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Abstract: The genetic diversity and evolution of plastomes in P. armeniaca L. (common/cultivated apricot) have been poorly studied.
Complete plastomes of 20 accessions and 10 F1 hybrids, identified as P. armeniaca L., were de novo assembled filtering from total DNA
nt reads. These plastomes were subsequently analyzed with the Prunus genus accessions retrieved from the GenBank. The plastomes
exhibited conservation of genomic structure, gene organization and order, with lengths ranging from 158,057 nt to 158,089 nt,
displaying a narrow size variation. Except for “Zard” and its hybrids, the plastomes of apricot genotypes from different regions showed
only three haplotypes, indicating narrow genetic diversity in cultivated P. armeniaca accessions. “Zard” and its hybrids exhibited the
highest identity with P. mandshurica Maxim (Manchurian apricot), demonstrating the significance of plastome analysis for the accurate
identification of apricots. Further, while the three apricot species, P. armeniaca, P. mandshurica, and P. mume Sieb. (Japanese apricot),
were grouped as sister clades, P. sibirica L. (Siberian apricot) exhibited the highest nucleotide identity with P. cerasifera Ehrh. (Cherry
plum), contrary to conventional morphological systematics of apricots. Additionally, the plastomes of hybrids obtained in this study
supported maternal inheritance of the plastome. These results reveal the evolutionary relationship among apricots and will serve as a

framework for future comparative studies on Prunus evolution.
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1. Introduction

The common apricot, Prunus armeniaca L., along with
other economically important species such as almond
(Prunus dulcis L.), peach (Prunus persica L.), plum
(Prunus domestica L.), sweet (Prunus avium L.), and sour
cherry (Prunu cerasus L.), is a species of the genus Prunus
in the Rosaceae family. Additionally, many species,
ranging from 77 (Rehder, 1954) to 150 (Sauer, 1993),
including several species of minor importance as scions
or rootstocks, are classified under the genus Prunus.
Five other species—P. brigantina Vill. (Alpine plum),
P. holosericeae Batal (Tibetan apricot), P. armeniaca L.
(common apricot), P. mandshurica Maxim (Manchurian
apricot), P. sibirica L. (Siberian apricot), P mume Sieb.
and Succ (Japanese apricot) —are also recognized as
apricots within this genus. The basic chromosome
number for apricots is X = 8, and they are all regular
diploids (2n = 16). All apricots, including various species
of the genus Prunus, can be intercrossed, which makes
their classification confusing.

Currently, the common apricot is predominantly
produced in Tirkiye, followed by Uzbekistan, Iran,
and Mediterranean countries. In particular, Tirkiye
is the leading producer of dried apricots, supplying
approximately 67% of the global market.! However, it is
believed that the apricots were introduced to Western
Asia and then to Europe over the last couple of millennia
(Ercisli, 2009). The center of origin of apricots is China and
Central Asia (Zhebentyayeva et al., 2012). Indeed, recent
research based on SSR markers and genome sequencing
has revealed the highest levels of diversity in Central Asian
and Chinese wild and cultivated apricots, confirming their
origin in this region (Decroocq et al., 2016; Liu et al., 2019;
Groppi et al.,, 2021).

Breeding programs in the USA and Europe focus
on common objectives such as resistance to plum pox
virus (PPV), fresh fruit marketability, self-compatibility,
and the ripening period (Ledbetter, 2010; Krska and
Vachtin, 2016). However, in Tirkiye and other apricot
producer countries including Uzbekistan, Iran, Pakistan,

1International Council for Nuts and Dried Fruits (2023). Nuts & Dried Fruits Statistical Yearbook 2022/2023 [online]. Website https://inc.nutfruit.org/
wp-content/uploads/2023/05/Statistical-Yearbook-2022-2023.pdf [accessed 09 May 2024].

* Correspondence: kgurcan@erciyes.edu.tr
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and Afghanistan, the breeding of cultivars that produce
fruits suitable for drying and that can withstand late
spring frosts is a priority. Temperate climate featuring late
spring frost in these countries is a major limiting factor
in apricot production, as it causes the flowers and young
fruits to freeze. Undoubtedly, PPV resistance is also a
major breeding objective, particularly in Tiirkiye, since
the country is considered a diversity center for globally
problematic PPV strains such as Dideron (Gtircan et al,,
2020), Marcus (Giircan et al., 2019a; Teber et al., 2023),
Recombinant (Giircan et al., 2021), and the PPV-Tiirkiye
strain, which is mostly specific to the country (Teber et
al., 2019). Understanding the source of apricot cultivars
such as “Zard,” which exhibit three important traits—late
blooming, homozygous PPV resistance, and suitability for
drying (Ledbetter, 2010; Giircan et al., 2019b)—is crucial
for breeding programs in temperate climate regions.

