
 

 

 

 

 

 

T.C. 

ERCİYES UNIVERSITY 

SCHOOL OF NATURAL AND APLLIED SCIENCE 

DEPARTMENT OF AGRICULTURAL 

BIOTECHNOLOGY 

 
 

 

COMPLETE CHLOROPLAST GENOME SEQUENCE 

AND PHYLOGENETIC ANALYSIS OF COMMON 

APRICOTS (Prunus armeniaca L.) AND COMPARATIVE 

ANALYSIS WITH OTHER Prunus CHLOROPLAST 

GENOMES  

 

 

 

Prepared by 

Lungelo KHANYILE 

Supervisor 

Assoc. Prof. Dr. Kahraman GÜRCAN 

Master Thesis  

 

 

July 2023 

KAYSERİ



T.C. 

ERCİYES UNIVERSITY 

SCHOOL OF NATURAL AND APLLIED SCIENCE 

DEPARTMENT OF AGRICULTURAL BIOTECHNOLOGY 

 

 

 

 

 

COMPLETE CHLOROPLAST GENOME SEQUENCE 

AND PHYLOGENETIC ANALYSIS OF COMMON 

APRICOTS (Prunus armeniaca L.) AND COMPARATIVE 

ANALYSIS WITH OTHER Prunus CHLOROPLAST 

GENOMES  

 

 

 

Prepared by 

Lungelo KHANYILE 

 

 

 

Supervisor 

Assoc. Prof. Dr. Kahraman GÜRCAN 

 

 

 

 

 
 

This project was supported by The Scientific and Technological 

Research Council of Türkiye (Project number: 214O400 and 119O846)   

 

 

June 2023 

KAYSERİ 

https://ardeb-pts.tubitak.gov.tr/pmProjectDetail.htm?id=VxY6b646yTYEonIOXkPAv8cP4W0Yjs-2FqeKnr9KlGZAhRxuCZQZbkHo2rJ3ACX8UJDurZhraYAwds-0AMtxrcN2-2Fctmhflp7OUBY8SzYBRo-2BdRDFc-2BJzki7Jrrp1B4VOlRyHGh0CvQI0qko-3D


ii 

 

 

 

 

 

COMPLIANCE AND SCIENTIFIC ETHICS 

 

I declare that all information in this study has been obtained in accordance with academic 

and ethical rules. At the same time, I declare that I have fully cited and referenced all 

materials and results that are not at the core of this work, as required by these rules and 

conduct. 

 

 

Lungelo KHANYILE 

     İmza 

 

 

 

 

 

 

 

 

 

 

 

 



iii 

 

 

 

 

 

COMPLIANCE WITH THE DIRECTIVE 

The Master's Thesis titled "Complete chloroplast genome sequence and phylogenetic 

analysis of common apricots (Prunus armeniaca L.) and comparative analysis with 

other Prunus chloroplast genomes." has been prepared in accordance with Erciyes 

University Graduate Thesis Proposal and Thesis Writing Directive. 

 

 

 

Prepared by Supervisor. 

Lungelo KHANYILE Assoc. Prof. Dr. Kahraman GÜRCAN 

İmza             İmza  

 

 

 

 

 

Head of the Agricultural Biotechnology Department 

Prof. Dr. Semih YILMAZ 

İmza 



v 

 

 

 

 

 

ACKNOWLEDGEMENTS 

First and foremost, I want to thank the almighty God for guiding and protecting me 

through my studies. Secondly, I want to thank me, I want to thank me for surviving in a 

foreign country, I want to thank me for sacrificing everything for this degree and not 

giving up. 

I would also like to express my gratitude to my supervisor, Assoc. Prof. Dr. Kahraman 

GÜRCAN for supporting me through my degree. Even though at times we could not see 

eye to eye, his professionalism and father figure ensured the success of my studies. I 

would forever be grateful for that. I also thank YTB for funding my studies, without their 

support, I would not be here.  

In addition, I want to thank my family for their endless support, thank you so much 

boKhanyile. I would also like to thank all the Africans in Kayseri for creating a warm 

environment, which made me to feel home. I cannot leave out my family away from 

home: Mandla Ndlangamandla, Bukelwa Maphanga, Lindokuhle Mkhatshwa, 

Bonginkhosi Dlamini, Lexie Dlamini, Bupe Kasanya, Gary Masuku, Chennai, and all the 

other Sourthen Africans. 

Lastly, I want to thank my lab mates, Duygu, Merve, Izem, Ilyas, Dooa, Maryam, Samuel, 

Şuheda, Şeyda, Brian, Musab, Faduma, Sibel, Adil, and everyone else from GENKÖK 

for creating a warm environment for conducting this research. 

 

Lungelo KHANYILE 

July 2023, KAYSERİ 

 

                                                                                 



vi 

 

 

 

 

 

KAYILARININ (Prunus armeniaca L.) TAM KLOROPLAST GENOM DİZİSİ 

VE FİLOGENETİK ANALİZİ VE DİĞER Prunus KLOROPLAST 

GENOMLARI İLE KARŞILAŞTIRMALI ANALIZ 

Lungelo KHANYILE 

Erciyes Üniversitesi, Fen Bilimleri Enstitüsü 

Yüksek Lisans Tezi, Haziran 2023 

Danışman: Doç. Dr. Kahraman GÜRCAN 

ÖZET 

Bu çalışmada, kültür kaysısı (Prunus armeniaca L.) kloroplast (CP) genomunun 

mutasyon özelliklerini ve genom yapısını belirlemek amacıyla, toplam DNA'dan 

kloroplast nükleotid okumaları filtrelenip de novo birleştirilerek, 30 kaysı CP genomu 

elde edilmiştir. Kayısıların CP genomları, GenBank'tan alınan Prunus cinsine ait 30 CP 

genomu ile birlikte analiz edilmiştir. Tüm 52 CP genomunda, genomik karşılaştırma ve 

filogenetik analiz gerçekleştirilmiştir. 30 kayısı CP genomunun uzunlukları, 158 057 bp 

ile 158 089 bp arasında değişmekte olup, genomik yapının, gen organizasyonu ve 

sırasının korunduğu belirlenmiştir. İlginç bir şekilde, tüm kayısılar sadece üç haplotip ve 

yakın ilişki gösterirken, plum pox virüsüne dayanıklı "Zard" ve melezleri, Mandurya 

kayısı (P. mandshurica Maxim) ile gruplandırılmıştır. CP genomu filogenetik analizi 

kayısı türlerinin morfolojik gruplanmalarından farklı gruplandırmıştır.ı; kültür ve 

Mandurya  ve Japon kaysısı (P. mume Sieb.) aynı grupta yer alırken Sibirya kaysısı (P. 

sibirica L.), Japon eriği (P. cerasifera Ehrh.) ile ayrı bir grup oluşturmuştur. Bu tez 

çalışmasında üretilen CP filogenomik sonuçlar, kayısı türlerinin filogenetik ilişkilerine 

yeni ve önemli perspektifler sunmakta ve Prunus evrimi üzerine gelecekteki 

karşılaştırmalı çalışmalar için bir çerçeve oluşturmaktadır. 

Anahtar Kelimeler: Prunus armeniaca, Filogenomik, Kloroplast genomu, Maternal 

kalıtım 
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COMPLETE CHLOROPLAST GENOME SEQUENCE AND PHYLOGENETIC 

ANALYSIS OF COMMON APRICOTS (Prunus armeniaca L.) AND 

COMPARATIVE ANALYSIS WITH OTHER Prunus CHLOROPLAST 

GENOMES 

 

 

Lungelo KHANYILE 

Erciyes University, Graduate School of Natural and Applied Sciences 

Master Thesis, June 2023 

Supervisor: Assoc. Prof. Dr. Kahraman GÜRCAN 

ABSTRACT 

In this study, to better reveal the mutation characteristics and evolution patterns of the 

common apricot (Prunus armeniaca L.) chloroplast (CP) genome, the complete CP 

genomes from 30 apricot accessions were de novo assembled filtering from total DNA. 

