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ABBREVIATIONS 

 

ASE – Allele-specific expression 

AFLP – Amplified fragment length polymorphism 

AMS – Aborted microspores 

bHLH – Basic helix-loop-helix transcription factor 

BAM – Binary alignment/map 

BLASTn – Basic local alignment search tool 

bp – Base pairs 

CBF – C-repeat-binding factor 

CCCH - Cys-Cys-Cys-His zinc finger motif – a class of zinc finger proteins implicated in RNA 

metabolism and regulation 

CCHC - Cys-Cys-His-Cys zinc finger motif – a structural motif in RNA-binding proteins 

involved in transcriptional or post-transcriptional regulation 

cDNA – Complementary Deoxyribonucleic Acid 

CNS – Conserved non-coding sequences 

CTAB – Cetyltrimethylammonium bromide 

CYP71AN24 – Cytochrome P450, family 71, subfamily AN, polypeptide 24 

DEGs – Differently expressed genes 

DFRA – Dihydroflavonol 4-Reductase 

DIRS-like - Dictyostelium Intermediate Repeat Sequence-like 

DMRs – Differently methylated regions 

DNA – Deoxyribonucleic acid 

dNTPs – Deoxynucleotide Triphosphates 

Ds-like element – Dissociation-like element 

evg – Evergrowing 

EST-SSRs - Expressed Sequence Tag–Simple Sequence Repeats 

EtBr – Ethidium bromide 

FaSt – Falling Stones transposon 

FPKM – Fragments per kilobase of transcript per million fragments 

GDR – Genome Database of Rosaceae 

GDSL - GDSL esterase/lipase 

GENCODE – Genome ENCyclopedia Of DNA Elements 

GMAP – Genomic Mapping and Alignment Program 

GSI – Gametophytic self-incompatibility 

h – Nei’s gene diversity 

HISAT – Hierarchical Indexing for Spliced Alignment of Transcripts 

HTSeq – High-Throughput Sequencing 

I – Shannon’s information index 

iPBS – Inter-primer binding site 
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ISSR – Inter-simple sequence repeat 

LINEs – Long interspersed elements 

LRR - Leucine-rich repeat 

LTR – Long terminal repeat 

MADS - MCM1, AGAMOUS, DEFICIENS, SRF (serum response factor) – a family of 

transcription factors regulating floral development 

MAPK - Mitogen-activated protein kinase 

MdPI – Malus domestica PISTILLATA 

MDS - Multidimensional Scaling 

MgCl₂ – Magnesium Chloride 

miRNA - MicroRNA  

MITEs – Miniature inverted-repeat transposable elements 

µL – Microliter 

mM – Millimolar 

µM – Micromolar 

MS1 - Male sterility 1 – a gene required for tapetum development and pollen viability 

Mya – Million years ago 

MYB – Myeloblastosis transcription factor 

NDB – Number of differently sized bands 

NCBI – National Center for Biotechnology Information 

PA ≤ 1 kb – Percentage of amplicons with size ≤ 1000 bp 

ParMDO – Prunus armeniaca M-locus DsbA-like oxidoreductase 

phasiRNA - Phased small interfering RNA 

PpCCD4 – Prunus persica Carotenoid Cleavage Dioxygenase 4 

PpMYB25 – Prunus persica MYB transcription factor 25 

PpYUC11 – Prunus persica YUCCA 11 (flavin monooxygenase-like enzyme) 

PCR – Polymerase chain reaction 

PIC – Polymorphism information content 

PPB – Percentage of the polymorphic bands 

qRT-PCR – Quantitative reverse transcription PCR   

RAPD – Random amplified polymorphic dna 

RefSeq – Reference Sequence Database 

RNA – Ribonucleic acid 

RNA-seq – RNA sequencing 

RRM – Reiterated reproductive meristem 

Rp – Resolving power 

RSEM – RNA-Seq by Expectation-Maximization 

RT – Red petal tissues 

S-locus - Self-incompatibility locus  

S-RNase – S-ribonuclease 

SAM – Sequence Alignment/Map 

SBP - SQUAMOSA promoter-binding protein  
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SC - Self-compatible 

SCoT – Start codon targeted 

SFB – S-haplotype-specific F-box 

SI – Self-incompatibility 

SINEs – Short interspersed nuclear elements 

SRA – Size range of amplicons 

SSR – Simple sequence repeat 

STAR – Spliced Transcripts Alignment to a Reference 

TBE – Tris-Borate-EDTA (buffer used in electrophoresis) 

TDs – Transposon-display 

TEs – Transposable elements 

TFBSs – Transcription factors binding sites 

TIRs – Terminal inverted repeats 

TNB – Total number of bands 

TPase – Transposase 

TSD – Target site duplications 

UGFGT – UDP-Glucose:Flavonoid 3-O-Glucosyltransferase 

UGT79B6 – UDP-Glycosyltransferase 79B6 

UDP-Glycosyltransferases – uridine diphosphate-glycosyltransferases 

VvMYBA2 – Vitis vinifera Myeloblastosis A2 transcription factor 

VvTFL1A – Vitis vinifera Terminal flower 1A 

WD – Tryptophan-aspartic acid (W-D) repeat proteins 

WRKY - WRKY transcription factor family 

WT – White petal tissues 

XTH - Xyloglucan endotransglucosylase/hydrolase 

YUCCA8 – YUCCA flavin monooxygenase 8 
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1. INTRODUCTION 

 

 The global production of stone fruits reached approximately 48 million tonnes in 2022, 

with peaches and nectarines accounting for more than half of this yield. These fruits are not only 

economically significant but also nutritionally valuable, contributing essential vitamins, 

antioxidants, and dietary fiber to human diets worldwide. However, the genetic improvement of 

Prunus species remains a formidable challenge due to several biological and technical 

limitations. The most important factor among these is the long juvenile periods, ranging from 3 

to 5 years in stone fruits, alongside the complex inheritance of polygenic traits and the low 

heritability of key quality attributes such as fruit size, sweetness, firmness, and tolerance to 

biotic and abiotic stresses. 

 Modern breeding approaches, notably marker-assisted selection (MAS) and genomic 

selection (GS), can accelerate genetic gain in Prunus, but their success depends on sufficiently 

dense, informative, and population-appropriate marker sets rather than strictly “species-specific” 

markers. The transposable element (TE) derived markers are widely used in Prunus species such 

as peach and apricot and deserve broader attention. Overall, transposable elements make up a 

large fraction of eukaryotic (including Prunus) genomes and remain a valuable, under-exploited 

source of variation for marker development and functional studies. 

 Although TE insertions are well documented and functional roles have been shown in 

several fruit crops (e.g., apple, peach, grape), comprehensive functional characterization of 

many TE families in Prunus remains incomplete. The Falling Stones (FaSt) non-autonomous 

element, for example, preferentially accumulates in gene-rich euchromatin. This pattern 

suggests possible regulatory influence through proximity to genes, indicating that FaSt is 

transcriptionally active or that its insertions alter host gene expression is limited. Therefore, 

while TEs are plausible contributors to epigenetic and regulatory variation affecting traits and 

stress responses, targeted expression and functional assays are required to confirm their roles for 

elements such as FaSt. . 

 Recent advances in transcriptomics provide new opportunities to investigate TE 

dynamics and their interactions with host genes. Understanding these relationships could 

identifynovel pathways for trait improvement in Prunus. Moreover, the integration of TE 
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biology with molecular marker development may lead to the development of innovative tools 

for breeding programs. 

 Recognizing this need, the present study aims to bridge the gap between transposon 

biology and applied genetics by establishing FaSt as a novel genetic tool for Prunus research. 

Through a combination of bioinformatic analyses, transcriptomic profiling, and marker 

validation, we explore the potential of FaSt to serve both as a molecular marker and as a 

candidate for functional studies. This integrative approach not only enhances our understanding 

of TE dynamics in Prunus but also contributes to the development of more efficient and targeted 

breeding strategies. 
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2. OBJECTIVES TO ACHIEVE 

 

1. Structural and functional characterization of a recently discovered transposon (FaSt) in 

the Prunus genome. 

2. Analysis of the transcriptome for the expression of FaSt elements in diploid and 

polyploid Prunus species. 

3. Quantitative analysis of FaSt expression in different tissues and across different 

phenological stages.  

4. Identification of genes whose expression might correlate with FaSt elements. 

5. Development of a new molecular marker system for Prunus species based on FaSt 

transposon. 

 

 

 

 

 

 

 

 

 

 

 

 



12 

3. LITERATURE OVERVIEW 

 

 

 The impact of the movement of transposable elements (TEs) in plant genomes has been 

studied from many aspects. Speciation and phylogenomic analysis can infer the evolutionary 

history of related species. Furthermore, the mutations caused by transposition events contribute 

to the diversity and if beneficial and domesticated, can increase the fitness of the organism. 

Although TEs are present at high copy number in Prunus genomes, abundance alone does not 

imply ongoing activity. When TEs insert into coding sequences or regulatory regions, they can 

influence gene expression or give rise to novel gene variants. However, associations between 

TEs and specific traits, such as the breakdown of self-incompatibility, require locus-specific and 

functional evidence. Their abundant presence in Prunus genomes is consistent with the earlier 

hypothesis originally formulated from allele-frequency patterns in Moroccan apricots that FaSt 

is, or has recently been, active. Whether inserted in a coding or regulatory region of a gene, they 

can alter gene function and induce new phenotypic traits, e.g. self-compatibility. 

