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Abstract

Pistachio (Pistacia vera L.) is the only edible and cultivated species. Pistachio is
the only economically importance and dioecious species in the genus Pistacia.
There are basic problems in pistachio breeding such as dioecious flower structure,
long juvenile period and alternate bearing. These problems can be overcome not
with classical breeding methods, but with modern molecular breeding methods. In
this study, very high numbers of single nucleotide polymorphism (SNP),
insertion/deletion (InDel), structural variants (SV) and copy number variation
(CNV) were determined by using the next generation sequencing data of the
pistachio genotype obtained with 15x sequencing coverage. A total of 1,785,235
SNP, 260,683 InDel, 5,227 SV and 1,914 CNV variants identified in PvF217
pistachio genotype. The variant density was calculated as one variant per 292 base.
The distribution of the obtained variants to the Siirt reference genome was
obtained. In addition, all variants were annotated to the reference genome and
exonic and genomic variants were described using Annovar. These data will be
used to consist of a molecular database in pistachio breeding for DNA
fingerprinting, discovering unique cultivar specific alleles and to identify
quantitative trait loci related to important nut traits.
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development of markers linked with pest and disease

Pistachio (Pistacia vera L.) takes place within the
genus Pistacia and Anacardiaceae family. The genus
Pistacia included at least 11 species (Kafkas, 2006) and
pistachio is the only with economic value. P. vera is
dioecious flower structure and it pollinates with wind
with some exceptions (Kafkas et al. 2000). Its ploidy
level is diploid and haploid chromosome number is
n=15 (Kafkas, 2019). Pistachio has originated in central
Asia, later spread from its origin to Mediterranean
region of Southern Europe, Middle east, North Africa,
China, United States and Australia (Kafkas, 2019).

The primary problems in pistachio breeding are long
juvenile period, dioecious blooming nature and alternate
bearing event (Giindesli et al., 2019). The description of
the traits and development of loci associated with traits
in pistachio breeding are time-consuming processes
such as the characterization of genetic resources and
evaluation of segregation population. However,

resistance, nut quality traits, alternate bearing and yield
in pistachio were not performed any studies (Giindesli et
al., 2021). Overcoming these limitation factors in
breeding programs can be only possible molecular
approaches using next generation technologies (NGS)
(Kafkas, 2019).

Although, simple sequence repeats (SSRs) markers
have been utilized in different  molecular
characterization studies of different species such as
apricot, apple, pear, pistachio and quince (Hormaza,
2002; Potts et al., 2012; Fan et al., 2013; Zaloglu et al.,
2015; Guney et al., 2019), they are not adequate for
marker assisted selection in breeding programs. Until
now, different molecular marker systems have been
improved and utilized in genetic characterization and
mapping of pistachio (Kafkas et al., 2006; Motalebipour
et al., 2016, Khodaiminjan et al., 2018; Karc1 et al.,
2020; Karci et al., 2022 (unpublished)). However, only
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several molecular markers based on SNP developed by
(Kafkas et al., 2015, Khodaeiminjan et al., 2017) have
been used efficiently for marker assisted selection
(MAS) according to sexes in early stage of plant
development in pistachio, to date (Kafkas et al., 2017).

Although, there are many genetic characterization
studies based on different molecular markers such as
random amplified polymorphic DNA (RAPD),
amplified fragment length polymorphism (AFLP), inter
simple sequence repeat (ISSR), and SSR in pistachio
(Kafkas et al., 2006; Zaloglu et al., 2015; Motalebipour
et al., 2016; Karct et al., 2020), there is no markers
associated with pest or disease resistance, yield and nut
quality characters in pistachio exception of sex markers
developed using RAD-seq technology (Kafkas et al.,
2015). Recently, Kafkas et al. (2022) studied over the
pistachio sex chromosome and they identified ZW sex
choromosome using whole genome resequencing
(WGR) technology. About 12.6 Mb W specific female
genomic region were identified in chromosome 14. The
researchers also represented that high chromosomal
assembled of female Siirt cv. and male Bagyolu cv.
genomes.

The main objectives of the current study, to consist
of the workflow of the variant detection on the
resequencing data and database of the pistachio such as
SNP array for future revealing genes or QTL regions
associated complex and important pistachio traits.

Materials and Methods

Plant Material and DNA Extraction

Pistachio genotype (PvF217) was used in this study
and pistachio leaf sample was collected from Cukurova
University, at the Research and Experimental area of
Agriculture Faculty in Adana province of Turkey.