The complete CP genomes of the apricots were analyzed together with 30 CP genomes 

from the Prunus genus retrieved from the GenBank. All 52 CP genomes were used for 

genomic comparison and phylogenetic inference. The lengths of the CP genome of the 30 

apricot CP genomes ranged from 158 057 nt to 158 089 nt, exhibiting conservation of 

genomic structure, and gene organization and order. Interestingly, while all apricots 

showed only three haplotypes and close relation, “Zard” and its offsprings, known as 

common apricot and plum pox virus resistant, was grouped with P. mandshurica. Based 

on the CP genome evolution analysis, apricot species did not reflect their morphological 

systematics grouping; while common apricot, Manchurian apricot (P. mandshurica 

Maxim) and Japanese apricot (P. mume) were grouped as adjacent clades, Siberian apricot 

(P. sibirica L.) took distant position together with Japanese plum (P. cerasifera Ehrh.) on 

the phylogenetic tree. The CP phylogenomics results suggest new and important insights 

into phylogenetic relationships of the apricot species and serve as a framework for future 

comparative studies on Prunus evolution. 

Keywords: Prunus armeniaca, Phylogenomics, Chloroplast genome, Maternal 

inheritance  
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INTRODUCTION 

DNA variations in CP genomes have been used since the 1980s to study the relationships 

of species because the CP provides a lot of important information that helps in the 

identification of species and phylogeny analyses because it has a low evolutionary rate, 

uniparental inheritance, a low rate of nucleotide replacement, almost neutral evolution, 

and no recombination [1], [2]. The first report on the CP genome of plants was published 

on Liverwort, and since then more complete CP genomes of plants have been sequenced 

[3]. In recent years, the sequencing of CP genomes has increased remarkably due to 

advanced sequencing techniques and reduced costs [4], [5]. As a result of the increased 

pace of CP genome sequencing, researchers have sequenced many angiosperms for 

phylogenomic analysis [6]–[8]. Among the angiosperms, Rosaceae is one of the most 

diverse families, and due to multiple rapid radiations and reticulation events, studying 

phylogenetic relationships in this family is a major challenge [9].  

The Rosaceae family consists of over 120 genera and more than 3300 species of economic 

importance. To understand the diversity of the Rosaceae family, many phylogenetic 

studies have been conducted on several Malus domestica species, the genus Firago, 

Rubus accidentalis species, and Prunus species[10]–[14]. The Rosaceae family is divided 

into four subfamilies in accordance with their fruit type: Prunoideae, Spiraeoideae, 

Maloideae, and Rosoideae [15], [16]. Prunus is a diverse genus under the Prunoideae 

subfamily, including approximately 200 species, with most of them growing in the 

temperate zone and some in the tropical and subtropical regions. This genus is 

economically important due to its diverse uses as fruit (plums, peaches, apricots, cherries, 

and almonds), oil, timber, and ornamentals [17], [18]. The chloroplast DNA (cpDNA) has 

been used since the 1990s to study the phylogenetic relationship of Prunus species [1] 

and among the Prunus genus, the CP genome of the Prunus persica species was one of 
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the first completely sequenced genomes [19]. CP genomes of other Prunus species such 

as Prunus yedoensis, Prunus serrulate, Prunus mume, and Prunus subhirtella were then 

later sequenced using the Prunus persica CP genome as a reference [20], [21]. In the 

Prunus genus, the CP genome has been used to study phylogenetic relationships between 

species such as Prunus cerasus, Prunus phaeosticta, Prunus dulcis, Prunus zhengheensis, 

Prunus mume, and Tunisian Prunus armeniaca [15], [22]–[25]. Wang et al. [22] also 

studied the phylogenetic relationships of six almond species using CP genome 

comparative analysis. In addition, Coulibaly et al. [27]  also did comparative studies 

among 10 Japanese apricot (Prunus mume) accessions using CP genomes. Phylogenomic 

studies have been an insurmountable problem in the Prunus genus, and in this research, 

the phylogenetic relationship study of the Prunus armeniaca L. accessions that are 

available around Türkiye, as well as other Prunus species will be conducted. 

The common apricot, Prunus armeniaca L., which is a diploid species with eight pairs of 

chromosomes (2n = 16), is economically important in many countries, and its 

phylogenetic studies are of high importance. The structure of the CP genome of Prunus 

armeniaca has been previously described in recent studies, and the size of the genome is 

estimated to be about 157,797 to 158,138 bp [15], [28]. The CP genome of Prunus 

armeniaca has also been used among Prunus mume and Prunus salicina for comparative 

analysis in recent studies [15]. Li et al. [29] also used the CP DNA and nuclear ribosomal 

sequences to investigate the phylogeography of Prunus armeniaca L. In a recent study, 

phylogenetic relationship analysis of Turkish Prunus armeniaca L. genotypes was 

conducted with the use of RAPD-PCR, ISSR-PCR, and cpDNA sequence analyses, but 

only a few accessions were used [30]. Based on our knowledge, no comparative analysis 

of Prunus armeniaca accessions has been done using CP genome analysis. Therefore, in 

this study, the phylogenetic analysis of Prunus armeniaca accessions will be studied using 

CP genomes to further understand the phylogenetic relationship among the Prunus 

armeniaca species. 

The inheritance of CP genomes is also a very interesting topic of discussion because 

various studies have shown that the CP genome shows non-Mendelian inheritance 

properties [31]. Angiosperm CP genomes generally show maternal inheritance, while 

conifers sometimes show parental CP inheritance [32]–[34]. Even though maternal 
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inheritance is common in CP genomes, alternative inheritance patterns have been reported 

in some chloroplast studies, which is why in this study the maternal inheritance of the 

apricot CP genomes will be confirmed by including F1 hybrids in the study. 

In this study, the complete CP genomes of 20 apricot accessions and 10 F1 hybrids were 

de novo assembled for phylogenetic analyses. To enhance the phylogenetic study, 16 CP 

genomes from the Prunus genus recruited from GenBank, were also included in this 

analysis. The objectives of this study were to 1) phylogenetically characterize the 30 

assembled genomes and phylogenetically classify Prunus species; 2) confirm the 

chloroplast inheritance patterns of the Prunus armeniaca species; and 3) explore 

variations in the whole CP genomes, especially for “Zard” and “Hacihaliloglu”. The 

results of this study will serve as a reference for future genome-scale phylogenetic studies 

of Prunus. 

 

 

 

 

 

 

 

 

 



 

1.  CHAPTER  

LITERATURE REVIEW 

1.1. Taxonomic classification of apricots  

Apricot belongs to the Rosaceae family under the subgenus Prunuphora Focke and genus 

Prunus L. [35]–[37]. It is classified under the Armeniaca (Lam) section [38]. The number 

of apricot species ranges from 3 to 12 depending on the classification system used, and 

all of them are diploids with eight pairs of chromosomes (2n = 16, x = 8) [38], [39]. The 

most recognised apricot species are: P.brigantina V., P.mandshurica (Maxim), P.sibirica 

L., P.mume (Sieb.), P.holosericeae Batal., and the important one in this study, 

P.armeniaca L. [38], [40]. These apricot species can be intercrossed in either direction, 

which makes the phylogenetic classification of apricots confusing [41]. The botanic 

classification of apricots is shown below (Table 1.1). 