 The first glimpses into the dicovery of transposable elements (TEs) in plants, dates back 

inthe middle of the twentieth century (McClintock, 1950). Barbara McClintock has noticed the  

presence of so-called Ds (dissociator, a non-autonomous  hAT superfamily transposon) and Ac 

(activator,an autonomous hAT superfamily transposon) elements during her analysis on 

chromosome breakage, gene instability and kernel variegation in maize. Her observations have 

shown the impact of the movement of genes on the phenotype (McClintock, 1950). 

 The everlasting impact that TEs impose on the adaptation and the flexibility in 

transformation of the organisms during longer periods is illustrated by the colonization of the 

flowering plants (Angiosperms) in the Cretaceous period (Baud et al., 2019). Indeed, the 

overlaps of TEs with transcription  binding sites (TFBSs) involved in flowering in conserved 

non-coding sequences (CNS) have led to the long-lasting effect on plant evolution and 

adaptation (Baud et al., 2019). 

 An expansion of research on TEs in the following decades clarified their effect on plant 

genomes. From an evolutionary point of view, the transposons demonstrate certain adaptive 

impact on the host genome. Namely, the insertions of the transposons close to a regulatory region 

might remain in the genome, which results in exaptation (Joly-Lopez et al., 2012; Barteri, 2019). 

Through insertions in close proximity to gene regulatory elements, or genes, the transposons are 
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able to influence the gene expression as well as the genome evolution of Prunus species (Wang 

et al., 2016). Therefore, considering their genome shaping power, the host organism develops 

mechanisms to lower their activity (Kejnovsky et al., 2012). In order to hinder the transpositional 

activity, several strategies are involved, such as host silencing on an epigenetic and 

transcriptomic level, or by acquiring mutations, so that they are unrecognizable for the 

transposase (TPase) enzyme (Kejnovsky et al., 2012). However, the abundance of mutations 

generated by the activity of TEs, illustrates their ability to escape silencing imposed by the host 

genomes (Foster & Aranzana , 2018; Wang et al., 2010).  

 

3.1 Classification of Transposable Elements (TEs) 

 

 The vast majority of the eukaryotic organisms studied to date, contain multiple copies of 

TEs (Kejnovsky et al., 2012). Two main classes of TEs exist according to the classification made 

by Wicker et al. (2007). Class I consists of TEs that can move using an RNA intermediate. They 

exhibit reverse transcription before integration in the genome and are commonly called 

retrotransposons. Furthermore, Class I is divided into three Subclasses: long terminal repeat 

(LTR) retrotransposons, non-LTR retrotransposons (comprising of long and short interspersed 

elements, shortly LINEs and SINEs, respectively) and DIRS-like elements (Kejnovsky et al., 

2012).  

 The proliferation of the LTR retrotransposons is orchestrated by the enzyme reverse 

transcriptase (RT), protease (PR), RNaseH (RH) and integrase (INT), which resemble the 

transposition mechanism observed in retroviruses (Kejnovsky et al., 2012). The  final step of the 

transcription and reverse transcription is the integration of the copy sequence elsewhere in the 

genome (Kejnovsky et al., 2012).  

 On the other hand, the TEs from Class II could transpose through DNA intermediate. In 

Subclass I DNA transposons have "cut-and-paste" transpositional mechanism and subclass II 

includes rolling-circle transposons (Helitrons) and large virus-like elements such as 

Mavericks/Polintons, which employ distinct replication and integration strategies (Wicker et al., 

2007; Kejnovský et al., 2012).  Although canonical cut-and-paste transposition is non-replicative 

in principle, several DNA transposon families can nevertheless increase their copy number 

through family-specific mechanisms, including transposition coupled to DNA replication, 

interactions between autonomous and non-autonomous elements, or other replicative pathways 

(Feschotte and Pritham, 2007; Kejnovsky et al., 2012). Consequently, the high copy number of 
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certain Class II transposons in eukaryotic genomes reflects lineage- and family-specific 

evolutionary dynamics rather than a single, universal mode of amplification. 

 A gene which expresses the enzyme TPase is required for their transposition. Therefore, 

those DNA transposons that encode the TPase enzyme are called autonomous transposons 

(Kejnovsky et al., 2012). The TPase enzyme recognizes the terminal inverted repeats (TIR) of 

the transposon, excises it from its chromosomal location and inserts it into another location. 

Meanwhile, the DNA break created by the TPase activity could be repaired by homologous 

recombination with a template from the same transposon located in another homologous 

chromosome. Additionally, in case the mobility is performed during cellular replication in the S 

phase, a sister chromatid can serve the same role as the homologous chromosome mentioned 

above (Kejnovsky et al., 2012). 

 Across angiosperms, including Gossypium, genome size variation is shaped by episodic 

bursts of transposable element (TE) activity. In Gossypium, these bursts scale with genome size, 

but in smaller-genome species, TE removal especially of Gorge3 elements outpaces insertion, 

leading to genome contraction (Hawkins et al., 2009). Similar TE amplifications have occurred 

in species like Oryza australiensis, where LTR elements doubled genome size in just three 

million years (Piegu et al., 2006). These patterns suggest that environmental stress and 

hybridization, both common in Gossypium, may trigger TE activation by disrupting epigenetic 

silencing. A key question is why some lineages tolerate genome expansion more than others, 

possibly due to differences in TE suppression, DNA removal efficiency, or ecological 

constraints. Understanding these dynamics is crucial to explaining genome size evolution in 

plants (Cronn and Wendel, 2003). 

 The transposons from Class II, Subclass I (TIR elements), named the miniature inverted-

repeat transposable elements (MITEs), are non-autonomous TEs. They are fully dependent on 

the TPase from another autonomous TE, which recognizes the same TIRs. Remarkably, their 

numerous invasions across the eukaryotic genome are associated with amplification through 

cross-mobilization (Feschotte et al.,, 2003). Due to a co-evolution of the TIRs with the TPase, 

the transposition could be performed by distantly related autonomous TEs (Feschotte et al., 

2003). Insertions of MITEs within or near genes can affect host gene expression. Epigenetic 

silencing of inserted elements (e.g. via DNA methylation or repressive chromatin) can repress 

expression of adjacent or interrupted host genes, and silencing may also reduce the immediate 

fitness cost of insertions, allowing otherwise deleterious copies to persist and evade rapid 

purifying removal (Feschotte & Pritham, 2007). Feschotte et al. (2003) proposed that MITEs 

with lower sequence similarity to their autonomous progenitors might amplify while partly 
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escaping homology-dependent silencing mechanisms remains an attractive hypothesis, but it 

requires locus-specific and population-level evidence to establish generality.  

3.2 Fruit trees genomes 
 

 Taxonomically, the genus Prunus is placed in the Kingdom Plantae, Division 

Spermatophyta, Subdivision Angiospermae, Class Magnoliopsida, Order Rosales, Family 

Rosaceae, Subfamily Amigdaloideae, and Genus Prunus (Rodríguez-Robles et al., 2024). The 

genus Prunus is a commercially important group of fruit trees, including widely known diploid 

stone fruits such as peach (Prunus persica (L). Batsch), apricot (Prunus armeniaca L.), sweet 

cherry (Prunus avium L.), Japanese plum (Prunus salicina Lindl.), Japanese apricot (Prunus 

mume (Siebold) Siebold & Zucc.), and almond (Prunus dulcis (Mill.) D. A. Webb), all of which 

have 16 chromosomes (2n = 2x = 16). Additionally, the genus includes tetraploid species like 

sour cherry (Prunus cerasus L., 2n = 4x = 32) and hexaploid European plum (Prunus domestica 

L.) with 2n = 6x = 48 (Zhang et al., 2012). 

 Historical evidence has shed light on the global spread and distribution of Prunus species 

(Rodríguez-Robles et al., 2024). The genus Prunus (Rosaceae) includes economically and 

culturally significant temperate fruits while almond is grown for its seeds, the others are prized 

for their flavourful fruit flesh. Originating in Central Asia, many Prunus species have secondary 

centres of diversity in Eastern Asia, Europe, and North America. Historical records suggest their 

spread to the Mediterranean basin was facilitated by Alexander the Great's conquests, which 

connected trade routes like the Silk Road (Janick, 2008; Rodríguez-Robles et al., 2024). Roman 

names for Prunus fruits reflect their perceived origins, e.g., peach (persica, Persia), apricot 

(armeniaca, Armenia), and cherry (cerasus, Kerasun on the Black Sea shore), though these 

locations only served as trade waypoints (Rodríguez-Robles et al., 2024). 

 The fruit (mesocarp) or nut (endocarp-enclosed seed) of such species are consumed fresh 

and processed (dried, canned or fermented), and are an important source of sugar, minerals, 

antioxidants and other health-promoting compounds (Meena et al., 2021). Based on 

morphological features, five subgenera were described (Rehder, 1940), that were later decreased 

to three (Prunus, Cerasus and Padus) by molecular studies (Shi et al., 2013). With the use of 

RAD-seq and genome skimming analyses, the molecular phylogeny and inflorescence evolution 

of Prunus have been studied, shedding light on the evolution of inflorescence structures (Su et 

al., 2023). The presence of three Prunus subgenera is congruent with the inflorescence structure 

https://en.wikipedia.org/wiki/Philipp_Franz_von_Siebold
https://en.wikipedia.org/wiki/Joseph_Gerhard_Zuccarini
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as Prunus, Cerasus and Padus species have solitary flowers, corymbose and racemose 

inflorescences, respectively (Chin et al., 2014).  

 The Prunus genus is thought to have originated ~61 Mya (million years ago) in eastern 

Asia and spread to its current distribution through different times and dissemination routes 

shaped by the driving forces of various oscillations in the climate and the geological influences 

(Chin et al., 2014). Cerasus and Prunus lineages have diverged ~54 Mya. The sour cherry is an 

allotetraploid hybrid of P. fruticosa and P. avium (Olden and Nybom, 1968; Wöhner et al., 2021). 