Total genomic DNA was isolated from fresh young
leaves by the CTAB method described by Doyle and
Doyle (1987) with some modifications (Kafkas et al.,
2006b). Qubit Fluorometer (Invitrogen) was used to
quantify the isolated DNAs, followed by diluting them
to 10 ng/ul for SSR-PCR reactions, and then the samples
were stored at -20 °C for further analysis.

Resequencing and Variant Calling Analysis

The resequencing was performed in lllumina Hi-seq
2500 and genome sequencing coverage is 15x. The clean
pair end (PE) reads were obtained once low quality and
adaptors cleaned with Trimmomatic (Bolger et al.,
2014). The clean reads obtained from each genotype will
be mapped to the reference genome of Siirt cultivar with
the Bowtie2 (Langmead and Salzberg, 2012) program
mem option. After the clean reads are aligned to
reference Siirt genome (Kafkas et al., 2022;
unpublished) using SAMtools (Li et al., 2009) view
option, duplicate reads were eliminated with Picard
tools. SNP and Indel loci were determined using the
GATK  (Genome  Analysis Toolkit)  program
HaplotypeCallerSpark option with hard filtering option
(QD < 2.0, QUAL < 30.0, SOR > 3.0, FS > 60.0,
MQRankSum < -12.5, ReadPosRankSum < -8.0)
(McKenna et al., 2010). Structure variant and copy
number variation analysis was performed using Delly
program with call and cnv options (Tobias et al., 2012).
The detected variants were annotated to Siirt genome
gff3 file for getting the information of variants using the
Annovar program (Wang and Hakonarson, 2010).

Results and Discussion

Mapping and removing PCR duplicates

Approximately 125 Gb raw PE reads were
generated from PvF217 pistachio genotype in Illumina
using Hi-seq 2500. A total of 279,718 (0.34%) low
quality reads and 5,588,708 (6.72%) polluted reads were
removed and a total of 11,578,693,200 clean reads were
obtained with 92.85%. A total of 77,102,620 of
77,191,288 clean reads were mapped to reference Siirt
genome and the mapping rate was computed as 99.89 %
in samtools flagstat option. The mapped reads were
filtered according to mapping quality rate (MQ=30) and
the rest of the reads were detected as 54,525,620 reads.

The remaining mapped reads were still PCR
duplicates that reasons to detect false positive variants
on the genomes. Thus, Picard tools marked the
5,537,304 (7.18%) PCR duplicates. As a result, a total
of 48,988,316 mapped reads were ready for variant
detection (Table 1).

Table 1. The raw, clean, low-quality, polluted, mapped, duplicates and
remaining reads numbers and percentage of pistachio genotype

Reads Numbers
Raw Bases Number 12,470,888,100
Clean Bases Number 11,578,693,200
Low-quality Reads Number 279,718
Low-quality Reads Rate(%) 0.34
Adapter Polluted Reads Number 5,588,708
Adapter Polluted Reads Rate(%) 6.72
Mapped Reads Number 77,102,620
Mapped Reads Rate (%) 99.89
Remaining Reads Number 54,525,620
Remaining Reads Rate (%) 70.64
Duplicates 5,537,304
Duplicates Rate (%) 99.08
Remaining Reads Number 48,988,316
Remaining Reads Rate (%) 876.56
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Detection of variants and distribution of the

variants through the pistachio genome

Variant detection was carried out using two different
variant calling program in linux terminal. Firstly, SNP,
InDel were detected using GATK, SV and CNV bam
files were utilized for detection variants. A total of
1,785,235 SNP and 260,683 InDel were mined in bam
format file of PvF217 pistachio genotype using
HaplotypeCallerSpark command in linux bash script.
The distribution of the SNP and InDel variants were
identified according to chromosomes and scaffolds of
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the pistachio genotype. Although, the most abundance
SNP variants were detected on chrl3, the least
chromosome density in SNP loci was on chr2. The
chromosome 13 has the most abundance InDel variants
with 22,250 loci, and the scaffolds have the least
resolution InDel loci (Table 2, Figure 1).