Table 1.1. Botanic classification of the apricot species 

Category Class 

Kingdom: Plantae 

Clade: Angiosperms 

Clade: Eudicots 

Clade: Rosids 

Order: Rosales 

Family: Rosaceae 

Genus: Prunus 

Subgenus: Prunus 

Section: Prunus sect. Armeniaca 

Species: P. armeniaca 

Binomial name:  Prunus armeniaca L. 
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1.2. Origin and Domestication of apricots 

1.2.1. Origin of apricots 

There are 3 centres of origin for the apricot species: Chinese center, Central Asiatic center, 

and Near-Eastern center. The Chinese centre comprises central and western China with 

the inclusion of the lowlands in China [42]. The Central Asiatic centre includes countries 

such as Afghanistan, India, Uzbekistan, and Pakistan, while the Near-Eastern centre 

includes countries such as Türkiye and Iran [42], [43]. Apricots were then dispersed to 

the Middle East, Egypt, and North Africa in countries such as Algeria and later to Spain 

[44]. 

1.2.2. Domestication of apricots 

Domestication of living plants is a significant source of evolutionary transitions in plants, 

and many plant traits have been modified during the process of plant domestication [39], 

[45], [46]. Apricots, like any other plant, have been domesticated for a long period of 

time, and previous studies showed that apricots were first domesticated in Central Asia 

3000 years ago [42], [47], [48]. The domestication of apricots has spread worldwide, and 

Figure 1.1 demonstrates the domestication of apricots in different countries. Recently 

molecular data based on SSR markers and genome sequencing revealed highest levels of 

diversity in Central Asian and Chinese wild and cultivated apricots, confirming an origin 

in this region [46], [49], resulting from independent domestication events from distinct 

wild Central Asian populations, and with subsequent gene flow [39]. Most apricot species 

are domesticated for fruits, while some are domesticated for ornamental purposes [38]. 

The annual production of apricots is estimated to be around 4.1 million tonnes [50], [51]. 

Türkiye is the major producer of apricots, and other countries like Iran and Uzbekistan 

are also major producers [39]. 
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Figure 1.1. Global domestication of apricots [52]. 

1.2.2.1. Cultivation of apricot in Türkiye 

Türkiye is divided into 9 agro-ecological regions, and has a diverse environment with 

mountains, rivers, lakes, and valleys [22]. The landscape and diverse climatic conditions 

make Türkiye to be a centre of origin and diversity for many fruits such as almonds and 

apples [22]. Türkiye produces a lot of stone fruits and is the leading producer of apricots 

globally, which is why the domestication of apricots in Türkiye is of interest. In Türkiye, 

apricots were first cultivated in Anatolia about 2000 years ago during the times of 

Alexander the Great, and thus Anatolia became another homeland for apricots [22], [53]. 

In Türkiye, apricots are grown throughout the country. Malatya is the major producer of 

apricots in Türkiye, and other cities like Erzincan, Aras, Sivas, Kayseri, and Niğde also 

produce significant amounts of apricots.  
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Figure 1.2. Regions of high apricot domestication in Türkiye [22] 

1.3. Apricots breeding practices. 

Apricot traits are qualitative because they show polygenic inheritance patterns [41]. Many 

breeders choose parents based on their phenotype characteristics for genetic improvement 

of the species [54]. In apricot breeding, intraspecific hybridisation is common, whereas 

interspecific breeding among Prunus species is usually used for rootstocks. Apricot 

breeding was initially done to improve fruit quality but nowadays it is primarily done to 

develop hybrids that are resistant to sharka disease, which is caused by Plum Pox Virus 

(PPV) [41], [55]. 

Sharka disease causes major losses in apricot production and as a result, breeders 

hybridising to develop resistant cultivars, thus increasing the number of apricot 

cultivars.  Breeders have developed many molecular markers for apricots while in the 
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process of preventing PPV. Markers such as restriction fragment length polymorphisms 

(RFLPs), randomly amplified polymorphic DNAs (RAPDs),  simple sequence repeats 

(SSRs), and amplified fragment length polymorphisms (AFLPs) have been developed 

[37], [56]–[58]. Many cultivars have been developed, thus increasing the need for 

phylogenetic studies to study the relationship between these cultivars. 

1.4. Apricots cultivars in Türkiye 

Türkiye, as a leading producer of apricots, has different apricot cultivars that are 

genetically different. Hacihaliloğlu is the most common Turkish apricot, and it is 

followed by Kabaasi. These two apricots are mostly grown in Malatya [59]. Other 

varieties such as Hasanbey, Cataloglu, Soganci, and Cologlu are also common in Malatya 

[59]. Tokaloglu, Zerdali, and Alyanak varieties are also found in other regions of Türkiye 

[60], [61]. The following apricot accessions are also found in Türkiye, but originated from 

other countries: Harleyne, Stack Early Orange (SEO), Zard, and Roxana.  

These apricot varieties have different characteristics. Hacihaliloğlu is known to be sweet, 

and can be dried, but it is susceptible to diseases such as sharka disease [62], [63]. A study 

by [63] revealed that accessions such as SEO, Zard, Roxana, and Harlayne are resistant 

to sharka disease. These differences raise the need to study the phylogenetic relationships 

of these accessions so that breeders can plan breeding practices. When studying 

phylogenetic relationships in plants, it is better to use chloroplast genomes because they 

are conserved [64].   

1.5. Phylogenetic studies in Apricots 

The phylogeny problems in apricot have existed for a long period of time, and researchers 

are still trying to find solutions to this problem, while other researchers have already 

published their results regarding this problem. This problem is being tackled by many 

researchers using different approaches. [65] stated that morphological, biochemical, and 

DNA-based markers have been used to study variation in plants, and out of all these 

markers, DNA-based markers are the best for genetic variation studies and nowadays are 
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preferred for plant variety identification [30]. DNA-based markers include AFLP, RFLP, 

SSRs, and randomly amplified polymorphic DNA (RAPD) [30], [66]. 

AFLP markers have been successfully used to identify and classify cultivars in apricots 

[30]. In terms of variety identification, AFLP markers presented the best results when 

compared to markers such as SSRs and RFLPs [37], [67]. According to [30], AFLP 

markers and SSRs present a clear phylogenetic relationship among apricot varieties. [68] 

reported that RAPD markers are more advantageous because they require a low amount 

of DNA, give fast results, and present a higher polymorphism frequency. The CP DNA-

based markers have presented good results, but that is not the same with nuclear DNA-

based phylogenetic studies because they are restricted by their complexity. The nuclear 

DNA is not conservative and has high rates of mutation, which can negatively affect 

phylogenetic studies in plants [69], [70]. As a result, nowadays phylogenetic studies in 

plants are chloroplast-based because the chloroplast is more conservative and can give us 

unbiased phylogenetic results [2], [15], [71], [72]. Despite the high sequence conservation 

characteristics of the CP genome, there are small differences in gene content between 

different species, like the loss of the ndh gene in some species, and these small differences 

can be used to enhance phylogenetic studies [73]. 

1.6. Chloroplast genome 

The chloroplast (CP) is a metabolically active, semi-autonomous organelle found in 

algae, cyanobacteria, and plants [74]. CP are intracellular organelles in plants that act as 

the main site for photosynthesis and adenosine triphosphate (ATP) transformation in 

plants [75]. In the process of photosynthesis, the CP is involved in the conversion of light 

energy into chemical materials that can be used in the synthesis of organic compounds 

[74]. It also plays a big role in the biosynthesis of nucleotides, lipids, starch, and amino 

acids [75], [76]. Many of the metabolites synthesized by the CP are important for 

coordinating communication between the different tissues of the plant, and they also play 

a major role in plant reactions to both biotic and abiotic stresses [72], [74]. The CP has 

an independent circular genome that is different from the main nuclear genome, and it is 

smaller than the nuclear genome because it has endosymbiotic gene transfer 

characteristics [77]. The CP genome consists of four main parts: protein-coding 
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sequences, LSC sequences, IR conserved sequences, and genome-wide sequences [78]. 

This genome usually consists of 110–130 genes, which regulate photosynthesis, 

transcription, translation, and other processes. These genes usually have sizes ranging 

from 120 to 160 kilobases in plants [4], [75]. In most flowering plants, the CP genome is 

usually maternally inherited, even though inheritance in some plants, such as conifers, is 

paternal [34], [79].  