DNA variations in plastomes have been used since
the 1980s to study species identification and phylogeny
analyses due to their low evolutionary rate, nearly
neutral evolution, lack of recombination, and uniparental
inheritance (Daniell et al., 2016). While angiosperm
plastomes generally exhibit maternal inheritance, some
plants, such as conifers, display parental plastome
inheritance (Greiner et al., 2015; Kormutak et al., 2018;
Park et al.,, 2021). The increased plastome analysis due to
advanced sequencing techniques and reduced costs result
in a better understanding of angiosperms evolution (Li
and Zheng, 2018; Wang et al., 2016; Zhong et al., 2011). In
the Prunus genus, the plastome of the P. persica species was
one of the first completely sequenced genomes (Jansen et
al., 2011). Subsequently, plastomes of other Prunus species,
such as P. armeniaca, P. yedoensis, P. serrulate, P. mume, P.
sibirica, and P. subhirtella, have been sequenced and used
to reveal phylogenetic relationships within Prunus (e.g.,
Xue et al., 2019; Wang et al., 2020; Dong et al., 2020; Huang
etal., 2021; Wu et al., 2023).

Although the structure of the plastome of P. armeniaca
has been previously described, the evolutionary dynamics
of the plastome, including nt variation, gene conversation,
and genome structure in the accessions of P. armeniaca,
have not been reported. Recently, the plastomes of
a significant number of accessions in P mume were
reported (Shi et al., 2020; Coulibaly et al., 2022; Huang
et al, 2021). Genetic diversity assessments in apricots
have primarily been conducted using nuclear DNA (e.g.,
Giircan et al.,, 2015, 2016; Decroocq et al., 2016; Liu et al.,
2019; Herrera et al.,, 2021; Sheikh et al., 2021). In contrast
to nuclear DNA, maternally inherited plastome DNA
offers an alternative opportunity to reveal evolutionary
relationships, phylogeny, and diversity in apricots and the

Prunus genus. In this study, the researchers focused on the
genomic features, phylogeny, and maternal inheritance
of plastome in apricots, as well as in other Prunus spp.
retrieved from the GenBank.

2. Materials and methods

2.1. Plant materials, DNA extraction and sequencing

Twenty apricot accessions, including well-known
international and local cultivars, as well as 10 open-
pollinated apricot hybrids obtained in 2018 from Erciyes
University in Kayseri, were used for a comprehensive
plastome analysis in this study. Seven hybrids (HH F1-3,
HH F1-4, HH F1-11, HH F1-16, HH F1-17, HH F1-18,
and HH F1-19) were produced by crossing the cultivar
Hacihaliloglu (HH) with Stark Early Orange (SEO). The
remaining three hybrids (Zard F1-70, Zard F1-98, and
Zard F1-146) were produced through the open pollination
of the accession “Zard” Additionally, 22 plastomes from
members of the Prunus genus obtained from the GenBank
were included in this study for phylogenetic analysis.
Source information for the accessions used in this study
is listed in Table S1. For plastome sequencing, DNA was
extracted from the fresh leaves using the DNeasy Plant
Mini Kit (Qiagen, Valencia, CA, USA). High-quality DNA
was then sequenced using various Illumina platforms by
Macrogene, Inc. (Seoul, Korea). The quality of the raw
reads was evaluated using the FastQC and FASTX toolkits.?

2.2. Plastome assembly

First, the raw reads were mapped to the nucleus genome of
apricots (GenBank accession number GCA_903114435.1)
to remove nuclear DNA. Subsequently, the unmatched
reads were mapped to the apricot mitochondrial genome
(NC_065228.1) to remove mitochondrial sequences.
Burrows-Wheeler Aligner (BWA) software with default
parameters was used for mapping (Li and Durbin, 2010).
The remaining reads were then de novo assembled, and
the top 100 longest contigs were mapped to the apricot
reference plastome (NC_043901.1) to obtain a complete
plastome assembly using Geneious Prime v2020.2.5°
(Biomatters, New Zealand). Secondly, NOVOPlasty with
default parameters was used to assemble the plastome
(Dierckxsens et al., 2017). The NOVOPlasty assembly was
then visualized using Geneious Prime and manually edited
with the plastome assembled by the Geneious assembler to
obtain a complete plastome without heterogeneity.