Within Prunus, apricot and plums including the European plum were estimated to diverge 

between 35-40 Mya (Chin et al., 2014). Peach and almond originated from the same progenitor 

species in central Asia after exposing the two lineages to different levels of water availability 

(Tao et al., 2007), and their divergence time is estimated approx. 8-5.8 Mya (Velasco et al., 

2016; Alioto et al. 2020). 

 Prunus domestica has been considered as a hexaploid hybrid between P. cerasifera 

(diploid) and P. spinosa (autotetraploid) by Crane and Lawrence (1934). Several researchers have 

tried to confirm the theory that P. domestica is a product of hybridization. Thereby, Rybin (1936) 

performed artificial hybridization with P. spinosa and P. cerasifera, as well as Endlich and 

Murawski (1962). Later on, Bajashvili (1991) did the same experiment, that again proved that 

the cross could generate fertile offspring. However, he also suggested that there is a possibility 

that the European plum is created by an autopolyploidy of P. cerasifera or of P. spinosa. No wild 

types have been found in the Caucasus area by Rybin (1936) nor by Bajashvili (1991), although, 

P. domestica originates and has inhabited the region for millenniums (Hartmann and Neumüller, 

2009). To date, the studies on the genome of P. domestica have not yet reached a firm conclusion 

whether it is a hybrid by origin. Still the presence of P. spinosa and P. cerasifera, in the genesis 

of European plums have been confirmed (Hartmann and Neumüller, 2009; Zhebentyayeva et al., 

2019). 

 Plums exhibit remarkable diversity and have been domesticated on three continents. Key 

species include European plum (P. domestica), Japanese plum (P. salicina), and American plum 

(P. americana). While the European plum is a hexaploid derived from wild progenitors, the 

Japanese and American plums are diploids. Plums have been cultivated since at least 300 BCE 

and are used fresh, dried (as prunes), or processed into juices, brandies, and baked goods. 

Interspecific hybrids, such as plumcots (plum × apricot), highlight ongoing innovation in plum 

breeding (Janick 2005). 
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 FAOSTAT data for 2024 indicate that global Prunus production reached 26.35 million 

metric tons for peaches and nectarines, 12.39 million metric tons for plums and sloes, 

approximately 4.36 million metric tons for cherries (sweet and sour combined), and 3.86 million 

metric tons for apricots, underscoring the economic importance of this genus in global fruit 

agriculture (FAO, 2024). China is the leading producer of peaches and plums, while Turkey 

dominates apricot production and ranks among the top producers of cherries. Global almond 

production output is largely concentrated in the United States, with additional major 

contributions from Spain and Australia (FAO, 2024; USDA FAS, 2024). 

3.3 Genetic variability induced by transposition 

 

 Transpositional dynamism refers to activity level, mobilization frequency and population 

behaviour in the genomic composition of TEs over time (Barteri, 2019). TE mobilization can 

sometimes produce a dynamic balance between novel insertions and subsequent losses, but this 

putative equilibrium in not universal and instead depends on TE family characteristics and host-

species biology.  In reference to the impact on the structural and functional genomics changes 

made by TEs, the genetic variability could be seen in form of somatic, intra- and interspecific 

variability (Barteri, 2019). 

 One phylogenomic analysis demonstrated the relationship between almond and peach 

cultivars (Barteri et al., 2020). The thorough analysis on LTR annotations in peach and almond, 

showed their chromosomal localization near the centromeric regions. Almond has displayed 

roughly seven-fold higher nucleotide diversity, as well as greater retention of ancestral LTR 

retroelements, whereas peach has shown more recent retrotranspositional activity and fewer 

polymorphic ancestral insertions due to its SC mating type and a strong reduction in population 

size  (Barteri et al., 2020). 

 Comparative examinations of fourteen Rosaceae genomes including various Prunus taxa 

have demonstrated that, even though protein‐coding regions remain strongly preserved, long 

terminal repeat retrotransposons (LTR‐RTs) fluctuate substantially in abundance, age, and 

chromosomal distribution (Yu et al., 2024). By assessing TE copy number, insertion age, 

insertion‐site preferences, conserved protein domains, phylogenetic affiliations, and 

transcriptional responsiveness, Yu et al. (2024) observed that numerous LTR‐RT families become 

transcriptionally responsive under environmental cues, indicating that novel insertions can 

modulate neighbouring gene expression and promote clade‐specific adaptation. GO enrichment 

of 3,903 genes adjacent to intact TEs revealed that ancient “cut‐and‐paste” DNA transposons are 
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linked to development, catalytic function, and fundamental metabolic pathways, while newer TE 

insertions are situated near genes implicated in stress responses and membrane transport. This 

pattern suggests that ancestral TEs remain as enhancer‐like regulators or transcription factor 

binding sites within growth and metabolic networks, whereas emergent TEs can be harnessed for 

swift stress adaptation. Yu et al. (2024) also remark that current genome assemblies and TE 

annotation pipelines often fail to detect elements within highly repetitive regions. To minimize 

false omissions, their study concentrated on structurally complete retrotransposons 

(characterized by paired LTRs or conserved protein domains) and DNA transposons with 

unmistakable characteristics.  

 One study has provided evidence of occurrence of the retrotransposons Ty1-copia and 

Ty3-gypsy in the Japanese apricot Prunus mume cultivar ‘Koume’ (Wang et al., 2010). The 

abundance of the retrotransposons from Ty1-copia group have been found to be represented with 

18.4% throughout the genome of P. mume. Furthermore, Ty3-gypsy retrotransposon group is 

present with almost 33.3% of the P. mume genome. Although such abundance signals a 

substantial capacity to influence genome architecture and generate genetic variation, additional 

functional, ecological or populational genetic evidence would be necessary to confirm it (Wang 

et al., 2010). 

 The regulation of the expression of nearby genes can give positive, negative or neutral 

implication on the host genome (Qiu and Köhler, 2020). Sometimes TEs could encompass 

binding motifs for TFs, so their movement might affect the gene regulatory network systems 

(Baud et al., 2019; Qiu and Köhler, 2020). The emergence of C4 photosynthesis highlights the 

evolutionary significance of TE activity in plant survival. The development of the C4 species can 

be characterized by convergent evolution. Taken that more than 60 lineages have independently 

evolved into C4 plants in a geologically short timeframe (in approximately 25-30 Mya) (Sage et 

al., 2011), often involving a combination of gene duplication, neofunctionalization, and 

extensive regulatory rewiring. In several C4 plants,  pre-existing cis-regulatory elements have 

been sometimes derived from or associated with TEs and have been co-opted to confer cell-

specific expression on photosynthetic genes, even when coding sequences have remained largely 

conserved relative to the C3 relatives(Kajala et al., 2012). The frequent association of these 

recruited regulatory elements with TEs supports a contributory role for transposable elements in 

the convergent evolution of C4 photosynthesis (Cao et al., 2016).  

 Accumulating evidence demonstrated the influence of the TEs on the gene regulatory 

networks related to the adaptation and flowering time in Prunus persica (Morata et al., 2018). 

The presence of TF binding motifs (TFBMs) in MITEs, 11 out of 12 investigated genotypes, 
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contained TFBM in MITEs fragments (Morata et al., 2018). The avalanche existence of a 

bZIP60 TF binding motif responsible for the regulation of bud dormancy (Fu et al., 2014), in the 

P. mume and P. persica genomes suggests MITE mobility in a common ancestor (Morata et al., 

2018). Notwithstanding, the binding site of an additional TF, PIF3, was inserted with MITE in 

the upstream region of many genes involved in flower regulation in P. mume that might have 

influenced the flowering time in this early blooming species (Morata et al., 2018). 

3.4 Phenotypic traits associated with transposable elements 
 

 One observable consequence of transposable element (TE) activity is phenotypic 

variation, and such variation has been used as measurable evidence of TE activity in stone fruit 

trees, including traits of economic relevance (Tab. 1).  

 Vegetative propagation serves as a good practice in woody trees propagation, and bud 

sports are spontaneous mutations that introduce a new trait to the population, without losing the 

already existing traits. In one report, it has been found that about 170 cultivars of peach and 

nectarines are created as a result of bud sport mutations (Foster & Aranzana,  2018). This 

phenomenon of bud sports has captured the attention of Charles Darwin. Long before the advent 

of molecular investigations, Darwin described the metamorphic changes in size, colour, 

formation of double flowers in Gentiana amarella (Darwin, 1843; Foster & Aranzana , 2018). 

The movement of TEs in fruit trees could be caused by wounding, pruning, or viral infections 

(Foster & Aranzana, 2018). Furthermore, some of the obvious differences between peach and 

almond can be molecularly explained through the activity of TEs. Firstly, the lack of expression 

of the genes involved in the primary steps of the amygdalin biosynthesis in almond seeds is 

responsible for non-toxic and not bitter edible seeds (Alioto et al., 2020; Thodberg et al., 2018). 