1.6.1. Chloroplast genome assembly 

The CP genome, located within the chloroplasts of plant cells, plays a crucial role in 

photosynthesis and the production of energy for the cell. The CP genome is a small, 

circular, and double-stranded DNA molecule that encodes for essential photosynthetic 

and metabolic functions. The assembly of the CP genome is important for understanding 

the evolution and diversity of photosynthetic organisms as well as for the improvement 

of crop plants through genetic engineering [78], [80], [81]. In 1986, the first CP genome 

was assembled from tobacco and liverwort [82], [83]. Since then, more chloroplast 

genomes have been assembled for phylogenetic studies and comparative analyses in 

plants [81]. In 2020, about 3721 CP genomes from different plant species, including both 

aquatic and terrestrial plants, were deposited into the NCBI (National Centre for 

Biotechnology Information) organelle database.  

Recent advancements in next-generation sequencing (NGS) technology have led to 

significant improvements in the assembly of chloroplast genomes. One of the most 

popular methods for CP genome assembly is the use of the Illumina platform, which 

generates millions of short reads that can be used to assemble the genome. However, the 

high cost and the need for a high coverage of the genome are some of the limitations of 

this method. Short reads also make it hard for bioinformaticians to assemble long contigs 

for a full presentation of the genome. 

An alternative to Illumina is the use of long-read sequencing platforms such as PacBio 

and Oxford Nanopore. These platforms produce long reads that can span multiple introns 

and repeats, which enables the accurate assembly of the chloroplast genome. Illumina 

sequencing is sometimes preferred because it allows the use of rolling circle amplification 

products and thus giving a better assembly [84]. A study by Wang et al. [85] compared 
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the use of Illumina and PacBio for the assembly of chloroplast genomes and found that 

PacBio produced higher-quality assemblies with fewer errors and gaps. The longer reads 

enable the assembly of long contigs, thus giving a more accurate genome. 

Another method for CP genome assembly is the use of a combination of NGS and Sanger 

sequencing. This approach, known as the "hybrid" method, involves generating short-

read NGS data and then using Sanger sequencing to fill in any gaps or errors in the 

assembly. A study by Wu et al. [86] used this method to assemble the CP genomes of wild 

rice and found that it produced high-quality assemblies with a high level of accuracy. 

Recently, a new approach called Optical Mapping (OM) has been used to assemble 

chloroplast genomes. OM is based on the use of high-resolution fluorescent imaging to 

create a physical map of the genome, which can be used to assemble the genome. OM 

produces a high-quality assembly with a high level of accuracy and can be used for 

structural variation detections [87]. 

Bioinformaticians have been trying to develop chloroplast assembling tools to improve 

the efficiency and accuracy of assembling CP genomes. A lot of tools have been 

developed specifically for organelle genomes, including the CP genome. Tools such as 

GetOrganelle, NOVOplasty, Genieous Prime Assembler, ORG.Asm, IOGA, and 

chloroExtractor have been used to assembly chloroplast genomes [88]–[92]. Even though 

a lot of tools have been developed, it is still very difficult to generate a complete CP 

genome using these tools [93]. The existence of different chloroplasts within a single 

individual plant results in a phenomenon called heteroplasmy, which complicates CP 

genome assembly [49], [94], [95]. 

The assembly of the CP genome is an important task for understanding the diversity and 

evolution of photosynthetic organisms. The use of long-read sequencing platforms such 

as PacBio and Oxford Nanopore, the hybrid method, and Optical Mapping (OM) are some 

of the best methods for assembling CP genomes.  

It is also important to note that there are two main types of genome assembly: the 

reference-based approach and the de novo approach. In the reference-based approach, a 

reference genome of that species is used to guide the assembly of the new genome, while 

in de novo assembly, the genome is assembled without the use of reference genomes [96]. 
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De novo assembly uses a process whereby individual sequence reads are merged to form 

long contiguous sequences called contigs, and the contigs share the same nucleotide 

sequence as the original DNA template from which the sequence reads were derived [96]. 

In this study, both methods were used, and the best CP genome was chosen.  

1.6.2. Importance of CP genome assembly 

In breeding, success is usually determined by genetic compatibility, and CP genomes 

serve as an important tool for identifying plant species that are closely related and 

therefore genetically compatible [81]. CP genomes help in evolutionary studies and 

systematic phylogenetic classification of plants [78], [80]. CP genomics also helps in 

other applications such as the prevention of biotic and abiotic diseases, the development 

of vaccines, and biopharmaceuticals in plants. This further helps in understanding 

important traits in plants that enhance breeding practices of closely related species to 

conserve those important traits. CP genomes can also be used for barcoding and meta-

barcoding [97], [98]. In summary, an assembled CP genome can provide researchers with 

important information on plant molecular ecology, population genetics, evolution, and 

phylogeny. That is why this study is important in the study of apricots in Türkiye. 



 

2.  CHAPTER 

MATERIALS AND METHODS 

2.1. Plant materials 

In this thesis, within the scope of TUBITAK supported projects 214O400 and 119O846, 

30 apricot DNA reads produced by high throughput sequencing were studied. Among 

these 30 apricots, 20 apricot accessions (Table 2.1) were in Erciyes University (ERU) in 

Kayseri, and the remaining 10 apricot hybrids were produced in ERU (Table 2.2). 

Additionally, 30 Prunus CP genome were downloaded from NCBI (Table 2.3).  

 

Table 2.1. Origin and features of the 20 apricot accessions subjected to high throughput 

sequencing within the scope of TUBITAK supported projects 214O400 and 119O846. 

Accession (P. armeniaca) Origin 

Sakit Türkiye 

M2249 Türkiye 

M2252 Türkiye 

Ordubat Türkiye 

Hacikaya Türkiye 

 

https://www.google.com/search?sxsrf=APwXEdd-JcfWCagPDncK-hMUXr-iFtpoqA:1684928553889&q=high+throughput&spell=1&sa=X&ved=2ahUKEwiCp7T_743_AhUDRPEDHUrYDi0QkeECKAB6BAgLEAE
https://www.google.com/search?sxsrf=APwXEdd-JcfWCagPDncK-hMUXr-iFtpoqA:1684928553889&q=high+throughput&spell=1&sa=X&ved=2ahUKEwiCp7T_743_AhUDRPEDHUrYDi0QkeECKAB6BAgLEAE


14 

 

 

 

 

 

Kabaasi Türkiye 

Harlayne Canada rooted back to Central Asia 

Zerdali Türkiye 

M2243 Türkiye 

M2244 Türkiye 

KZ1 Türkiye 

KZ44 Türkiye 

Roxana Central Asia 

Kirmizi Türkiye 

Hasanbey Türkiye 

SEO (Stark Early Orange) North America rooted back to Central Asia 

Hacihaliloğlu Türkiye 

Fracasco Türkiye 

Zard North America rooted back to Central Asia 

Harcot North America 
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Table 3. The apricot hybrids produced at Erciyes University in Kayseri, Türkiye. 

Hybrid (P. armeniaca) Origin Parents (Maternal * Paternal) 

Hacihaliloglu F1 3 Türkiye Hacihaliloglu * SEO 

Hacihaliloglu F1 4 Türkiye ” 

Hacihaliloglu F1 16 Türkiye ” 

Hacihaliloglu F1 17 Türkiye ” 

Hacihaliloglu F1 18 Türkiye ” 

Hacihaliloglu F1 19 Türkiye ” 

Hacihaliloglu F1 11 Türkiye ” 

Zard F1 70 Türkiye Zard F1 offspring 

Zard F1 98 Türkiye Zard F1 offspring 

Zard F1 146 Türkiye Zard F1 offspring 

 

 

 

 

 

 

 

 



16 

 

 

 

 

 

Table 4. The 30 Prunus CP genomes downloaded from NCBI with their accession 

numbers. 