2.3. Plastome annotation and phylogenetic analysis

The unique assembled genomes were annotated using
GeSeqand CPGAVAS?2 (Tillich etal., 2017; Shi et al., 2019).
The tRNA genes were identified using tRNA-SE with
default parameters (Lowe and Chan, 2016). Polymorphic

*Hannon GJ (2010). FASTX-Toolkit [online]. Website http://hannonlab.cshl.edu/fastx_toolkit [accessed 09 May 2024].

3Geneious Prime [online]. Website https://www.geneious.com/ [accessed 09 July 2024].
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sites, including INDELS (insertions and deletions) and
SNPs (single nucleotide (nt) polymorphisms), were
identified using Geneious Prime with the “find variations/
SNPs tool” and DnaSP v5 (Librado and Rozas, 2009).
Variations were also manually checked to select reliable
SNPs and avoid software errors. Finally, maps of the circular
plastome were drawn using OGDraw 1.3.1 (Greiner et al.,
2019). Additionally, the gene codon usage was evaluated
using CodonW v1.4.4. The CodonW v1.4.4 program was
run on an Ubuntu terminal using a simple script (codonw
file_name.fasta -nomenu).* The codon usage analysis was
conducted following the protocol described by Zhang et al.
(2023). The mVISTA program, applying the shuffle-Lagan
model, was used to compare plastomes and to visualize
the alignments with annotation information (Frazer et
al., 2004). Additionally, to compare the contraction and
expansion of the IR boundaries among LSC, SSC, IRa, and
IRD, the IRscope online software (Amiryousefi et al., 2018)
was used.

For the phylogenetic analysis, the plastomes were first
aligned using the ClustalW2 version 2.1 algorithm on
Ubuntu (Larkin et al, 2007). A gap opening penalty of
15 and a gap extension penalty of 6.66 were used for both
pairwise and multiple alignments. Maximum likelihood
(ML) analyses were conducted to reveal the phylogenetic
relationships of the samples using MEGA11 (Tamura et al.,
2021) with bootstrap repetition.

3. Results

3.1. Plastome assembly and characteristics

In this study, the DNA of 30 apricot samples was sequenced
using Illumina sequencing technology, and plastomes were
assembled. The lengths of the assembled novel plastomes
ranged from 158,057 bp to 158,089 bp. The nucleotide
(nt) comparisons of the 30 apricot plastomes, together
with the GenBank accession NC_043901.1, revealed nt
variations. The nt variations among plastomes obtained
in this study were listed in Table S2. Pairwise nt identity
analysis and variation of the novel plastomes, along with
GenBank retrieved accessions, revealed that the plastomes
of samples identified as P. armeniaca can be grouped into
three haplotype groups in P armeniaca and Zard group.
The nt sequence of seven apricot samples—“M2249,
“Harcot,” “KZ1,” “KZ44,” “OB;” “Sakat,” and “M2252”—was
identical and classified as Haplotype 1. In this group, the
plastome size was 158,057 nt in length and exhibited unique
variations, including eight deletions, four insertions, and
four SNPs specific to this group. The apricots, “Fracasso;’
“Hacikaya,” “Harlayne,” “Hasanbey,” “HH,” HH F1-3, HH
F1-4, HH F1-11, HH F1-16, HH F1-17, HH F1-18, HH

F1-19, “Kabaagi,” “Kirmizy,” “SEO;” and Zhenzhuyou from
GenBank (NC_043901.1) had identical plastomes and were
classified as Haplotype 2. Haplotype 2 had only one deletion
and one SNP variation specific to this group. Another four
apricots (M2244, M2243, “Roxana, and “Zerdali”) with
identical plastomes were classified as Haplotype 3. This
group exhibited two deletions and one SNP. The final group
that consisted of the “Zard,” and its offspring (Zard F1-70,
Zard F1-98, and Zard F1-146) had 10 insertions, seven
deletions, and 17 SNPs. The plastome characteristics of
the four groups were presented in Table 1. “Zard” and its
offspring were not classified as a haplotype in P. armeniaca,
as this group shared higher nt similarity with another apricot
species, the Manchurian apricot, while other P. armeniaca
apricots exhibited close identity with each other within P
armeniaca. For three haplotypes of P armeniaca, the overall
nt diversity was 0.000021. The complete plastomes are
available in NCBI® (Haplotypel, Haplotype 2, Haplotype 3,
and Zard, with accession numbers OR504552, OR504551,
OR504553, and OR504554, respectively).