Namely, two MITE insertions were identified in the upstream region of the gene CYP71AN24, 

one of which was designated TIR2. Their presence has caused high methylation, and influenced 

the expression of the corresponding gene (Alioto et al., 2020). A second example involves the 

insertion of TEs approximately 1,000 bp upstream of six genes: WUSCHEL (WUS), CLAVATA3 

(CLV3), SHOOT MERISTEMLESS (STM), APETALA1 (AP1), FRUITFULL (FUL), and 

AINTEGUMENTA (ANT), which collectively function in meristem organization, floral 

development, and fruit cell proliferation (Alioto et al., 2020).  As in the previous example, the 

TEs are silenced by methylation, which leads to altered expression of the six genes respectively 

(Alioto et al., 2020). 
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 The fruit hardiness in peach (Prunus persica) is related to the concentration of ethylene 

present in the process of ripening (Tatsuki et al., 2018). The firmness can be vastly influenced by 

the activity of the enzyme endo-polygalacturonase (PG) (Peace et al., 2005). In recent studies, 

one gene candidate for fruit softening in peach PpYUC11 has been investigated. The presence of 

a transposon at the 5' flanking region of the gene decreases the level of expression. The peach 

genotypes containing two pairs of this insertion as a homozygous genotype, possess a stony-hard 

fruit phenotype (Tatsuki et al., 2018). Tatsuki et al. (2018) demonstrated that a transposon-like 

insertion in the 5′-flanking region of PpYUC11 is associated with markedly reduced PpYUC11 

expression and co-segregates with the stony-hard phenotype. PpYUC11 encodes a YUCCA 

enzyme involved in auxin (IAA) biosynthesis (Pan et al., 2015). Reduced auxin at ripening is 

expected to limit induction of ethylene biosynthesis and downstream ethylene-responsive 

softening genes; ethylene in turn transcriptionally induces endo-polygalacturonase and other 

cell-wall-modifying enzymes that drive fruit softening (Hayama et al., 2006). Thus, the 

transposon-associated down-regulation of PpYUC11 provides a parsimonious mechanism linking 

reduced auxin to lowered ethylene production and consequent failure to activate cell-wall-

remodeling required for normal softening, producing the stony-hard phenotype (Tatsuki et al., 

2018). 

 A molecular flower chimerism is a feature that could be detected through a comparative 

single base methylome and transcriptome sequencing (Ma et al., 2018). While studying the 

spatial and temporal epigenetic variation between differently expressed genes (DEGs) in the 

ornamental fruit tree Prunus mume (Pm) ‘DanbanTiaozhi’, they noticed that those DEGs contain 

TEs insertions (Ma et al., 2018). Strikingly, by comparing the epigenetic variation between white 

petal tissues (WT) and red petal tissues (RT), they observed differently methylated regions 

(DMRs) (Ma et al., 2018). They observed DMRs in red versus white petal tissues are associated 

with altered expression of genes functionally grouped in auxin biosynthesis, 

flavonoid/anthocyanin biosynthesis, and glycosyltransferases (Ma et al., 2018).  

 Ma et al. (2018) reported that spatially distinct petal sectors in Prunus mume 

(‘DanbanTiaozhi’) display differential DNA methylation and that those differently methylated 

regions frequently colocalize with transposable element insertions. These epigenetic differences 

are associated with altered expression of genes from specific functional categories relevant to 

pigmentation and development: increased expression in red petal tissue was observed for genes 

involved in auxin biosynthesis (YUCCA family) and for certain UDP-glycosyltransferases 

implicated in anthocyanin modification, whereas several members of the flavonoid biosynthetic 
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pathway (notably dihydroflavonol-4-reductases, DFRs, and associated glycosyltransferases) 

showed reduced expression in red sectors.  

 The development of bioinformatics tools assists the annotation and functional 

characterization of TEs. Ma et al. (2018) have created the first Rosaceae plant TEs database 

(RPTEdb) based on 19,596 annotated TEs. Among 52 differentially expressed long non-coding 

RNAs (lncRNAs) in the transcriptomes of P. mume ‘FubanTiaozhi’, 16 have been located near 

TEs linked to transcription factor genes such as MYB, bHLH, and those encoding WD-repeat 

proteins and UDP-glycosyltransferases. This suggests that TEs, possibly in coordination with 

nearby lncRNAs, may influence gene expression involved in chimeric flower coloration (Ma et 

al., 2018). 

 A cluster of MADS-box genes are involved in photoperiod perception and phytochrome 

function. Peach which has no perception of the short days, lower temperature, and is not forming 

terminal vegetative buds is considered as evergrowing (evg) (Bielenberg et al., 2008). Naturally 

all Prunus fruit trees go into dormancy during the winter period, so the molecular background of 

this exception is related to mutations caused by TEs (Bielenberg et al., 2008). A fraction of an 

autonomous transposable retroelement has been discovered in the exon of a polyprotein EVG10 

(Bielenberg et al., 2008). 

 In Prunus dulcis, Castanera et al. (2024) showed that structural variation was largely 

driven by heterozygous TE insertions affecting gene regions. Notably, about 9% of genes 

display allele‐specific expression (ASE) linked to such TE‐based variations with the allele 

carrying a TE insertion generally expressed at lower levels than its counterparts. Crucially, many 

of these TE insertions remain polymorphic (heterozygous) in almond populations for extended 

periods, providing a persistent source of allelic diversity. Castanera et al. (2024) argued that this 

long‐term maintenance of TE‐induced variation allows natural selection to “test” new 

expression patterns: while deleterious insertions are often purged, those that persist can generate 

novel phenotypes. In effect, heterozygous TE insertions create lasting intra-population genomic 

variation that can be acted on by evolution enhancing the species’ adaptive potential to changing 

environments (e.g. seasonal shifts or long‐term climate changes) (Castanera et al., 2024). 
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3.5 Transposable elements causing the breakdown of self-incompatibility 

 

 Self-incompatibility (SI) is widespread across angiosperms, occuring in at least 19 orders, 

71 families and 250 genera (Allen and Hiscock, 2008; Morimoto et al. 2015). The genetic 

diversity and outcrossing in fruit trees are preserved by gametophytic self-incompatibility (GSI) 

(Tsukamoto et al., 2006) to help avoid inbreeding. The multiallelic S-locus is responsible for SI 

in Prunus by having a pistil-expressed S-ribonuclease (S-RNase) gene and a pollen-expressed S-

haplotype-specific F-box (SFB) gene (Tab. 1) (Sonneveld et al., 2005; Halasz et al., 2019). 

Sexual compatibility is regulated by the haploid genome of the pollen and the diploid genome of 

the pistil (Hauck et al., 2006b). In diploid species, the recognition of the self and non-self-pollen 

is done by the identification of the S-allele product in the pollen tube by the two S-allele products 

in the pistil (Huang et al., 1994). In case of self-compatible (SC) plants, the pollen carrying the 

same S-allele as in the pistil can achieve fertilization. However, in that case, SI plants fail to 

reject the growth of the self-pollen tubes by the S-RNase enzymes produced in the pistil (Huang 

et al., 1994). 

 One study on sour cherry (Prunus cerasus) revealed that a non-functional S-haplotype 

could be preserved and the sour cherry maintains SI, since it is tetraploid (Hauck et al., 2006b). 

So, at least alterations in two S-haplotypes are needed for having a SC sour cherry. The changes 

in the S-alleles imply transposon-like element insertion in the S6m-haplotype with a functional 

pollen and non-functional pistil gene (Yamane et al., 2003). One plausible proposition could be 

that as a recent polyploid, sour cherry experiences bigger transpositional activity and 

chromosomal rearrangement, described as genome fluidity (Tsukamoto et al., 2006; Voytas and 

Naylor, 1998). Likewise, the duplication of each S-haplotype gene speeds up the rate of 

evolution, the frequency of loss-of-function mutations, such as deletions, insertions and 

transpositions (Tsukamoto et al., 2006). A Ds-like element of 615 bp size has been found in the 

coding sequence of the S1-haplotype pollen gene, termed S1' (Tab. 1), which is attributed to a 

MITE, called mMoshan (Hauck et al., 2006a; Wang et al., 2016). When a transposon is cut, the 

target size duplication created upon transposon insertion can be kept, resulting in a footprint, a 

direct repeat of a small motif. A 5 bp insertion in the SFB2 gene of peach presents a putative 

example of transposon footprints, that introduces a translation termination codon in the middle of 

the gene (Tao et al., 2007).  

 The non-autonomous Mutator MITE element, named Falling Stones (FaSt), identified in 

apricot, P. armeniaca, gives rise to SC (Halász et al., 2014). This 358 bp MITE element is 

inserted into the ORF of a S-haplotype-specific F-box gene, disturbs its function and results in 
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SC (Vilanova et al., 2006; Halász et al., 2014). Recent findings have confirmed P. avium cultivar 

‘Cristobalina’ SC is due to a mutation outside the S-locus (Cachi et al., 2014; Ono et al., 2018). 

A transposon-like insertion was identified in the M locus-encoded glutathione S-transferase 

(MGST) gene, located on the edge of chromosome 3 (Ono et al., 2018). In addition, a pollen-part 

mutation has been described in P. armeniaca ‘Canino’ and ‘Katy’, that is in a similar location as 

MGST (Vilanova et al., 2006; Zuriaga et al., 2013). Interestingly,this insertion is identical to the 

FaSt transposon described by Halász et al. (2014) in the apricot SFBC allele (Tab. 1). It disrupts 

the function of the gene encoding for a disulfide bond A-like oxidoreductase protein, ParMDO, 

by an insertion in the ORF, therefore four exons are missing from the truncated protein (Muñoz-

Sanz et al., 2017). 

Table 1. Examples of mutations caused by TEs in fruit species and their literature sources 

Mutation Crop species  Phenotypic 

effect 

References 

Insertion of a TE into the promoter 

of VvTFL1A 

Vitis vinifera 

cultivar 

‘Carignan’ 

Reiterated 

reproductive 

meristem RRM  

 

Fernandez et al. 