Name GenBank accession Country 

P. dulcis KY085904.1 USA 

P.  mume KF765450.1 CHİNA 

P. yedoensis KU985054.1 South Korea 

P. persica HQ336405.1 USA 

P. mandshurica R. NC_068703.1 CHINA 

P. mandshurica MK905681.1 CHINA 

P. armeniaca R. NC_043901.1 USA 

P. cerasifera NC_068605.1 USA 

P. fasciculata NC_054253.1 USA 

P. mahaleb MT576896.1 CHINA 

P. pedunculata MG602257.1 CHINA 

P. tomentosa MT576919.1 CHINA 

P. triloba MH748555.1 CHINA 

P. sibirica NC_068704 CHINA 

P. kanseusis NC_023956.1 USA 

P. mongolica NC_037849.1 USA 

P. tangutica MZ145044.1 CHINA 
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P. serrulata NC_066418.1 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 MK816299.1 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 

 

 

2.2. Chloroplast genome assembly 

To get a high-quality assembly, high quality raw reads were de novo assembled using two 

different tools. Firstly, the Geneious assembler on Geneious Prime 

(https://www.geneious.com/) was used to de novo assembly the sequences. The raw reads 

were first mapped into the reference genome of apricots (GCA_903114435.1) and then it 

was assumed that the unused reads represents the organelle genomes. The unused reads 

https://www.geneious.com/
https://www.ncbi.nlm.nih.gov/assembly/GCA_903114435.1
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were further mapped to the apricot mitochondria reference genome (NC_065228.1) to 

remove mitochondria sequences. It was assumed that the remaining unused reads were 

related to the CP genome. The unused reads were then de novo assembled and the top 100 

longest contigs were mapped to the apricot CP reference genome (NC043901.1) to get a 

full CP genome assembly (Figure 2.1). BWA (Burrows Wheeler Aligner) with default 

parameters was used for mapping [99]. In that way, complete CP genomes of the 30 

apricot accessions were assembled from Geneious Prime.  

Secondly, NOVOPlasty with default parameters was used to assemble the CP genomes 

[91]. Firstly, the assembly was conducted using two different Kmer values, 33 and 39. 

Kmers are substrings of a specific length contained within a biological sequence. Kmer 

33 gave a better assembly and then all the assemblies were conducted using Kmer 33. 

The first 100 nucleotides of the apricot CP reference genome were used as a seed when 

conducting the assembly. An example of the configuration text used in the assembly is 

shown in Figure 2.2. The first 2 longest contigs were assembled into a CP genome.  
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Figure 2.1. CP genome assembly in Geneious Prime Assembler, the long contigs were 

perfectly aligned to the reference genome. 
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Figure 2.2. A configuration text used in the assembly of the “Zard” accession. 

 

The 2 assemblies for each accession were compared and manually edited on Geneious 

Prime, and the best version of the CP genome was selected for further analyses. 

2.3. CP genome annotation 

The assembled genomes were then annotated using Geseq [100]. Geneious Prime was 

also used to annotate the CP genomes. In this study, tRNA genes were identified using 

tRNA-SE with default parameters [101], [102]. SNPs (Single Nucleotide Polymorphic) 

were identified using Geneious Prime and DnaSP4 v5 [103] (Figure 2.3). SNPs were 

manually checked to select reliable SNPs so that software errors can be avoided. A Python 

script was also used to check and validate variations among the genomes (Figure 2.4). 

Finally, maps of the circular chloroplast genome of “Zard”, and “Hacihaliloglu” were 

drawn using OGDraw 1.3.1 [104]. 
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Figure 2.3. A 13 base insertion displayed on Geneious Prime, the contigs have this 13 

bases while the reference genome does not. 
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Figure 2.4. The python script that was used to validate variations among the genomes. 

2.4. Relative Synonymous Codon Usage (RSCU) 

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) 

[105]. The RSCU analysis was conducted for all the CP genomes.  

2.5. Comparative Analysis  

The mVista program was used to compare apricot (P. armeniaca, P. manshurica, P. 

sibirica, P. mume, and P. zhengheensis) CP genomes using the shuffle-Lagan model 

[106]. The reference CP genome of apricots (NC_043901.1) was used for this 

comparison. Additionally, to compare the contraction and expansion of the IR boundaries 

among LSC, SSC, IRa, and IRb, the IRscope, software 

(https://irscope.shinyapps.io/irapp/) was used IR comparative analysis was first 

conducted on 9 apricot species and then on all the other CP genomes downloaded from 

NCBI [107].  

https://irscope.shinyapps.io/irapp/
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2.6. Phylogenetic analyses 

To show the phylogenetic relationship of the apricot accessions, phylogenetic trees were 

constructed. The 62 CP genomes were first aligned using the ClustalW algorithm on 

BioEdit v.7.2.5 (http://www.mbio.ncsu.edu/bioedit/bioedit.html) with default parameters 

[108]. To speed up the process, ClustalW was used on Linux (Ubuntu) user interface 

(Figure 2.5). The slow and accurate option was used when doing the alignment to ensure 

an accurate alignment. Maximum likelihood (ML) and Neighbor-joining analyses were 

conducted for the phylogenetic relationship analyses [109], [110]. Mega 11 was used to 

construct phylogenetic trees using maximum likelihood analysis and Neighbor-joining 

algorithms, a bootstrap repetition of 1000 was used for both analyses. 

 

 

http://www.mbio.ncsu.edu/bioedit/bioedit.html
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Figure 2.5. Alignment using ClustalW on Ubuntu 18.4. 

 

 

 

 

 

 



 

 

3.  CHAPTER 

 

RESULTS 

3.1. Chloroplast Genome Assembly and Characteristics 

In this study, DNA of 30 apricot samples were sequenced using Illumina sequencing 

technology and CP genomes were assembled. The assembled CP genomes’ lengths 

ranged from 158 057 bp to 158 089 bp. The nucleotide comparison of 30 common apricot 

CP genomes together with the GenBank accession NC_043901.1 revealed that CP 

genomes can be grouped into four haplotype groups. Among each haplotype, a common 

single nucleotide change was observed. “M2249”, “Harcot”, “KZ1”, “KZ44”, “OB”, 

“Sakit”, and “M2252” were classified as Haplotype 1. In this group, 8 deletions, 4 

insertions, and 4 SNPs were observed when compared to the NC_043901.1 CP genome. 

Haplotype 2 (Fracasco, Hacikaya, Harlayne, Hasanbey, HH, HH F1 (-3, -4, -11, -16, -17, 

-18, and -19), Kabaasi, Kirmizi, and SEO) had only 1 deletion and 1 SNP. In Haplotype 

3 (M2244, M2243, Roxana, and Zerdali), 2 deletions and 1 SNP were observed. 

Haplotype 4, which consists of the Zard, Zard F1-70, -98, and -146, had 10 insertions, 7 

deletions, and 17 SNPs (Table 3.1).  

 

Table 5. SNP-InDels tables showing the different SNPs in different positions. 