The structural features, gene content, gene order,
introns, and intergenic spacers of the apricot species are
highly conserved and similar to those found in previously
published plastomes of Prunus trees. The plastomes were
divided into four regions: large single copy (LSC) regions,
small single copy (SSC) regions, and two inverted repeat
(IR) regions. The quadripartite structure of the plastomes
consisted of an LSC region of 85,746-85,861 bp, an SSC
region of 19,049-19,063 bp, and an IR region of 26,342
26,357 bp. The GC content of the plastomes was 36.7%.
Coding regions accounted for approximately 52.7% of
the plastomes. A total of 122 to 123 coding genes were
identified, including 81 protein-coding genes, 33 tRNA
genes (the “Zard” group had an additional trnG-GCC gene),
and eight rRNA genes. The gene content of three haplotypes
and the Zard group is listed in Table 2. The plastome map
for “HH,” representing P. armeniaca, is presented in Figure
1. Additionally, the plastome map for “Zard,” representing P.
mandshurica, is displayed in Figure S1.

3.2. Relative synonymous codon usage (RSCU) in apricot
species

A total of eight unique plastomes of apricot species—one
representative from each of the three haplotype groups
and the Zard group, and one representative from other
apricot species (P mandshurica, P. mume, P. sibirica, and
P zhengheensis)—were further analyzed for RSCU. The
RSCU of the selected samples was predicted using CodonW,
based on protein-coding genes. The total number of codons
ranged from 52,400 to 52,700 across all the plastomes (Table
S3).

4Peden JF (2000). Analysis of codon usage [online]. Website https://codonw.sourceforge.net/ [accessed 11 March 2024].

5National Center for Biotechnology Information (NCBI) [online]. Website https://www.ncbi.nlm [accessed 07 July 2024].
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Table 1. Structural information on the plastomes of three P. armeniaca haplotypes and the Zard group.

Gow G e semem oo e N el
1* 158,057 ?g;gz; gigzz‘ i;ggg‘ ?T;Zgg 36.7 122 33 8 81 52,685
e ERCOBeC el MR w m s 5w ae
ki 158,058 ?gég;g iﬁ:gg;_ ig;:g;g_ ?T’ZZE(} 36.7 122 33 8 81 52,686
e MR G MR wr o s 5w s

*1 Haplotype 1 accessions: Harcot, M2249, M2252, KZ1, KZ44, OB, and Sakit.
**2 Haplotype 2: Fracasso, HH, Hacikaya, Harlayne, Hasanbey, Kabaas1, Kirmizi, HH F1-3, HH F1-4, HH F1-11, HH F1-16, HH F1-17,
HH F1-18, HH F1-19, SEO, and “Zhenzhuyou” from the GenBank (NC_043901.1).

***3 Haplotype 3: M2243, M2244, Roxana, and Zerdali.

***4 Zard group: Zard, Zard F1-70, Zard F1-98, and Zard F1-146.

Table 2. Genes identified in the P. armeniaca plastomes, grouped by function: self-replication, photosynthesis, and unknown function.

Category Group of genes

Name of genes

Self-replication Large subunit of ribosomal proteins
Small subunit of ribosomal proteins
DNA-dependent RNA polymerase

rRNA genes

tRNA genes

Photosynthesis Photosystem I
Photosystem II

Maturase

Protease

Cytochrome b6/f complex
ATP synthase

Rubisco

Chlorophyll biosynthesis

Unknown Conserved open reading frames

rpl2, 14, 16, 20, 22, 23, 32, 33, 36

rps2,3,4,7,8,11,12, 14, 15,16, 18, 19

ndhB, rpoA, B, C1, C2

rrnl6, 23, 4.5, 55

trnA-UGC, trnC-GCA, trnD-GUC, trnE-UUC, trnF-GAA,
trnfM-CAU,

trnG-UCC, trnG-GCU, trnH-GUG, trnl-CAU, trnl-GAU,
trnK-UUU, trnL-CAA, trnY-ATA

trnL-UAA, trnL-UAG, trnfM-CAU, truN-GUU, trnP-GGG,
trnP-UGG,

trnQ -UUG, trnR-ACG, trnR-UCU, trnS-GCU, trnS-GGA,
trnS-UGA,

trnT-GGU, trnT-UGU, trnV-GAC, trnV-UAC, trnW-CCA,
trnY-GUA,

psaA,B,C, I, M

psbA,B,C,D,E,F,H,I,],K,L, M,N, T, Z

MatK

Clpp

petA, B, D, G, L,N

atpA, B, E, F, H, I

RbcL

chiB, L, N

yefl, 2, 3,4, 15

In haplotypes 1, 2, and 3, the codons 52,685, 52,690,
and 52,686 were encoded, respectively. P. sibirica had the
highest number of codons (52,724) among the apricot
plastomes, while haplotype 1 had the fewest (52,685). In this
study, we found that there are 64 types of codons encoding
20 amino acids. Leucine (Leu), serine (Ser), and arginine
(Arg) are each encoded by six codons; valine (Val), proline
(Pro), threonine (Thr), alanine (Ala), and glycine (Gly) are