(2010) 

Insertion of a LTR in the coding 

sequence of PpMYB25 

Nectarine, 

Prunus persica 

 

Hairless 

phenotype  

 

Vendramin et al., 

(2014) 

Insertion of a retrotransposon 

adjacent to a MYB transcriptional 

activator of anthocyanin production 

Sicilian blood 

oranges (Citrus 

sinensis) 

Blood orange 

varieties  

Butelli et al. (2012) 

 

A retrotransposon in the promoter 

of white berry allele of VvMYBA2 

Vitis vinifera White grapes  Walker et al. (2007) 

An insertion of a transposon in the 

5'-flanking region of PpYUC11 

Prunus persica  

Late-ripening 

stony hard 

peaches  

Tatsuki et al. (2018) 

Highly methylated TE insertions in 

the close proximity of 

CYP71AN24 

 

Prunus dulcis Sweet almond  Barteri et al. (2020) 

LTR-type retrotransposon inserted 

in MdPI 

Malus domestica Seedless fruit  Yao et al. (2000) 

615-bp Ds-like element inserts 225 

bp downstream of the start codon of 

the S1- haplotype-specific F-box 

gene SFB1’ 

Prunus cerasus 

L. 

Breakdown of 

SI  

Hauck et al. (2006a) 
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Mutation Crop species  Phenotypic 

effect 

References 

FaSt MITE located in the coding 

region of the SFB gene 

Prunus 

armeniaca 

Breakdown of 

SI  

Halász et al. (2014) 

FaSt MITE located in M-locus 

DsbA-like oxidoreductase gene, 

ParMDO 

Prunus 

armeniaca 

Breakdown of 

SI  

Muñoz-Sanz et al. 

(2017) 

Transposon-like insertion in the M 

locus-encoded glutathione S-

transferase (MGST) 

Prunus avium Breakdown of 

SI  

Ono et al. (2018) 

PpCCD4 gene contains a LTR 

element in an intron 

Prunus persica Yellow flesh in 

peach  

Falchi et al. (2013) 

 

3.6 RNA-Seq Analysis and Read Alignment 

 

RNA sequencing (RNA-seq) was first introduced in 2008 to profile transcriptomes with 

unprecedented resolution and sensitivity (Wang et al., 2009). It rapidly replaced earlier 

transcriptomic methods such as expressed sequence tags (ESTs) and DNA microarrays due to its 

higher sensitivity, ability to detect novel transcripts, and independence from prior sequence 

knowledge. In plant research, RNA-seq has become a cornerstone technique for studying gene 

expression, developmental processes, stress responses, and evolutionary adaptations (Upton et 

al., 2023). Its versatility has enabled transcriptome profiling across a vast diversity of species. 

Notably, the 100 Plant transcriptomes initiative alone generated RNA-seq data for over 1,173 

plant species (Carpenter et al., 2019), including Prunus species (Martínez-Gómez et al., 2011).  

RNA-Seq analysis begins with the alignment of sequencing reads to a reference genome. 

If no reference genome is available for a given species, alignment can be performed against a 

corresponding transcriptome, either an existing reference transcriptome or one assembled de 

novo from the analyzed data. Each read is assigned a match or no-match status based on whether 

it aligns to the reference (Jiung-Wen et al., 2023). 

 However, certain challenges arise during alignment. The presence of repetitive sequences 

and paralogous gene copies can prevent reads from uniquely mapping to a single position in the 

genome or transcriptome (Chen et al., 2023; Conesa et al., 2016). In alignment-based RNA-seq 

analyses, the proportion of uniquely mapped reads is commonly used as a quality metric, 

reflecting both data quality and the effectiveness of the alignment algorithm (Oshlack et al., 

2010). The proportion of uniquely mapped reads serves as an important quality metric, 
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reflecting both data quality and the effectiveness of the alignment algorithm (Oshlack et al., 

2010). Before alignment, raw cDNA short fragments must undergo quality control. If the quality 

is sufficient, downstream analyses can proceed, typically involving splice-aware aligners such as 

STAR (Dobin et al., 2013; Van den Berge et al., 2019), HISAT (Kim et al., 2015), Subread (Liao 

et al., 2013), and GMAP (Wu et al., 2005).When aligning reads to a reference genome, splice 

junctions must be considered since cDNA fragments may span intronic regions. In contrast, 

when aligning to a reference transcriptome, reads are already spliced and do not require junction 

mapping (Van den Berge et al., 2019). After alignment, reads are stored in either Sequence 

Alignment/Map (SAM) or Binary Alignment/Map (BAM) file formats. The next step involves 

associating aligned reads with specific genes or exons. While de novo (reference-free) assembly 

is an option, it generally performs less effectively than reference-guided approaches (Hayer et 

al., 2015; Chen et al., 2023). 

 Following alignment, RNA-Seq reads can be quantified at either the gene level or 

transcript level, depending on the research objective (Van den Berge et al., 2019). Tools such as 

RSEM implement a probabilistic model with expectation–maximization to assign fragments and 

estimate transcript abundances. These abundance estimates are commonly reported as 

normalized measures such as transcripts per million (TPM). (Li et al., 2011; Van den Berge et 

al., 2019).  

 Several other statistical models have been developed to handle multi-mapped reads and 

improve quantification accuracy. These include MMSEQ (Turro E. et al., 2011), eXpress 

(Roberts and Pachter, 2013), Cufflinks (Trapnell et al., 2010), and BitSeq (Glaus et al., 2012), 

among others (Van den Berge et al., 2019). For species without an available reference genome 

or transcriptome, pseudo-alignment tools such as Kallisto (Bray et al., 2016) and Salmon (Patro 

et al., 2017) which bypass full read alignment. At the gene level, there are two main approaches 

to read assignment. One method directly counts reads that overlap gene features. Alternatively, 

transcript-level quantifications can be aggregated to gene-level counts (Van den Berge et al., 

2019). When a reference genome includes an annotated gene features file, it can be used for 

gene-level counting. Common annotation databases include Ensembl, RefSeq, UCSC, and 

GENCODE (Chen et al., 2023). Gene-level quantification considers all reads aligning to any 

exon within a gene. Tools such as featureCounts (Liao Y. et al., 2014), HTSeq (Anders et al., 

2015), and STAR (Dobin et al., 2013) provide splice-aware quantification by counting 

fragments mapped to genes (Fig. 8). 
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 When the number of sequences associated with a gene or transcript is calculated, 

featureCounts, a program within the Rsubread package in R can be used (Liao Y. et al., 2014). 

RNA-Seq analysis consists of two main steps. The first involves transforming count data for 

visual assessment of sample relationships. The second uses raw counts for statistical analysis, as 

statistical tests require unaltered data to accurately estimate measurement precision (Love et al., 

2016). Following the initial step, data filtering is necessary. Since count data often contain rows 

with zero or single counts, these should be omitted from further analysis (Love et al., 2016). 

Next, variance stabilization was performed. We used the rlog transformation for exploratory 

visualization where sample size was moderate, however if the dataset is medium to large size, 

the rlog is computationally intensive and variance-stabilizing transformation (VST) is 

recommended (Love et al., 2016). To perform differential expression analysis, the DESeq 

function is employed, which processes raw count data according to the predefined experimental 

design. The main steps involve calculating size factors to normalize differences in sequencing 

depth across samples, estimating dispersion values for each gene, and fitting a generalized linear 

model to the data. The resulting DESeqDataSet object retains all computed parameters, allowing 

for the extraction of relevant result tables for further analysis (Love et al., 2014; 2016). 

 Transcriptomic research in Prunus species has largely focused on fruit quality traits due 

to their high commercial and nutritional value. Integrated transcriptomic and metabolomic 

studies have revealed that genes involved in the phenylpropanoid, flavonoid, carotenoid, and 

carbohydrate pathways are among the most dynamically regulated during ripening 

(García‐Gómez et al., 2020). For instance, carotenoid cleavage dioxygenase 4 (CCD4) has been 

linked to carotenoid accumulation and light-yellow or white flesh, while sucrose synthase 

(SUSY) expression parallels sugar content, highlighting their potential as molecular markers for 

breeding programs targeting flesh color and sweetness. Cultivar- and stage-specific expression 

of carotenoid biosynthesis genes, cell wall–modifying enzymes, SUSY, and LOX2 correlates 

with differences in fruit firmness and ripening patterns (Ortuño-Hernández et al., 2024). 

Hormonal treatments, particularly ethylene and its inhibitors, alter the expression of 

pectinesterase, polygalacturonase, IAA, ferredoxin, and aquaporin genes, emphasizing the role 

of hormone signaling in regulating texture and ripening (Salazar et al., 2022). 

 Beyond candidate gene studies, network-based approaches have enhanced understanding 

of complex traits. A large-scale peach coexpression network (COO300) has helped identify 

regulators of fruit softening and anthocyanin accumulation, including PpMYB10.1 (Pérez de los 

Cobos et al., 2024). Structural variations, such as transposable element insertions, also modulate 



27 

gene expression. In sweet cherry, a retrotransposon in the promoter of MGST reduces transcript 

levels, affecting pollen-part self-compatibility (Ono et al., 2018), whereas in Japanese plum, an 

insertion in PsMYB10.2 enhances expression, promoting anthocyanin accumulation and red-

flesh coloration (Fiol et al., 2022). Similarly, TE-associated promoter methylation contributes to 

downregulation of genes such as cytochrome P450 and UDP-arabinose epimerase in peach 

(Rothkegel et al., 2021). 