        

Haplotype 1: M2249, Harcot, KZ44, Ordubat, Sakit   
        

Nucleotide Type of variation Position Frequency 

T DELETION 1651 96,90 

TGAAGTGTATAAT DELETION 27940 66,30 
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T-- DELETION 37693 75,90 

T-- DELETION 52377 91,90 

T-- DELETION 66206 88,80 

GG-- INSERTION 66763 79,90 

T-- DELETION 69730 64,80 

T INSERTION 73666 93,20 

G-T SNP 76147 98,90 

T-- DELETION 83306 90,00 

T INSERTION 115568 88,50 

A-- DELETION 121972 93,70 

T INSERTION 122331 76,90 

G-T SNP 123712 99,00 

A-G SNP 124312 98,90 

T-G SNP 130167 96,30 

Summary    
Insertions 4   
Deletions 8   
SNPs 4   
CP genome length 158057   
        

    
Haplotype 2: Hacihaliloğlu F1 (3, 4, 11, 16, 17, 18, and 19), Fracasco,  

Hacihaliloğlu, SEO, Kirmizi, Kabaasi, Hasanbey, Harlayne, Hacikaya  
        

Nucleotide Type of variation Position Frequency 

T-- DELETION 9959 91,90 

C-T SNP 56788 99,30 

Summary    
Deletions 1   
SNPs 1   
CP genome length 158071   
        

    
Haplotype 3: Zerdali, Roxana, M2244, M2243 
        

Nucleotide Type of variation Position Frequency 

T-- DELETION 9959 86,30 

TGAAGTGTATAAT DELETION 27940 63,40 

C-T SNP 56788 97,40 

Summary    
Deletions 2   
SNPs 1   
CP genome length 158058   
        

    
Haplotype 4: Zard and P. mandshurica group: Zard, Zard 98, Zard 70, Zard 

146 
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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 10054 70,60 

T-- DELETION 12522 93,20 

T INSERTION 13402 87,80 

C-T SNP (Transition) 17066 99,50 

T-- DELETION 37693 75,90 

C-G SNP (Transversion) 47415 97,60 

G-T SNP (Transversion) 47672 97,30 

TCCATA INSERTION 52833 98,10 

ATAATA----- DELETION 53158 83,30 

ATTTCA INSERTION 56658 97,60 

C-T SNP (Transition) 56788 99,80 

CC INSERTION 61068 91,60 

T-- DELETION 66206 98,70 

A-C SNP (Transversion) 66812 92,00 

G-A SNP (Transition) 72116 99,00 

TTTTTTT INSERTION 73666 93,00 

A-C SNP (Transversion) 76910 98,30 

T INSERTION 77238 91,00 

T-- DELETION 83306 90,00 

A-G SNP (Transition) 85987 99,00 

C-T SNP (Transition) 86095 99,70 

G-A SNP (Transition) 113201 99,50 

G INSERTION 115565 92,60 

GTTTCTAATTTT DELETION 115998 98,80 

G-T SNP (Transversion) 116553 98,80 

G-A SNP (Transition) 122249 99,00 

T INSERTION 122331 76,10 

G-T SNP (Transversion) 123712 99,50 

A-G SNP (Transversion) 124312 99,40 

G-T SNP 126252 99,10 

T-A SNP 127877 98,70 

Summary    
Insertions 10   
Deletions 7   
SNPS 17   
CP genome length 158089   
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In general, the genome features analyzed in this study showed that the gene content, gene 

order, introns, and intergenic spacers of the Prunus genomes are highly conserved and 

found to be similar to previously published CP genomes of Prunus trees. In brief, the CP 

genomes were divided into 4 parts: Large Single Copy (LSC) regions, Small Single Copy 

(SSC) region, and 2 Inverted Repeats (IR) regions. The quadripartite structure of the CP 

genomes consisted of an LSC region of 85 746–85861 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 CP genomes was 

36.7%. Coding regions accounted for about 52.7% of the CP genomes. A total of 122 

genes were identified in H1, H2, and H3, while, in H4, 123 genes were identified. These 

genes included 81 protein-coding genes in H1, H2, and H3, and 82 protein-coding genes 

in H4. A total of 33 tRNA genes, and 8 rRNA genes were identified in all the assembled 

CP genomes (Table 3.2). The trnY-ATA gene was identified as a unique gene in P. 

armeniaca. CP genome map for HH as representative for common apricots, and “Zard” 

which was found to be divergent than the other common apricots were represented in 

Figure 3.1 and Figure 3.2, respectively. 

Table 6. Chloroplast genomes` structural information 

H 

Length 

(bp) LSC SSC IRa IRb 

GC 

(%) 

Total 

Genes 

tRNA 

genes 

rRNA 

genes 

PC 

genes 

# 

Codons 

1 158057 

86269 - 

158057 

112659 - 

131668 

131669 - 

158057 

86270 - 

112658 36,7 122 33 8 

 

81 

 

52685 

2 158071 

86284 - 

158072 

112674 - 

131682 

131683 - 

158071 

86285 - 

112673 36,7 122 33 8 

 

81 

 

52690 

3 158058 

86271 - 

158058 

112661 - 

131669 

131670 - 

158058 

86272 - 

112660 36,7 122 33 8 

 

81 

 

52686 

4 158089 

86312 - 

158089 

112702 - 

131700 

131701 - 

158089 

86313 - 

112701 36,7 123 33 8 

 

82 

 

52696 
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Figure 3.1. P. armeniaca (“Zard”) chloroplast genome map showing the four parts of the 

CP genome, IRA, IRB, SSC, and LSC. The annotated genes are also shown in this map. 

 

 



30 

 

 

 

 

 

Figure 3.2. P. armeniaca (“Hacihaliloğlu”) chloroplast genome map showing the four 

parts of the CP genome, IRA, IRB, SSC, and LSC.  
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Table 7. Genes in the sequenced P. armeniaca CP genomes.  

Category  Group of genes  Name of genes 

Self-replication Large subunit of ribosomal proteins rpl2, 14, 16, 20, 22, 23, 32, 33, 36 

 Small subunit of ribosomal proteins rps2, 3, 4, 7, 8, 11, 12, 14, 15, 16, 18, 19 

 DNA-dependent RNA polymerase rpoA, B, C1, C2 

 
rRNA genes rrn16, 23, 4.5, 55 

 
tRNA genes trnA-UGC, trnC-GCA, trnD-GUC, trnE-

UUC, trnF-GAA, trnfM-CAU, 

trnG-UCC, trnH-GUG, trnI-CAU, trnI-

GAU, trnK-UUU, trnL-CAA, trnY-ATA 

trnL-UAA, trnL-UAG, trnM-CAU, trnN-

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,  

Photosynthesis  Photosystem I psaA, B, C, I, J, M 

 
Photosystem II psbA, B, C, D, E, F, H, I, J, K, L, M, N, T, 

Z 

 
Maturase matK 

 
Protease clpP 

 Cytochrome b6/f complex petA, B, D, G, L, N 

 ATP synthase atpA, B, E, F, H, I 

 Rubisco rbcL 

 
Chlorophyll biosynthesis chlB, L, N 

Unknown  Conserved open reading frames. ycf1, 2, 3, 4 
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3.3. Relative Synonymous Coding Usage (RSCU) 

The RSCU of the apricot CP genomes was predicted using CodonW based on protein-

coding genes. The total number of codons ranged from 52400 to 52700 for all the apricot 

CP genomes (Table S3). In haplotype 1, haplotype 2, and haplotype 3, 52685, 52690, and 

52686 codons were encoded, respectively. The Zard (haplotype 4) accessions and P. 

mandshurica had the most codons (52696 codons) among the apricot CP genomes. The 

P. tomentosa species had the least number of codons (52416 codons). In this study, we 

found that there are 64 types of codons encoding 20 amino acids. Leucine (Leu), Serine 

(Ser), and Arginine (Arg) are encoded by 6 codons; Valine (Val), Proline (Pro), Threonine 

(Thr), Alanine (Ala), and Glycine (Gly) are encoded by 4 codons; 3 codons encode 

Isoleucine (Ile); 2 codons encode phenylalanine (Phe), Tyrosine (Tyr), Histidine (His), 

Glutamine (Gln); Asparagine (Asn); Lysine (Lys); aspartic acid (Asp); Glutamic acid 

(Glu); and Cysteine (Cys); and the remaining Methionine (Met) and Tryptophan (Trp) are 

encoded by only 1 codon. We also found out that Leucine (Leu) is the most frequent 

amino acid, with a frequency range of 9,80%–10,80%. Tryptophan (Trp) was the least 

frequent amino acid in CP genome protein-coding genes with a frequency range of 

1,25%–1,35%. The highest RSCU among amino acids was observed in Arginine (Arg) 

with a value of 1,92, while other amino acids like Leucine (Leu) and Serine (Ser) had 

their highest RSCU values at 1,49 and 1,48, respectively. Methionine (Met) and 

Tryptophan (Trp) had a RSCU value of 1, which shows that there is no codon usage bias 

in these 2 amino acids. Around 46% of the codons showed a RSCU value of less than 1, 

meaning that there was a negative codon usage bias in these codons. 
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3.4. Comparative Alignment Analysis 

The mVista program was used to align the 9 apricot CP genome sequences to compare 

genome divergence and sequence identity among the genomes. This alignment showed 

that there are no gene rearrangements within the apricot CP genomes. The apricot CP 

genomes were highly conserved, and no structural differences were observed.   