each encoded by four codons; isoleucine (Ile) is encoded
by three codons; while phenylalanine (Phe), tyrosine
(Tyr), histidine (His), glutamine (Gln), asparagine (Asn),
lysine (Lys), aspartic acid (Asp), glutamic acid (Glu), and
cysteine (Cys) are each encoded by two codons; and the
remaining methionine (Met) and tryptophan (Trp) are
each encoded by only one codon. We also found that Leu
is the most frequent amino acid, with a frequency range of
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Apricot

chloroplast genome

M photosystem |
[l photosystem II
[H cytochrome b/f complex
[0 ATP synthase

] NADH dehydrogenase
[l RubisCO large subunit
[] photosystem assembly/stability factors
[l RNA polymerase
[ ribosomal proteins (SSU)

[l ribosomal proteins (LSU)

M transfer RNAs

[l ribosomal RNAs

[ clpP, matK

[ other genes

[ hypothetical chloroplast reading frames (ycf)

158,071 bp

Figure 1. Plastome map of P. armeniaca showing the four regions
of the plastome, (IRa, IRb, SSC, and LSC) with annotated genes.

9.80%-10.80%. Trp was the least frequent amino acid in
plastome protein-coding genes, with a frequency range of
1.25%-1.35%. The highest RSCU among amino acids was
observed in Arg with a value of 1.92, while other amino
acids such as Leu and Ser had their highest RSCU values
at 1.49 and 1.48, respectively. Met and Trp had an RSCU
value of 1, indicating no codon usage bias for these two
amino acids. Approximately 46% of the codons exhibited
an RSCU value of less than 1, suggesting a negative codon
usage bias for these codons.

3.3. Comparative analysis for gene order
To further analyze the potential divergence of the plastome
sequences of the eight unique apricots (haplotypes 1, 2, 3,
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Zard group, P. mandshurica, P. mume, P. Sibirica, and P.
zhengheensis), the mVISTA program was used. We depicted
only 99 k length of the alignment of eight plastomes in
Figure 2, as showing the comparison of entire plastomes
reduced the resolution of the figure. The alignment
indicated that there are no genome or gene rearrangements
within the apricot plastomes. The plastomes were highly
conserved, and no structural differences were observed.

3.4. Inverted repeat (IR) comparative analysis

IR comparative analysis of the apricot accessions revealed
that haplotypes 1, 2, 3, Zard group, and P. mandshurica
have the same genes in the IR region. These genes were
of the same size in these plastomes, except for the rpi2
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Figure 2. mVISTA alignment graph showing the aligned apricot plastomes; 1: Haplotype 1, 2: Haplotype 2, 3: Haplotype 3, 4: Zard
group, 5: P mandshurica, 6: P. mume, 7: P. zhengheensis, and 8: P. sibirica. This alignment shows the expressed genes in this region of the

apricot plastomes, which are conserved.

gene in P. mandshurica, which was 13 bp, while in the
other plastomes, it was 2 bp. It is also noteworthy that in
these plastomes, the ycfI gene was found overlapping the
JSA region, while in the other three apricot plastomes—P.
mume, P. zhengheensis, and P. sibirica—the ycf]l gene was
absent in the JSA region (Figure 3).

An IR comparison among the genomes of all other
Prunus species downloaded from NCBI revealed
differences in the lengths of IRa, IRb, LSC, and SSC (Figure
S2). Most of the genes were conserved across these Prunus
species, except for the rpl2 and the ndhF genes. The rpl2
gene was absent in the IRb region of P. tenella, while it was
present in the other plastomes. This gene was also longer
in P. padus and P. serotina compared to the rbl2 genes in
the other plastomes. The ndhF gene was absent only in
P, serotina and did not overlap with the JSB region in P
subbhirtella, P. yedoensis, and P. tangutica, while in the other
plastomes, it did overlap with this region.

