exhibited with
P. weinmannifolia species into Pistacia species. The
closest Pistacia species with the rest of the Sapin-
dales species was identified R. chinensis, belong-
ing to the same tribe but a different genus species
(Rhus). On the other hand, the species of the mem-
bers of the Anacardieae tribe such as A. occidentale
and M. indica were clustered the another sub-group,
they took place relatively closer Pistacia species. The

species of the Spondias genus and Anacardiaceae
family members, S. tuberosa and S. mombin had the
lowest genetic dissimilarity coefficient, these species
were recognized the closer relationships with other
Anacardiaceae family species such as P. eurycarpa,
P. vera, P. chinensis, P. weinmannifolia, R. chinensis,
A. occidentale, M. indica (Fig. 3). The highest genetic
distance or the farthest genetic relationship was cal-
culated among the member of the Sapindales species
M. indica and the member of the Fagales species C.
mollissima. The detected genetic dissimilarity coef-
ficient between them was 0.144899 (Supplementary
File-1).

Discussion

This study focused on the significance of understand-
ing the organization and evolution of chloroplast
genomes, highlighting its dual benefits in enhancing
plant yield and gaining more precise insights into
plant phylogeny based on evolution. To achieve this,
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Fig. 3 Phylogenetic tree
obtained from the chloro-
plast genome sequences of
the members of the Sapin-
dales and Fagales orders

the researchers utilized high-throughput next-gener-
ation sequencing techniques to assemble the chloro-
plast genome of P. eurycarpa, revealing its complete
size at 160,693 (bp), a range commonly observed in
chloroplast genomes of other angiosperm plants as
previously documented by Daniell et al. (2016). Fur-
thermore, it was observed that the chloroplast genome
of P. eurycarpa exhibits a high degree of conserva-
tion and maintains a consistent four-section circular
DNA structure with similar gene content and order to
other angiosperms, corroborating findings from vari-
ous research (Zuo et al. 2017; Li et al. 2019; Song
et al. 2019; Zhou et al. 2019). Notably, the research
highlights that the inverted repeat sections within the
chloroplast genome display significant size variation
among the members of the Pistacia species, with a
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wide variation of 71 bp. This size variability is attrib-
uted to the expansion and contraction of the inverted
repeat sections, serving as a primary factor contribut-
ing to the variations in chloroplast genome length, as
elucidated by He et al. (2017).

The GC content serves as a crucial metric in dis-
cerning genetic relationships among distinct species,
as emphasized by previous research conducted by
Asaf et al. (2017) and Xu et al. (2017). In the case of
the P. eurycarpa chloroplast genome, its GC content
closely resembled that of within the Pistacia genus
and demonstrated the highest similarity to P. vera.

In comparison to closely related species, P. eury-
carpa exhibited a higher count of genes containing
introns, unlike P. vera. Notably, pafl was found to
contain more than one intron in the current paper like
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the previous findings in distinct chloroplast genomes
(Jang et al. 2023; Lee et al. 2023), while this discov-
ery of multiple introns was carried out by cIP and
ycf3 aligns with findings from previous research on
various chloroplast genomes (Guo et al. 2018;
Li et al. 2019; Song et al. 2019; Zhou et al. 2019).
Interestingly, it has been reported that pafl gene was
responsible for Photosystem I assembly protein Ycf3,
since it was a synonym of the Ycf3. Thus, it plays a
crucial role in the stable accumulation of the photo-
system I complex (Naver et al. 2001). The presence of
additional introns within ycf3 may hold significance
for research focusing on the evolution of photosynthe-
sis (Guo et al. 2018).

Similar to the pattern observed in other plant chlo-
roplast genomes, the regions with the highest GC
content were found within the inverted repeat (IR)
regions, a phenomenon corroborated by Guo et al.
(2018). This elevated GC content in the IR regions
can be attributed to the accumulation of a substantial
number of rRNA and tRNA genes within these spe-
cific regions (He et al. 2017; Shen et al. 2017).