 

 

Figure 3.3. mVista alignment graph showing the aligned apricot CP genomes; 1: H2, 2: 

H3, 3: H4, 4: P. mandshurica, 5: P. mume, 6: P. zhengheensis, 7: P. mume, and 8: P. 
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sibirica. This alignment shows expressed genes in this region in the apricot CP genomes, 

and these genes are conserved.  

 

3.5. IR comparative analysis 

IR comparative analysis on the apricot accessions revealed that Haplotype 1, Haplotype 

2, Haplotype 3, Haplotype 4, P. mandshurica, and the reference CP genome of P. 

armeniaca have the same genes in the IR region. The genes were highly conserved on 

these CP genomes. The genes were of the same size in these CP genomes except for the 

rpl2 gene on P. mandshurica, which was 13 bp while in the other CP genomes it is 2 bp. 

It is also noteworthy that in these CP genomes, the ycf1 gene was found overlapping the 

JSA region, while on the other 3 apricot CP genomes; P. mume, P. zhengheensis, and P. 

sibirica, the ycf1 gene was missing in the JSA region. (Figure 4). 

An IR comparison among all the other Prunus species` genomes downloaded from NCBI 

revealed differences in IRa, IRb, LSC, and SSC lengths (Figure S 5). Most of the genes 

were conserved in these Prunus species except for the rpl2 and the ndhF genes. The rpl2 

gene was missing in the IRb region of P. tenella while on the other CP genomes it was 

found. This gene was also longer in P. padus and P. serotina as compared when compared 

to the other rbl2 genes in the other CP genomes. The ndhF gene was only missing in P. 

serotina, and it was not overlapping the JSB region in P. subhirtella, P. yedoensis, P. 

tangutica while in the other CP genomes it was overlapping this region.  
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Figure 3.4. IR comparative analysis graph of the 9 apricot CP genomes, showing the 

different genes found in the IRa, IRb, SSC, and LSC regions and the length of these 

regions. Whereby 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.  
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Figure 3.5. IR comparative analysis of all the Prunus species downloaded from NCBI 

except for apricots genomes. 
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3.7. Phylogenetic relationships 

All CP genomes were used to construct maximum likelihood (ML) and neighbor-joining 

phylogenetic trees (Figure 3.6). Each haplotype was represented by 1 CP sequence and 

its offsprings. The phylogenetic trees suggest that the 3 P. armeniaca species: Haplotype 

1, haplotype 2, and haplotype 3 are closely related. The “Zard” accession and its 

offsprings were identified as sister clades with P. mandshurica. These results showed that 

P. armeniaca is phylogenetically closer to P. mume and P. zhengheensis than it is to the 

other Prunus species. 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. triloba and P. pedunculata are Chinese almonds. Surprisingly, P. sibirica is more 

closely related to P. salicina, P. cerasifera, and P. domestica than it is to P. armeniaca. 

P. fasciculata was positioned between P. dulcis and the cultivated cherry clade (P. 

mahaleb, P. serrualta, P. subhirtella, and P. yedoensis).  

 

3.8. Inheritance of CP genomes 

The maternal inheritance of CP genomes in the Prunus species was clearly validated as 

shown 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 their maternal 

CP genome of the “Zard” accession and they were phylogenetically classified under the 

same group.  The “Hacihaliloğlu” F1 hybrids: HH F1-3, -4, -11, -16, -17, -18, -19 were 

also identical to their maternal parent. These results confirm the maternal inheritance of 

CP genomes in Prunus armeniaca. 
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Figure 3.6. A Maximum-Likelihood Phylogenetic tree of the Prunus species showing the 

“Zard” accession in the same group as P. mandshurica. 

 



4.  CHAPTER 

DISCUSSIONS AND CONCLUSIONS 

 

4.1. Discussions 

In this study, 30 CP genomes were assembled for phylogenetic comparative studies. The 

assembled genomes had lengths ranging from 158 057 to 158 089 bp. The lengths of the 

CP genomes are closer to the lengths of Prunus CP genomes obtained in previous studies 

[15], [23], [70]. Our CP genomes had a GC content of 36,7% and this is because 

angiosperms generally have a low GC content [72], [121]. The similarity of the CP 

genomes to previous genomes increases confidence in the quality of the CP genomes.  

 

Upon assembling the CP genomes, they were annotated, and 111-112 unique genes, 8 

rRNA genes, and 31 to 33 tRNA genes were found. Previous studies on Prunus species 

CP genomes reported similar results, as they reported around 133 genes (110 unique 

genes), including about 94 protein-coding, about31 tRNA, and 8 rRNA genes [15].  To 

be more specific, P. persica, P. mume, and P. tomentosa have 131, 132, and 135 genes, 

respectively [15], [122], [123]. A study on six almond species also yielded similar results 

[70]. Among the annotated genes, rps19 was common, and the trnY-ATA gene was 

identified as a unique gene. The rps19 gene is common in Prunus species, and the trnY-

ATA gene was also identified as a unique gene in other previous studies [15], [124]. These 

results from the previous studies further validate these CP genomes. 

 

RSCU analysis revealed that different species encode a different number of codons, and 

this is because codon preferences for amino acids in different species are different [125]. 

RSCU analysis showed that among all the amino acids, leucine (Leu) is the most frequent 
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amino acid with a frequency range of 9,80% - 10,80% while tryptophan (Trp) was the 

least frequent amino acid with a frequency range of 1,25% - 1,35%. Previous studies on 

P. mume, P. armeniaca, and P. salicina also show that leucine is the most encoded amino 

acid while tryptophan is the least encoded amino acid [15].  

 

When comparing the CP genome alignments using mVista, no significant difference was 

observed; the genes were more conserved, while the IR comparison on IRscope showed 

significant differences. The repeat lengths for P. mandshurica and the “Zard” accession 

were similar, and that shows that they are closely related to each other. Most of the genes 

were conserved in the IR regions of the CP genomes, while the ndhF gene was found at 

one end of the SSC region in P. yedoensis, while in the other CP genomes it was found 

overlapping in the JSB region. This shows that P. yedoensis is divergent from P. 

armeniaca. Overall, the ycf1 and ndhF genes were the only genes that were not conserved 

in the IR regions; the other genes were highly conserved.  

 

The identified SNPs and InDels are intraspecific variations and have not been observed 

in other Prunus species. Even though intraspecific variations have not been reported in 

Prunus species before our study, intraspecific variations have been reported in other plant 

species such as Ricinus communis L. And Sorghum bicolor [126], [127]. Further 

molecular biological studies need to be done to validate these intraspecific variations.  