 Transcriptomic studies in reproductive tissues remain limited but reveal key regulatory 

networks. In Chinese cherry and P. sibirica, flowering and dormancy were linked to stress, 

hormone, and trehalose pathways (Zhu et al., 2015; Xu et al., 2022). Floral pigmentation and 

morphology genes were reported in P. humilis and P. mume (Zhang et al., 2024; Zhu et al., 

2022; Xiujun et al., 2022). miRNAs (miR156, miR172, miR167) regulate floral bud break 

(Zhang et al., 2022), while pistil development and self-incompatibility involve thousands of 

DEGs (Shi et al., 2020; Gómez et al., 2019). These studies demonstrate that transcriptional and 

post-transcriptional regulation coordinates reproductive development and stress responses in 

Prunus. 

 Additional studies provide detailed insights into specific traits. In red-fleshed P. salicina, 

Fang et al. (2016) identified 13 DEGs involved in anthocyanin biosynthesis, confirming roles 

for MYB and bHLH transcription factors, with similar results in P. persica and P. avium (Liu et 

al., 2019; Wei et al., 2015). Genes affecting almond kernel size (Jafari et al., 2022) and 

regulators of P. mume aroma compounds (Xiujun et al., 2022) have also been described. 

Collectively, these studies demonstrate that integrating transcriptomics with metabolomics, 

coexpression networks, and epigenetic analyses provides a robust framework for understanding 

the genetic control of both fruit quality and reproductive traits in Prunus species. 

3.7 Molecular markers developed for genetic analysis of Prunus species 
 

 The biology of Prunus species imposes inherent constraints on breeding and genetic 

improvement. As perennial tree crops, these species exhibit extended juvenile periods of three to 

five years before flowering and fruiting, and many cultivated gene pools have limited genetic 

variation. Complex reproductive systems, including gametophytic self-incompatibility, 

polyploidy in some cherries and plums, and scion–rootstock incompatibilities, further reduce the 

efficiency of selection and increase the time and cost required to achieve genetic gain (Carrasco 

et al., 2013; Pinosio et al., 2020). Conventional breeding, which relies primarily on phenotypic 
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evaluation, is slow and often ineffective for traits with complex inheritance or strong 

environmental influence. These limitations are further exacerbated by biotic stresses, such as 

Monilinia spp. and Plum pox virus, and abiotic stresses driven by climate change. Together, 

these factors underscore the urgency of rapidly identifying, introgressing, and managing 

adaptive variation from wild and underutilized germplasm (Mariette et al., 2016; De Mori & 

Cipriani, 2023; Hegedűs et al., 2023). Gene-targeted molecular markers have therefore received 

growing attention because they sample genic regions and are more likely to be linked to 

functional variation. 

 The integration of molecular markers into Prunus breeding programs has substantially 

increased efficiency and precision. Marker-assisted selection (MAS) enables early identification 

of desirable genotypes based on markers linked to key traits such as fruit shape, acidity, ripening 

time, and self-compatibility, reducing the need for large progeny populations and lengthy field 

trials. At IRTA, MAS has been applied to thousands of peach and almond seedlings, accelerating 

the development of cultivars with targeted characteristics (Pérez de los Cobos et al., 2024). For 

example, producing 100 peach hybrids with nectarine type, yellow flesh, acidity, and flat shape 

through conventional breeding would require approximately 12,800 seedlings; with reliable 

markers tracking all target traits, this number drops to about 124 seedlings, representing a 

roughly 100-fold reduction in land and labor requirements. Beyond selection, MAS allows 

controlled introgression of alleles from related species, such as disease resistance and novel 

quality traits, and genome-wide marker-based strategies can reconstruct elite genotypes with 

improved traits without relying on genetic engineering. These applications illustrate how 

molecular markers can accelerate breeding, reduce costs, and enable outcomes that would 

otherwise be difficult or impossible to achieve through conventional phenotypic selection (De 

Mori & Cipriani, 2023). 

 Several marker systems have been applied to study genetic diversity and support breeding 

in Prunus. Simple sequence repeats (SSRs) are codominant, reproducible, and generally highly 

polymorphic, making them suitable for cultivar identification, parentage analysis, and 

population structure studies (Decroocq et al., 2004; Dirlewanger et al., 2002; Halász et al., 

2019). However, most SSR loci are located in non-coding regions, so they frequently lack direct 

functional association with traits. Variants such as expressed sequence tag–simple sequence 

repeats (EST-SSRs) and SSRs in regulatory or exon regions are derived from expressed or 

regulatory sequences, which increases the likelihood of functional association with phenotype. 

For instance, EST-SSR markers developed from flavonoid pathway genes in Prunus salicina 
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have successfully clustered cultivars according to fruit color, illustrating their biological 

relevance (González et al., 2016). While these markers are more labor-intensive to develop and 

may exhibit reduced allelic diversity due to selective constraints, they provide greater 

interpretability for trait-focused studies and marker-assisted selection (García-Gómez et al., 

2018). 

 Dominant PCR-based markers such as RAPD, ISSR, and AFLP offer inexpensive, rapid 

surveys of genome-wide diversity. These markers are useful for preliminary assessments but 

have significant limitations, including the inability to distinguish heterozygotes, anonymity of 

loci, and limited reproducibility and transferability across laboratories and taxa, which restricts 

their use in breeding-focused applications (Martínez-Gómez et al., 2003; Poczai et al., 2013). 

Start codon targeted (SCoT) markers preferentially amplify coding-region flanks using a single 

primer, producing highly polymorphic fragments suitable for diversity surveys and population 

structure analyses. Studies in Prunus have demonstrated that SCoT markers can reveal strong 

within-population diversity and high discrimination among cultivars (Buer et al., 2022; Thakur 

et al., 2022; Atapour et al., 2022). Despite their utility, SCoT markers are dominant and produce 

anonymous fragments, which limits their direct application in MAS and fine mapping without 

further sequencing. 

 Transposable element (TE)-based markers, including retrotransposon- and DNA 

transposon-anchored assays, iPBS, S-SAP, and MITE-TD, exploit the presence and recent 

activity of TEs to capture insertional polymorphisms, structural variation, and lineage-specific 

differences (Roy et al., 2015; Baránek et al., 2012). Unlike SSRs or SNPs, TE-based markers 

detect variants that reflect recent genome dynamics and structural changes. TE insertions can 

disrupt coding sequences, modify regulatory regions, and influence gene expression, which may 

produce phenotypic effects subject to selection. This makes TE-based markers particularly 

informative for detecting variation in traits such as self-compatibility, fruit development, and 

stress responses (Halász et al., 2014; Muñoz-Sanz et al., 2017). These markers also reveal 

structural rearrangements, duplications, deletions, and recombination events, capturing a layer 

of genome evolution that SSRs and SNPs alone cannot detect. While TE-based markers are 

typically dominant and may be affected by homoplasy in highly active families, they provide 

high resolution for distinguishing closely related cultivars and populations, which is critical for 

germplasm characterization, fingerprinting, and pre-breeding. 

 By characterizing recent structural variation across germplasm, identifying candidate TE 

insertions influencing reproductive and fruit-quality traits, and developing practical marker 
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panels for early selection, TE-based and gene-targeted markers are particularly appropriate. TE-

anchored assays detect functionally relevant variants and lineage-specific insertions, providing 

high-resolution discrimination among closely related cultivars and wild populations. When 

integrated with EST-SSRs and SCoT markers, they complement codominant SSR and SNP 

datasets, maximizing coverage of both allelic and structural variation. PCR-based TE and SCoT 

assays also offer cost-effective workflows for screening large seedling populations and 

underutilized germplasm collections where high-throughput sequencing may not be feasible. 

 In conclusion, molecular markers differ in the genomic layers they sample and the 

evolutionary processes they reflect. SSRs and SNPs provide codominant genotyping for allelic 

variation, EST-SSRs and regulatory SSRs capture functionally relevant variation, SCoT markers 

enrich for gene-associated polymorphisms, and TE-based markers reveal structural, regulatory, 

and recent lineage-specific variation. Combining TE-based markers with EST-SSRs and SCoT 

markers maximizes the detection of biologically meaningful variation, supports germplasm 

characterization, and enables efficient early selection, bridging the gap between genotype and 

phenotype while enhancing the applied utility of molecular tools in Prunus breeding.  
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4. MATERIALS AND METHODS 

4.1 Plant material 

4.1.1 Plant material for transcriptome analyses 

 Three apricot cultivars (‘Pannónia’, ‘Ceglédi óriás’ and ‘Gönci magyar kajszi’), one 

sweet cherry cultivar (‘Carmen’), one sour cherry open-pollinated seedling, and one hexaploid 

plum cultivar (‘Hanita’) were used for the PCR amplification with FaSt specific primers. These 

accessions are maintained at the experimental orchard at Soroksár, Budapest, Hungary. The 

polyploid species were included intentionally to evaluate primer specificity and amplification 

behavior across different ploidy levels within Prunus. For each cultivar, floral and vegetative 

tissues were collected during spring from field-grown trees: flower buds at the balloon stage 

(late pre-anthesis), anthers and pistils (dissected from the same flowers so that male and female 

reproductive tissues are paired), petals and styles (from the same flowers), and fully expanded 

mature leaves (vegetative control). For each tissue and cultivar we collected three independent 

biological replicates and each biological replicate consisted of tissue pooled from three 

individual flowers (or three leaves) taken from a single tree. Sampling was performed between 

09:00 and 11:00 local time to minimize diurnal variation. Samples were immediately frozen in 

liquid nitrogen and stored at −70 °C until RNA extraction.  