3.5. Phylogenetic relationships

ML phylogenetic tree analysis was conducted using the
plastomes of the eight unique apricots (haplotypes 1, 2,
3, Zard group, P. mandshurica, P. mume, P. sibirica, and
P. zhengheensis) and other Prunus species (Figure 4). The
phylogenetic trees suggest that the three P armeniaca
species, haplotypes 1, 2, and 3, are closely related. The

“Zard” accession and its offspring were placed in the same
clade as P. mandshurica. P. armeniaca is phylogenetically
sister to P mandshurica. The sister clades of P. armeniaca
and P mandshurica were adjacent to other apricot
species P mume and P. zhengheensis clades. However,
the Siberian apricot, P. sibirica, is more closely related to
plums (P, cerasifera, P. domestica, and P. salicina) than to
other apricot species. When focusing on the other Prunus
species, P. fasciculata was positioned between P dulcis
and the cultivated cherry clade (P. mahaleb, P. serrualta,
P subhirtella, and P. yedoensis). P. pedunculata, P. triloba,
P humilis, and P. tomentosa were also classified into one
clade, even though P. humilis and P. tomentosa are bush
cherries, while P. pedunculata and P. triloba are Chinese
almonds.

3.6. Inheritance of plastomes

The maternal inheritance of plastomes in the Prunus
species was confirmed by the similarity of the F1 hybrids
to their maternal parents. The “Zard” F1 hybrids—Zard
F1-98, Zard F1-70, and Zard F1-146—were identical to
the maternal plastome of the “Zard” accession. Similarly,
the “HH” F1 hybrids—HH F1-3, HH F1-4, HH F1-11, HH
F1-16, HH F1-17, HH F1-18, HH F1-19—were identical
to their maternal parent “HH,” supporting the maternal
inheritance of plastome in P. armeniaca.
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Figure 3. IR comparative analysis graph of the eight apricot plastomes, showing the gene distribution and region
lengths in the IRa, IRb, SSC, and LSC regions. JLB represents the junction between LSC and IRb, JSB represents the
junction between IRb and SSC, JSA represents the junction between SSC and IRa, and JLA represents the junction

between IRa and LSC.

4. Discussion

The objective of the present study was to investigate
the genomic structure, genetic diversity, and molecular
phylogeny of the plastomes in P armeniaca L. For this
purpose, 20 plastomes of apricots were assembled
and characterized through genome annotation and
comparative studies. Additionally, plastomes of 10 F1
seedlings of apricots were obtained to investigate the
parental origin of the plastome.

The lengths of the novel plastomes are closer to those
of Prunus plastomes reported in previous studies (Xue et
al., 2019; Wang et al., 2020; Huang et al., 2021). The novel
plastomes had a GC content of 36.7%, which is typical
of angiosperms, as they generally have a low GC content
(Daniell et al., 2016; Zhang et al., 2017). The number of
genes (122-123) of the plastomes of apricots sequenced in
this study is similar to that of other Prunus species such
as P, persica (131), P. mume (132), and P. tomentosa (135)
(Chen et al.,, 2015; Wu et al,, 2017; Xue et al.,, 2019). The
rps19 gene, which is common in apricots according to this
study, is also reported to be common in Prunus species
(Shen et al., 2016; Xue et al., 2019). RSCU analysis in this

698

study showed that among all the amino acids, Leu is the
most frequent amino acid (9.80%-10.80%), while Trp is
the least frequent amino acid (1.25%-1.35%) in the novel
apricots. Previous studies on P. mume, P. armeniaca, and P
salicina also show that Leu is the most frequently encoded
amino acid, while Trp is the least frequently encoded
amino acid. Additionally, cysteine appeared the least
in the P. zhengheensis plastome (Xue et al., 2019; Huang
et al,, 2021). Overall, the analysis of the plastomes of 30
novel apricots revealed that genomic features, genomic
structure, and gene organization and order are highly
conserved among apricots and are consistent with those in
plastomes of other Prunus species.

The apricot samples from germplasm collections in
various countries were investigated using SSR and SNP
markers, revealing high genetic diversity among the
apricots. The apricot accessions used in this study were
also examined by SSR and SNP markers in the previous
research. The results indicated that apricots tended to
group in the phylogenetic analysis according to their
response to plum pox virus (PPV) infection. This suggests
that PPV-resistant apricots have a common geographic
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Figure 4. Maximum-likelihood phylogenetic tree of the Prunus species, showing the “Zard” accession in the same
clade as P. mandshurica. The Hacihaliloglu F1 offspring were identical to Haplotype 3, while Zard F1 offspring were

identical to their maternal parent, Zard.