 

The phylogenetic analysis showed that P. mume is more closely related to P. armeniaca 

L. than all the other Prunus species. These results are in congruence with other previous 

results on Prunus species [15], [128]. However, P. sibirica, a Siberian apricot was not 

closely related to P. armeniaca as compared to wild cherries and plums. Dong et al. [129] 

also reported that P. armeniaca is closely related to plums than it is to P. sibirica, and 

that is an interesting evolution problem. The phylogenetic tree further revealed that the 

“Zard” accession is in the same group as P. mandshurica, and that might mean that “Zard” 

is better classified as P. mandshurica than P. armeniaca L. Both P. mandshurica and 

“Zard” originated in Central Asia, so further molecular biological studies must be 

conducted to verify the phylogenetic classification of these two species [46], [130].  
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The maternal inheritance of the CP genome was clearly validated based on these results 

because of the similarities of the hybrids’ CP genomes to their maternal parents` CP 

genomes. Evidently, the three “Zard” F1 hybrids (“Zard F1 98”, “Zard F1 146”, and “Zard 

F1 70”) were identical to the “Zard” accession in the phylogenetic tree, and all the 

“Hacihaliloğlu” F1 hybrids (“Hacihaliloğlu F1 3”, “Hacihaliloğlu F1 4”, “Hacihaliloğlu 

F1 11”, “Hacihaliloğlu F1 16”, “Hacihaliloğlu F1 17”, “Hacihaliloğlu F1 18”, and 

“Hacihaliloğlu F1 19”) were also identical to the CP genome of “Hacihaliloğlu”. These 

results are congruent with the general inheritance properties shown by angiosperms [31], 

[33], [34]. 

4.2. Conclusions 

In this study, the CP genomes of 30 apricots were de novo assembled and compared with 

22 previously published Prunus species CP genomes. The complete CP genomes of the 

Prunus species were annotated, and coding genes were identified. The gene order and 

genome structure of P. armeniaca are highly conserved and only show a few variations 

when compared to other Prunus species. No major structural differences in the CP 

genomes of Prunus armeniaca accessions were observed. The CP genome sequences of 

the 30 apricots obtained in this work are highly conserved, and only the “Zard” accession 

shows major differences. “Zard” has a different number of polymorphic sites as compared 

to the other assembled CP genomes, and in the phylogenetic tree, it is in the same clade 

as P. mandshurica. These results further validated that P. mume and P. mandshurica is 

closely related to P. armeniaca, while Siberian apricot, P. sibirica, is not closely related 

to P. armeniaca. The maternal inheritance of the CP genome in the Prunus species was 

validated in this study as all the F1 hybrids were identical to their maternal parents` CP 

genomes. These results expand the researchers’ perspective on apricot plant diversity and 

promote an understanding of the evolutionary relationship among Prunus species.  
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4.3. Recommendations 

In this study, we were able to phylogenetically classify P. armeniaca accessions and 

Prunus species, but we recommend further molecular biological analysis to be conducted 

to validate the classification of the “Zard” accession and P. mandshurica species. These 

results show that there are less variations within the P. armeniaca species as compared to 

other Prunus species. This shows that variation in the P. armeniaca species must be 

improved through breeding practices. The “Zard” accession which is homozygous 

resistant to PPV was grouped with P. mandshurica and thus, P. mandshurica can be PPV 

resistance source. Additionally, considering that common apricots pose narrow genetic 

diversity, it is recommended to cross other apricot species with common apricot to 

improve agricultural traits of common apricots.     
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SUPPLEMENTARY 

Supplementary 1. RSCU table showing some accessions used in our study with their respective RSCU value, number of codons, and the amino 

acids encoded.  

Species Codons 

Amino 
Acid Codon No. RSCU 

Amino 
Acid Codon No. RSCU 

Amino 
Acid Codon No. RSCU 

Amino 
Acid Codon No. RSCU 

  Phe UUU 2356 1,26 Ser UCU 1068 1,41 Tyr UAU 1703 1,36 Cys UGU 723 1,24 

    UUC 1387 0,74   UCC 847 1,12   UAC 800 0,64   UGC 442,00 0,76 

Kabaasi 52690 Leu UUA 1256 1,37   UCA 893 1,18 TER UAA 1382 1,32 TER UGA 968 0,92 

Melez 19 52690   UUG 1092 1,2   UCG 575 0,76   UAG 796 0,76 Trp UGG 714 1,00 

Melez 18 52690                     

Melez 17 52690   CUU 1153 1,26 Pro CCU 633 1,04 His CAU 967 1,40 Arg CGU 395 0,74 

Melez 16 52690   CUC 695 0,76   CCC 610 1   CAC 418 0,6   CGC 266,00 0,50 

Melez 4 52690   CUA 764 0,84   CCA 739 1,21 Gln CAA 1053 1,32   CGA 549 1,03 

Melez 3 52690   CUG 521 0,57   CCG 451 0,74   CAG 545 0,68   CGG 421,00 0,79 

Haci 52690                     

HaciKa 52690 Ile AUU 1871 1,22 Thr ACU 621 1,09 Asn AAU 1847 1,41 Ser AGU 635 0,84 

Harlayn 52690   AUC 1099 0,72   ACC 582 1,02   AAC 782 0,59   AGC 512,00 0,68 
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Hasanb 52690   AUA 1618 1,06   ACA 693 1,21 Lys AAA 2143 1,34 Arg AGA 950 1,78 

SEO 52690 Met AUG 886 1   ACG 390 0,68   AAG 1057 0,66   AGG 629,00 1,18 

Kirmizi 52690                     
P. 
armeniaca 
Z  Val GUU 767 1,32 Ala GCU 442 1,26 Asp GAU 1062 1,42 Gly GGU 510 0,97 

    GUC 418 0,72   GCC 336 0,96   GAC 436 0,58   GGC 339,00 0,64 

    GUA 718 1,24   GCA 390 1,12 Glu GAA 1251 1,34   GGA 705 1,34 

    GUG 418 0,72   GCG 231 0,66   GAG 615 0,66   GGG 555,00 1,05 

                                    

Species Codons 

Amino 
Acid Codon No. RSCU 

Amino 
Acid Codon No. RSCU 

Amino 
Acid Codon No. RSCU 

Amino 
Acid Codon No. RSCU 

  Phe UUU 2367 1,23 Ser UCU 1135 1,43 Tyr UAU 1589 1,34 Cys UGU 766 1,26 

    UUC 1490 0,77   UCC 875 1,1   UAC 788 0,66   UGC 450,00 0,74 

  Leu UUA 1248 1,44   UCA 920 1,16 TER UAA 1323 1,31 TER UGA 976 0,96 

    UUG 1045 1,2   UCG 606 0,76   UAG 740 0,73 Trp UGG 700 1,00 

                      

    CUU 1033 1,19 Pro CCU 649 1,08 His CAU 921 1,38 Arg CGU 406 0,73 

    CUC 639 0,74   CCC 623 1,04   CAC 411 0,62   CGC 275,00 0,49 

    CUA 781 0,9   CCA 733 1,22 Gln CAA 1078 1,41   CGA 566 1,02 

Roxana 52686   CUG 459 0,53   CCG 391 0,65   CAG 454 0,59   CGG 408,00 0,73 
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M2243 52686                     

M2244 52686 Ile AUU 1848 1,21 Thr ACU 672 1,14 Asn AAU 1858 1,40 Ser AGU 756 0,95 

Zerdali 52686   AUC 1095 0,72   ACC 578 0,98   AAC 802 0,6   AGC 478,00 0,60 

    AUA 1644 1,08   ACA 724 1,23 Lys AAA 2192 1,41 Arg AGA 1064 1,91 

  Met AUG 900 1   ACG 376 0,64   AAG 923 0,59   AGG 626,00 1,12 

                      

  Val GUU 798 1,39 Ala GCU 471 1,24 Asp GAU 1040 1,44 Gly GGU 598 1,05 

    GUC 403 0,7   GCC 350 0,92   GAC 401 0,56   GGC 365,00 0,64 

    GUA 738 1,29   GCA 461 1,21 Glu GAA 1205 1,36   GGA 758 1,33 

    GUG 356 0,62   GCG 236 0,62   GAG 567 0,64   GGG 558,00 0,98 
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