4.1.2 Plant material for molecular marker development 

 Two sets of experiments were carried out, the first on two cultivars of six Prunus species, 

P. armeniaca L. (apricot), P. dulcis (Mill.) D.A. Webb (almond), P. avium L. (sweet cherry), P. 

persica (L.) Batsch (peach), P. cerasus L. (sour cherry) and P. domestica L. (European plum). In 

the second experiment, 28 cultivars of European plum were analyzed; all cultivars are listed in 

Tab. 2. The trees were sampled in the Prunus germplasm collection of the Department of Plant 

Biotechnology, Hungarian University of Agriculture and Life Sciences (MATE, Budapest, 

Hungary).  
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  Table 2. Origin of cultivars used in the study 

Cultivar name Species Pedigree1 Country of 

origin1 

Besztercei Bt2 European plum Clone of Besztercei (1974) Hungary 

Bühler 

Frühzwetschge 

European plum German landrace (1840) Germany 

Canada giant 

(Sumgita) 

sweet cherry Van × Sam (1992) Canada 

Ceglédi óriás Apricot Local selection, Izsák (1953) Hungary 

Collins Peach Jerseyland × NJ-188 (1955) USA 

Condor Peach Unknown USA 

Czar European plum Prince Engelbert × Early 

Prolific (1874) 

United 

Kingdom 

Duránci European plum Hungarian landrace (Borsod) Hungary 

Elena European plum Fellenberg × Stanley (1993) Germany 

Empress European plum Unknown (2000) Italy 

Fehérszilva European plum Hungarian landrace (Duna-

Tisza-köz, Borsod, Bácska) 

(2014) 

Hungary 

Feketicsi meggy sour cherry Landrace, Bácsfeketehegy Serbia 

Giant European plum Ageni × Pond’s Seedling 

(1893) 

USA 

Gönci magyar kajszi Apricot Selected clone of Hungarian 

Best (1960) 

Hungary 

Grand prize European plum Unknown seedling of Burbank 

(1937) 

USA 

Haganta European plum Cacanska najbolja× Valor 

(2003) 

Germany 

Hanita European plum President × Auerbacher (1980) Germany 

Haroma2 European plum (Ortenauer × Stanley 34) × 

Hanita (1993) 

Germany 

Jojo European plum Ortenauer × Stanley (1991) Germany 

Kántorjánosi 3 sour cherry Selected clone of a landrace, 

Kántorjános (1994) 

Hungary 

Katalin sweet cherry Germersdorfer × Podyebrad 

(1989) 

Hungary 

Nemtudom P3 European plum Selected clone of a landrace 

(2012) 

Hungary 
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Cultivar name Species Pedigree1 Country of 

origin1 

Opal European plum Early Favourite × Oullins gage 

(1925) 

Sweden 

Páczelt szilvája European plum Unknown, Páczelt János, 

Nagykároly (end of the 19th 

century) 

Hungary 

Presenta European plum President × Ortenauer (1996) Germany 

Sanctus Hubertus European plum Mater Dolorosa × Early Rues 

(1963) 

Belgium 

Soviet 2 European plum Soviet seedling Russia 

Soviet 3 European plum Soviet seedling Russia 

Tétényi keményhéjú almond Open pollination from Burbank 

magonca (1980) 

Hungary 

Topend plus European plum Cacanska najbolja × Valor 

(1994) 

Germany 

Topfive European plum Cacanska najbolja × Bühler 

Frühzwetsche (1999) 

Germany 

Tophit European plum Cacanska najbolja × President 

(1988) 

Germany 

Toptaste2 European plum Valor × Hauszwetschke (1994) Germany 

Tuleu timpuriu European plum Tuleu gras × Sermina (1967) Romania 

Tuono almond Unknown (~1830) Italy 

Vengerka virla European plum Unknown Russia 

Vörös 

nagygyümölcsű 

European plum Landrace Hungary 

Wagenheim European plum Unknown (1837) Germany 
1The pedigree and country of origin of accessions are given according to Surányi (2013) and 

Makovics-Zsohár et al. (2017) 

2European plum cultivars included in both sets of experiments. 

4.1.3 Plant material for RNA-Seq analyses 

 Samples for RNA-Seq were collected in a single year (2021) during blossoming at the 

balloon stage of flower development. For each accession and tissue (anther or style), three 

independent biological replicates were analyzed. Each biological replicate consisted of tissue 

pooled from approx. 40 flowers collected from a single tree, where available, replicates were 

obtained from different trees of the same accession. Samples were immediately frozen in liquid 

nitrogen and stored at −70 °C until RNA extraction. 
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 Total RNA was isolated from each biological replicate independently using a standard 

phenol–chloroform extraction protocol. RNA quality and concentration were assessed prior to 

library preparation. For RNA-Seq library construction, 50 ng total RNA per biological replicate 

was used. Libraries were prepared and sequenced separately for each replicate.  

  RNA was extracted from the anthers of 3 SC cultivars (‘Gönci magyar kajszi’ AMK, 

‘Pannónia’ APA and ‘Rózsakajszi C. 1406’ ARK) and 3 SI accessions (‘Ceglédi óriás’ ACO, 

M604 AM6 and ‘Harmat’ AHA) apricot cultivars and from the styles of the same 3 SC (‘Gönci 

magyar kajszi’ SMK, ‘Pannónia’ SPA and ‘Rózsakajszi C. 1406’ SRK) and 3 SI accessions 

(‘Ceglédi óriás’ ACO, M604 AM6 and ‘Harmat’ AHA). 

4.2 RNA and DNA extraction  

4.2.1 RNA extraction and cDNA synthesis for transcriptome analyses 

 Total RNA was extracted from each biological replicate independently. For qRT-PCR 

analysis, samples were extracted using the CTAB method. RNeasy Mini Kit (Qiagen, Hilden, 

Germany) including on-column RNase-free DNase I treatment (Qiagen) following the 

manufacturer’s instructions was used for RNA used reverse transcribed to cDNA and used for the 

transcriptome PCR assays. For mRNAseq analysis, a standard phenol–chloroform method 

extraction protocol was used.  

 Extracted RNA concentrations were measured by fluorometric assay (Qubit) and RNA 

integrity was assessed by Agilent Bioanalyzer (RNA 6000 Nano/Pico) or, when a Bioanalyzer 

was not available, by 1% agarose gel electrophoresis. For RNA-Seq, samples were required to 

meet a pre-specified integrity threshold (RIN ≥ 7) to proceed to library construction. For qRT-

PCR, the RNA concentration would have required an impractically large volume for 1 µg input 

(e.g., >50 µL), the sample was re-extracted or excluded. All retained samples were treated with 

RNase-free DNase I prior to reverse transcription. 

 Reverse transcription was performed on DNase-treated RNA using the RevertAid H 

Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific) with oligo(dT)18 primers 

according to the manufacturer’s instructions. For qRT-PCR assays, 1 µg total RNA (per 

replicate) was used as input where feasible. When starting material was limiting, the maximum 

feasible input was used and cDNA reaction volumes were equalized across samples. Synthesized 

cDNA was stored at −20 °C until use.  
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Figure 1. Agarose gels of total RNA extracted from style and anther tissues from apricot samples. 

C1 and C2 are controls from Arabidopsis thaliana Columbia; Style tissue from: 1-6, ‘Pannónia’ 

SPA, 7-12 and 24 ‘Rózsakajszi C. 1406’ SRK, 13-18 (‘Ceglédi óriás’ SCO, 19-24 ‘Harmat’ SHA; 

Anther tissue from 25-30, ‘Pannónia’ APA, 31-36 and 24 ‘Rózsakajszi C. 1406’ ARK, 37-42 

‘Ceglédi óriás’ ACO, 43-48 ‘Harmat’ AHA 

4.2.2 Genomic DNA extraction 

 Total genomic DNA was isolated from buds using a DNeasy Plant Mini Kit (Qiagen, 

Hilden, Germany) according to the manufacturer’s instructions. DNA concentration and purity 

were measured for all samples with a NanoDrop™ ND-1000 spectrophotometer (Bio-Science, 

Budapest, Hungary). DNA integrity was assessed by electrophoresis on 1% (w/v) agarose gels 

stained with ethidium bromide. Intact high-molecular-weight genomic DNA presented as a 

single predominant band with minimal smearing. Functional integrity was additionally 

confirmed by PCR: samples that produced the expected amplification products with the study 

primers were retained for downstream analyses. For genomic PCR assays, 40–70 ng genomic 

DNA was used per reaction.  

4.3 Sequencing and library preparation for RNA-Seq analyses  

 cDNA libraries were prepared using poly-T oligo-attached magnetic beads to isolate 

messenger RNA from total RNA by Novogene (Beijing, China). After fragmentation, first-strand 

cDNA synthesis was conducted using random hexamer primers, followed by second-strand 

synthesis with dUTP incorporation for directional libraries. cDNA libraries were prepared and 
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QC-checked by Novogene (Beijing, China). Twelve libraries were prepared and sequenced on 

an Illumina NovaSeq 6000 platform (150 bp paired-end). Libraries were multiplexed using 

unique Illumina index sequences and demultiplexed by Novogene. The project targeted ~12 Gb 

(~80 million 150 bp paired-end reads) per library. After provider quality control, per-library raw 

read counts ranged approximately 80.3–87.1 million reads (12.12–13.07 Gbp raw bases) with 

78–85 million clean reads per library (clean bases 11.7–12.8 Gbp) (Novogene report, QC 

summary). Full QC and mapping metrics are provided in the Novogene report (Contract ID 

H204SC22012203).   