origin (Zhebentyayeva et al., 2008; Giircan et al, 2015,
2016; Decroocq et al., 2016). On the contrary, in this study,
plastome analysis did not distinguish PPV resistant cultivated
apricots (SEO, Harlayne, Kirmizi, M2243, and M224) from
others, indicating that plastome analysis is less effective than
nuclear DNA in distinguishing apricots based on their origin.
However, the apricot “Zard,” which was not distinguished
from common apricots by nuclear DNA markers in the
previous studies, was clearly distinguished from the remaining
apricots and identified as Manchurian apricot by plastome
analysis, highlighting the significance of plastome analysis
in species discrimination among apricots. This result clearly
explains why “Zard” has numerous unique features, such as
late blooming, frost tolerance, high soluble solids in its fruits,
upright growth, and higher survival ability under abiotic and
biotic stress conditions (Ledbetter, 2010, personal observation
of Kahraman Giircan). Furthermore, unlike P armeniaca
accessions, which are typically heterozygous resistant to PVP,

“Zard” is one of the rare apricot varieties that is homozygous
resistant to PPV (Giircan et al., 2019b).

With the exception of P mume, multiple plastomes
within a single species in Prunus are scarce, and this limits
evolutionary studies at the plastome level for these species. In
the species P. mume, Huang et al. (2022) reported the complete
plastome sequencing of 146 accessions from different
geographic locations in China, revealing 41 haplotypes. In
this population, nt diversity (0.00035) was found to be almost
17 times higher than the nt diversity (0.000021) found in P,
armeniaca. In another study, the sizes of plastomes among 10
P mumeaccessions ranged from 157,915 to 158,150, exhibiting
greater size variation (235 nt) compared to the close genome
sizes observed in over 20 accessions of P. armeniaca (13 nt).
In brief, compared to the P mume species, the cultivated P
armeniaca exhibited narrow genetic diversity, as evidenced by
similar genome sizes, fewer haplotypes and nt variations, and
limited phylogenetic branching.
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The maternal inheritance of the plastome was validated
based on these results due to the similarities between the
hybrids’ plastomes and those of their maternal parents.
Evidently, the three “Zard” F1 hybrids were identical to
the “Zard” accession, and all the seven “Hacihaliloglu”
F1 hybrids were also identical to the plastome of
“Hacihaliloglu” These results align with the general
inheritance patterns observed in angiosperms (Greiner et
al.,, 2015; Kormutak et al., 2018).

In conclusion, the plastomes of 30 apricots were de
novo assembled and analyzed phylogenetically with 22
previously published plastomes of Prunus species. The
complete plastomes of the Prunus species were annotated,
and coding genes were identified. The gene order and
genome structure of P armeniaca are highly conserved,
with only a few variations compared to other Prunus
species. No major structural differences were observed
among the plastomes of P armeniaca accessions. The
plastomes of the 30 apricots obtained in this study are
highly conserved, and three haplotypes were identified in
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Supplementary materials
Table S1. The list of apricots and other species of Prunus genus used for chloroplast genome analysis.

a) Twenty common apricot (P. armeniaca) accessions from Erciyes University and used for de nova chloroplast genome assembly.

Accession Origin
Sakit Tiirkiye
M2249 Tiirkiye
M2252 Tiirkiye
Ordubat (OB) Tirkiye
Hacikaya Tirkiye
Kabaag1 Tiirkiye
Harlayne USA
Zerdali Tiirkiye
M2243 Tiirkiye
M2244 Tiirkiye
KZ1 Tirkiye
KZ44 Tirkiye
Roxana Afghanistan
Kirmizi Tiirkiye
Hasanbey Tiirkiye
Stark Early Orange (SEO) North America
Hacihaliloglu Tirkiye
Fracasso Italy
Zard USA
Harcot Canada

b) Ten F1 apricots (P. armeniaca) from Erciyes University and used for de nova chloroplast genome assembly.

Name Parents (maternal * paternal)
HH 3 HH * SEO

HH 4 HH * SEO

HH 16 HH * SEO

HH 17 HH * SEO

HH 18 HH * SEO

HH 19 HH * SEO

HH 11 HH * SEO

Zard 70 Zard * Unknown

Zard 98 Zard * Unknown

Zard 146 Zard * Unknown
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¢) Twenty-two Prunus spp. CP genomes retrieved from NCBI

Name GenBank accession Country
P armeniaca NC_043901.1 USA
P, cerasifera NC_068605.1 USA
P, dulcis KY085904.1 USA
P, fasciculata NC_054253.1 USA
P, kanseusis NC_023956.1 USA
P. mahaleb MT576896.1 China
P. mandshurica NC_068703.1 China
P. mandshurica MK905681.1 China
P. mongolica NC_037849.1 USA
P. pendunculata MG602257.1 USA
P. persica HQ336405.1 USA
P serrulata NC_066418.1 USA
P, sibirica NC_068704 China
P. tangutica MZ145044.1 China
P, tomentosa MT576919.1 China
P, triloba MH?748555.1 China
P. yedoensis KU985054.1 South Korea
P, dulcis KY085904.1 USA
P, salicina NC_047442.1 China
P. domestica NC_050959.1 China
P avium NC_044701.1 USA
P, cerasus NC_066420.1 USA
P. zhengheensis NC_062793.1 China
P tenella NC_044965.1 China
P humilis NC_035880.1 China
P, canescens MKS816299.1 USA
P, serotina NC_036133.1 China
P. padus NC_026982.1 USA
P. mira NC_040125.1 USA
P davidiana NC_039735.1 USA

Table S2. Variations in CP genomes: SNPs, insertions, and deletions across 31 apricots varieties examined in this study.