The amino acid codons within the P. eurycarpa
chloroplast genome sequences displayed a pro-
nounced bias toward a specific codon. This phenom-
enon underscores the significance of codon degen-
eracy in higher organisms, a factor that can mitigate
the adverse impacts of point mutations (Freeland and
Hurst 1998; Btazej et al. 2018; Gonzalez et al. 2019).

Conversely, the uneven distribution of certain
amino acid codons in the genome suggests that nucle-
otide mutations do not occur randomly; rather, they
reveal a preference for mutation and exert selective
pressure, thereby giving rise to synonymous codon
usage bias. This pattern aligns with observations in
the nucleic acid composition of other angiosperm
plants (Zuo et al. 2017; Li et al. 2019; Song et al.
2019).

Repetitive sequences hold a pivotal role in shap-
ing the structure and genetic diversity of chloroplast
genomes. They facilitate genetic variation through
mechanisms such as slipped strand mispairing dur-
ing DNA replication and illegitimate recombination,
as extensively discussed in the scientific literature
(Cavalier-Smith 2002; Zrzavy et al. 2009; Weng et al.
2014; Zhou et al. 2019).

Among these repetitive sequences, SSRs emerge as
valuable tools with a wide range of applications. They
are instrumental in phylogenetic analysis, ecological

research, species differentiation, and plant breeding
efforts (Karct et al. 2022; Karct 2023). Their utility
extends to serving as potent molecular markers for
exploring genetic diversity, conducting phylogenetic
analyses, and delving into population genetics (Hu
et al. 2017; Zhou et al. 2019; Zarei et al. 2022).

Historically, many phylogenetic research in plant
species relied on a limited number of genetic loci,
which can be insufficient for gaining a precise under-
standing of evolutionary relationships, particularly
when studying taxa at lower taxonomic levels or
contentious plant species (Welch et al. 2016; Song
et al. 2019). In the current investigation, researchers
identified a noteworthy count of 74 SSRs within the
chloroplast genome of P. eurycarpa, surpassing the
numbers found in closely related taxa. Interestingly,
the most prevalent repeat units were A/T repeats.
This observation aligns with previous reports, which
consistently noted the predominance of mononu-
cleotide SSRs in chloroplast genomes across diverse
plant lineages, often characterized by a strong bias
towards A/T nucleotide composition (Guo et al. 2018;
Li et al. 2019; Song et al. 2019; Zhou et al. 2019).
Furthermore, it’s worth noting that the absence of six-
nucleotide repeats in three members of the Rhoeae
tribe suggests the presence of shared pattern similari-
ties among the repeat units of closely related species
(Zarei et al. 2022), while mono- and dinucleotides
repeats were detected in P. eurycarpa species. The
low or high repetitions into chloroplast genomes will
make it easier to understand the evolutionary connec-
tions within each classification. The identification of
chloroplast SSRs is of great significance as these are
valuable molecular markers that can greatly enhance
our understanding of genetic relationships within Pic-
tacia genus and its closely related species. SSR loci
hold immense potential for genetic diversity research
in P. eurycarpa, thus offering a powerful tool to eval-
vate and quantify the genetic variability within this
species.

Moreover, the utilization of SSRs has the potential
to significantly improve the precision of discrimina-
tion among controversial taxonomic classifications of
P. eurycarpa and its close relatives, including P. khin-
Jjuk, P. atlantica, P. atlantica var. mutica and P. atlan-
tica var kurdica (Kafkas 2006). By harnessing these
SSRs in combination with genomic or genic SSRs
in nuclear DNA, researchers can augment the capac-
ity for distinguishing between different sub-species,
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thereby enhancing our ability to discern and classify
these closely related taxa accurately. This integrated
approach may prove invaluable in shedding light on
the intricate relationships and evolutionary dynamics
among these plant interspecies or genera.