The SV and CNV variants were calculated as 5,227
and 1,914, respectively. The scaffolds and chrl3 were
identified to have high density genomic regions in both
SV and CNV loci, while the least abundance variants
were located on chr2 (Table 2, Figure 1).
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Figure 1. The chromosome lengths, SNP, InDel, SV and CNV variants (from outside to inside)
distribution of the pistachio PvF217 genotype

The SV variants were classified according to types
such as deletion (DEL), duplication (DUP), insertion
(INS), invertion (INV) and translocation (TRA) and the

2,908

1,089

DEL TRA

418

INV

number of these detected loci were calculated as 2,908,
595, 247, 418 and 1,059, respectively (Figure 2).

595
247
B
INS DUP

Figure 2. The types of structural variants of the PvF217 pistachio genotype

Genome annotation of variants

The genome annotation was performed using Perl
script in Annovar program. Totally, 1,785,235 SNP loci
annotated to Siirt reference genome (Kafkas et al.,
2022). The most variants were identified on intergenic
genomic regions and the number of these variants were
computed as 1,335,662. Similarly, the most abundance

variants in InDel, SV and CNV were detected as
intergenic  variants 172,415, 3,103 and 1,511,
respectively (Table 3).

Although a total of 73,957 SNP variants were
determined on the genic regions, only 4,987 InDel
variants were found in genic regions such as frameshift,
nonframeshift, stopgain, stoploss (Figure 3).
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Figure 3. The number of the exonic SNP and InDel variants in detected of whole genome of PvF217

Table 2. The SNP, InDel, SV and CNV variants distribution of the PvF217 whole genome

Chromosomes SNP InDel SV CNV
chrl 132,979 20,555 300 65
chr2 76,409 12,442 194 48
chr3 131,382 20,136 292 121
chr4 113,709 16,355 260 80
chr5 90,033 13,618 207 74
chré 96,404 15,427 235 81
chr7 126,309 16,848 357 105
chr8 96,685 14900 353 66
chr9 100,351 15,927 254 79

chr10 103,469 16,377 332 92
chril 129,906 18,754 327 100
chrl2 116,307 14,831 309 130
chrl3 179,803 22,250 574 180
chri4 107,718 16,322 298 104
chrls 99,599 14,043 350 133
scaffold 84,172 11,898 585 456
Total 1,785,235 260,683 5,227 1,914

Table 3. The pistachio genotype (PvF217) genome annotation results belonging to SNP, InDel, SV and CNV variants

Genomic regions SNP InDel SV CNV
UTR5 8,136 2,770 34 4
UTR3 11,559 2,845 21 10

UTR5;UTR3 20 9 1 0
exonic 73,957 4,987 911 59
splicing 571 202 11 2
exonic;splicing 3 1 0 0
upstream 91,591 20,337 337 100
downstream 82,569 17,164 323 86
upstream;downstream 11,356 2,728 54 8
intronic 169,788 37,221 432 134
intergenic 1,335,662 172,415 3,103 1,511
ncRNA_exonic 23 4 0 0
Total 1,785,235 260,683 5,227 1914
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The loci detected on the genic chromosome play
important roles in the construction of the phenotypes of
pistachio. The obtained results demonstrated that these
variants can be associated with complex and governing
from polygenes traits in pistachio.

There are some the limitation factors of the pistachio
breeding such as dioecious character, long juvenile
period and alternate bearing (Giindesli, 2020a,b). The
construction of the pistachio germplasm database is
required in order to encountered like these breeding
problems. However, preference of sequencing platforms
is very important for large scale database in pistachio.
Because, restriction-site associated DNA sequencing
(RAD-seq), diversity arrays technology sequencing
(DarT-seq) and GBS (Genotyping by Sequencing)
utilize the restriction enzymes and the variants were
identified by comparing restricted genome fragments
between individuals. The cut genomic fragments cannot
be used in other studies. However, resequencing NGS
data can be used in order to generate SNP array for
genome wide association studies and understood more
deeply the complex agronomical important traits in
pistachio. Recently, many resequencing findings
reported in cucumber (Liu at al., 2021), camelina (Li et
al., 2021) and hemp (Ren et al., 2021). On the other
hand, the sex regions can be determined using
resequencing data in QTL-seq that rapid identification
of the sex regions in guinea (Tamiru et al., 2017).

To date, there are no studies related with
development of the markers for marker assisted
selections in pistachio breeding exception of sex
markers developed by Kafkas et al., (2015) and
Khodaieminjan et al., (2017). Thus, the obtained results
and NGS data in this study can be used for future marker
assisted breeding programs in order to develop unique
and rare alleles for cultivar fingerprinting; detect the
markers associated with nut quality traits, pest and
disease resistance, phenological traits, morphological
traits in pistachio.
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