Haplotype 1: Harcot, KZ1, KZ44, M2249, Ordubat, Sakit, and M2252.

Nucleotide Type of variation Position Frequency
T Deletion 1651 96.90
TGAAGTGTATAAT Deletion 27,940 66.30
T-- Deletion 37,693 75.90
T-- Deletion 52,377 91.90
T-- Deletion 66,206 88.80
GG-- Insertion 66,763 79.90
T-- Deletion 69,730 64.80
T Insertion 73,666 93.20
G-T SNP (transversion) 76,147 98.90
T-- Deletion 83,306 90.00
T Insertion 115,568 88.50
A-- Deletion 121,972 93.70
T Insertion 122,331 76.90
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Table S2. (Continued.)

G-T SNP (transversion) 123,712 99.00
A-G SNP (transition) 124,312 98.90
T-G SNP (transversion) 130,167 96.30
Summary

Deletions 8

Insertions 4

SNPs 4

CP genome length 158,057

Haplotype 2: Fracasso, Hacikaya, Harlayne, Hasanbey, HH, HH F1 (-3, -4, -11, -16, -17, -18, and -19), Kabaas1, Kirmizi, and SEO.

Nucleotide Type of variation Position Frequency
T-- Deletion 9959 91.90

C-T SNP (transition) 56,788 99.30
Summary

Deletions 1

SNPs 1

CP genome length 158,071

Haplotype 3: M2244, M2243, Roxana, and Zerdali.

Nucleotide Type of variation Position Frequency
T-- Deletion 9959 86.30
TGAAGTGTATAAT Deletion 27,940 63.40

C-T SNP (transition) 56,788 97.40
Summary

Deletions 2

SNPs 1

CP genome length 158,058

Haplotype 4: Zard, Zard F1-70, Zard F1-98, and Zard F1-146.

Nucleotide Type of variation Position Frequency
ATATTTAA Insertion 4500 75.80
T-G SNP (transversion) 8125 97.70
T-- Deletion 9959 92.80
TTAAATA Insertion 10,054 70.60
T-- Deletion 12,522 93.20
T Insertion 13,402 87.80
C-T SNP (transition) 17,066 99.50
T-- Deletion 37,693 75.90
C-G SNP (transversion) 47,415 97.60
G-T SNP (transversion) 47,672 97.30
TCCATA Insertion 52,833 98.10
ATAATA----- Deletion 53,158 83.30
ATTTCA Insertion 56,658 97.60
C-T SNP (transition) 56,788 99.80
CC Insertion 61,068 91.60
T-- Deletion 66,206 98.70
A-C SNP (transversion) 66,812 92.00

G-A SNP (transition) 72,116 99.00
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TTTTTTT Insertion 73,666 93.00
A-C SNP (transversion) 76,910 98.30
T Insertion 77,238 91.00
T-- Deletion 83,306 90.00
A-G SNP (transition) 85,987 99.00
C-T SNP (transition) 86,095 99.70
G-A SNP (transition) 113,201 99.50
G Insertion 115,565 92.60
GTTTCTAATTTT Deletion 115,998 98.80
G-T SNP (transversion) 116,553 98.80
G-A SNP (transition) 122,249 99.00
T Insertion 122,331 76.10
G-T SNP (transversion) 123,712 99.50
A-G SNP (transition) 124,312 99.40
G-T SNP (transversion) 126,252 99.10
T-A SNP (transversion) 127,877 98.70
Summary

Insertions 10

Deletions 7

SNPs 17

CP genome length 158,089
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Table S3. RSCU analysis results for all the eight apricot CP genomes.
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Species  CodonNo. AminoAcid
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Leu
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Zardgrop | 52696
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Species  CodonNo, AminoAcid
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P.mume 52750
P.zhenghensis
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Figure S1. Chloroplast map of Zard.
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Figure S2. IR comparative analysis of all the Prunus species (excluding apricot genomes) from NCBL.
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