Chloroplast genomes have emerged as a valuable
platform for resolving contentious phylogenetic rela-
tionships among diverse species, even at lower taxo-
nomic levels, as demonstrated in previous research
(Dong et al. 2018; Zhao et al. 2018). Traditional
approaches such as morphological resemblance,
molecular markers, and various barcode systems
have been employed to classify uncertain genera into
their correct families. Nevertheless, many earlier
phylogenetic analyses relied on a limited number of
genetic loci, which often fell short of providing pre-
cise insights into phylogenetic relationships, particu-
larly within closely related species (Song et al. 2019).
However, the advent of next-generation sequencing
technologies has revolutionized the sequencing and
assembly of plastid genomes across a wide spec-
trum of plant species, surpassing the capabilities of
traditional sequencing methods. These technological
advancements have empowered researchers to more
accurately assign controversial species to their appro-
priate genera and species, thus significantly enhanc-
ing our ability to unravel and delineate accurate taxo-
nomic relationships among these plants.

In the current study, the members of the Sapin-
dales order available in NCBI were divided into main
three clusters. Pistacia species such as P. eurycarpa,
P. vera, P. chinensis, and P. weinmannifolia were
clustered together. However, P. eurycarpa and P. vera
were the closest species in Pistacia genus with chlo-
roplast genomes. Consequently, the closest species
to P. vera have been mentioned as P. khinjuk Stocks
in previous papers. In this study, the Pistacia species
was only four species. Thus, the expected result was
exhibited, and the pairs of species P. eurycarpa and
P. vera were grouped. As genetic distance increased,
each species was gradually separated from the others.
The first separated species was P. chinensis, followed
by P. weinmannifolia. The separation was carried out
like expectation and found compatible with previous
papers (Kafkas and Perl-Treves 2001; Kafkas 2006).
In summary, R. chinensis, which is in the same Tribe
as Pistacia species, was clustered closely with the
Pistacia group. On the other hand, species with tribes
Anacardieae and Spondieae members were grouped
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in two distinct groups. Similarly, close relationships
between species in the Sapindaceae family and the
Rutaceae family were identified as pairs. J. regia,
known as the Persian walnut, and C. mollissima,
known as the Chinese chestnut, were separated from
the members of the Sapindales order since they were
the members of the same family. Thus, the results of
this paper were verified by previous reported by Zarei
et al. (2022).

Although molecular research has been carried out
in recent years to prove that P. eurycarpa is a separate
species, a clear distinction based on genome degree
between P. eurycarpa and its closeness to P. khinjuk
and P. atlantica has not yet been explained. There
have been investigations that there are also subspecies
of P. atlantica var. mutica and var. kurdica subspecies
that were confused with this species (AL-Saghir and
Porter 2012; Karct et al. 2020). This imprecise infor-
mation has caused a lot of controversy and the spread
of misinformation. To clarify this complex informa-
tion, it is necessary to perform chloroplast genome
research on P. khinjuk and P. atlantica, P. terebin-
thus, P. palaestina, P. lentiscus, P. integerrima, and
their sub-species. The next aim should be revealing
relationships among Pistacia sup-species/species
using the other wild Pistacia chloroplast genome
sequences, after this paper. Consequently, the evolu-
tion of Pistacia species will be clearly explained with
the correct information. Despite the high heterozygo-
sity of Pistacia species in breeding research, thanks
to species-specific genetic markers, marker-assisted
selection can be applied at an early stage, and breed-
ing time can be seriously saved.

Conclusion

Pistacia eurycarpa species has quite significant hor-
ticultural and industrial value, it is evaluated as root-
stock for P. vera and cosmetic industrial products.
And, its importance has been revealed day by day.
The results of the study have been discussed in detail
its lack of genomic information and ongoing debate
about the place within the genus. The first chloroplast
genome report of P. eurycarpa was released, with a
relationship within the Sapindales order. It is consid-
ered that the current study will contribute to revealing
taxonomic classifications within the genus Pistacia
by sequencing P. eurycarpa species.
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