4.4 PCR analyses 

4.4.1 PCR parameters and detection of amplified fragments for transcriptome analyses 

 A pair of primers was used to amplify the FaSt sequence from cDNA: FaSt-F (5'-

GAGATATTTAGTGATATACCCATT-3') and FaSt-Rev5 (5'-

CCCAATATGAAGACCCAAATTA-3'). The designation “Rev5” denotes reverse primer number 

5 from an initial set screened during optimization. Namely, FaSt-Rev5 produced a single, 

correctly sized product on cDNA templates and was therefore selected for the transcriptome PCR 

assays. Primer properties (melting temperature, hairpin, self- and hetero-dimers) were evaluated 

using the OligoAnalyzer tool (IDT; https://eu.idtdna.com/calc/analyzer). For genomic PCR 

targeting the Falling Stone MITE, a separate genomic primer (FaSt-R; 5'-

TCTTAGAAATTACAAAACTACC-3') was designed and used as described in the genomic PCR 

section.  

 Actin was employed as an internal control for conventional PCR to verify cDNA 

amplifiability. The use of actin follows its widespread application in Prunus and related 

Rosaceae studies and was supported by our empirical verification. Actin primers consistently 

amplified the expected fragment in all genotypes retained for FaSt analyses (the single genotype 

that failed to amplify actin was excluded). We acknowledge that reference-gene stability is 

context dependent and that other genes may be preferable for qRT-PCR normalization in specific 

experimental designs (Niu et al., 2014; Wang et al., 2014; Tong et al., 2009). In this work actin 

served strictly as a control of successful reverse transcription and PCR amplifiability rather than 

as the primary normalization gene for quantitative expression analyses. Reaction conditions were 

as follows: initial denaturation at 98°C for 30 s and 35 cycles of 98°C for 5 sec, 50°C for 10s, 

72°C for 40s and 72°C for 1 min. PCR was carried out in a Swift MaxPro (Esco Healthcare Pte) 

https://eu.idtdna.com/calc/analyzer


37 

thermocycler. 1-2µl cDNA was used for PCR amplification in a 20 µl reaction volume 

containing 4 µl 5X Phire Reaction Buffer, 0.2 mM dNTPs, 0.5 µM of the adequate primers, 3 % 

DMSO, and 0.4 U of Phire Hot Start II DNA polymerase (Thermo Fisher Scientific). The PCR 

products were separated on 1% TBE agarose gels at 80 V for 30 min and DNA bands were 

stained with ethidium bromide. Fragment sizes were estimated by comparison with the 1 kb and 

100bp + DNA ladder (Thermo Scientific). 

4.4.2 Real-Time PCR 

 Real-time PCR was performed on a BIO-RAD CFX96 Touch™ Real-Time PCR 

Detection System (Bio-Rad Laboratories) using PCRBIO SyGreen Mix (PCR Biosystems Ltd., 

London, UK).  Mastermix was prepared in a final reaction volume of 8 μL comprising: 4 μL 

PCRBIO SyGreen Mix, 1 μL cDNA template, forward and reverse primers at a final 

concentration of 200 nM each, and molecular-grade water to 8 μL. All reactions were run in 

three technical replicates and included a no-template control on each plate. Cycling conditions 

were: 2 min initial denaturation at 98 °C, followed by 40 cycles of 98 °C for 10 s (denaturation), 

55 °C for 20 s (annealing) and 60 °C for 30 s (extension). Melt-curve analysis was performed 

from 65 °C to 95 °C with increments of 0.5 °C to verify product specificity. A four-point dilution 

series of pooled cDNA (serial dilutions prepared from a cDNA pool) was used to generate 

standard curves for each assay; these curves were used to evaluate linear dynamic range and to 

calculate amplification efficiencies. Relative fold change (FC) was calculated with the ΔΔCq 

method (Bookout & Mangelsdorf, 2003), after confirming approximately similar amplification 

efficiencies between target and reference assays (Fig. 2). 

Table 3. Primers used for qRT-PCR 

Primer 

name 

Sequence (5′ → 3′) Target Amplicon 

size (bp) 

Assay 

FaSt-F GAGATATTTAGTGATATACCCATT FaSt 

element 

331 Conventional 

PCR 

FaSt-Rev5 CCCAATATGAAGACCCAAATTA FaSt 

element 

331 Conventional 

PCR 

FaSt-R TCTTAGAAATTACAAAACTACC Falling 

Stone 

MITE 

~variable 

(see text) 

Genomic PCR 

FaStqRT-F1 GAGATATTTAGTGATATACCCATT FaSt 

element 

116 qRT-PCR 
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Primer 

name 

Sequence (5′ → 3′) Target Amplicon 

size (bp) 

Assay 

qRT-Rev1 TCAATAAGGCCAGTTGTCAT FaSt 

element 

116 qRT-PCR 

qRT-FW2 TACTTTAATGCCCTATTGAGTG FaSt 

element 

96 qRT-PCR 

qRT-Rev2 TCTTAGAAATTACAAAACTACC FaSt 

element 

96 qRT-PCR 

UBQ10-F AAGGCTAAGATCCAAGACAAAGAG Ubiquitin 

10 

146 qRT-PCR 

(reference 

gene) 

UBQ10-R CACGAAGACGAAGCACTAAG Ubiquitin 

10 

146 qRT-PCR 

(reference 

gene) 

ACT-F CTCCGTGTTGCTCCAGAAG Actin ~130 Conventional 

PCR (control) 

ACT-R CAGGCACGTTGAAGGTTTC Actin ~130 Conventional 

PCR (control) 

 

Figure 2. Calibration curve from almond anther tissue with ubiquitin10 gene as a reference gene 

(on the left) and almond anther tissue with Falling Stone (FaSt) transposon sequence (on the 

right). 

4.4.3 Genomic PCR with SCoT and FaSt-specific primers 

 For genomic PCR, 19 (1, 2, 4-7, 11-13, 16, 18, 19, 21-24, 27, 32 and 34) and 17 (1-5, 7-

11, 15, 16, 19, 21-23, and 34) SCoT primers were used for two cultivars each of six Prunus 

species and 28 P. domestica cultivars, respectively. A new primer, FaSt-R (5’-

TCTTAGAAATTACAAAACTACC-3’) was designed to anneal to a unique sequence of the 

Falling Stone MITE. The FaSt-R primer was used in two complementary ways: (i) paired with 
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FaSt-F (conventional FaSt amplicon detection) to confirm presence of the FaSt sequence itself, 

and (ii) combined with individual SCoT primers (one SCoT primer plus FaSt-R in the same 

reaction) to test for FaSt insertions adjacent to SCoT-amplified loci. Using FaSt-R in 

combination with SCoT primers allows detection of insertion-specific bands (presence/absence 

polymorphisms) and provides gene-context information for FaSt insertions. SCoT primers used 

alone provide independent, gene-targeted polymorphism profiles across the genome (Collard and 

Mackill, 2009). . Approximately 40–70 ng of genomic DNA was used for PCR amplification in a 

12 µL reaction volume, containing 10 × DreamTaqTM Green buffer (Thermo Fisher Scientific, 

Waltham, MA, United States) with final concentrations of 1.5 mM MgCl2, 0.2 mM of dNTPs, 

0.4 µM of the adequate primers, and 0.625 U of DreamTaqTM DNA polymerase (Thermo Fisher 

Scientific). The PCR amplification was carried out in a Swift MaxPro thermocycler (ESCO 

Healthcare) . Amplification was run at 94 °C for 5 min, followed by 40 cycles of denaturation at 

94 °C for 1 min, primer annealing at 50 °C for 1 min and elongation at 72 °C for 2 min, final 

extension was 10 min at 72 °C. Amplicons were detected by 1.2 % TBE agarose gels stained 

with ethidium bromide (EtBr) at 80 V for 3 h. Fragment sizes were estimated by comparison 

with the GeneRuler™ 1-kb DNA Ladder (Thermo Fisher Scientific).  

4.5 Cloning and DNA sequencing  

 Direct cloning of PCR products was carried out using the InsTAclone PCR Cloning Kit 

(Thermo Fisher Scientific) and JM109 Escherichia coli competent cells (Zymo Research Corp., 

Irvine, CA, United States). TNucleotide sequences of 3 samples were determined for each 

fragment in both directions by using M13 sequencing primers. The plasmid DNA fragments were 

purified using the EZ-10 Spin Column Plasmid DNA kit (Bio Basic Inc., Markham, Canada) and 

then sequenced in an automated sequencer ABI 3500 XL Genetic Analyzer (Applied Biosystems, 

Foster City, CA, United States). 

4.6 Data evaluation and bioinformatics analyses  

4.6.1 Data evaluation and bioinformatics analyses for molecular marker development 

 Banding pattern was scored as absent (0) or present (1) with only the strong and fully 

separated bands considered. Weak or doubtful bands were neglected. Total number of scorable 

bands (TNB), number of differently sized bands (NDB), size range of amplicons (SRA), 

percentage of amplicons with size ≤ 1000 bp (PA≤1kb) and percentage of the polymorphic bands 
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(PPB) were calculated in MS Excel, while polymorphism information content (PIC), Nei's gene 

diversity (h), Shannon's Information index (I) and Resolving power (Rp) were determined using 

the iMEC (https://irscope.shinyapps.io/iMEC/) (Amiryousefi et al., 2018) and Popgene 1.32 

(Yeh and Boyle, 1997) programs. PCA and a neighbor-joining (NJ) tree based on Jaccard’s index 

were constructed using the software PAST 4.03 (Hammer et al. 2001). To examine overall 

genetic relationships among accessions, principal component analysis (PCA) was performed on 

the binary marker matrix using PAST v4.03 (Hammer et al., 2001). PCA was used to visualize 

multivariate patterns of marker variation and to assess clustering tendencies among Prunus 

species, as reported in the Results section. 

Table 4 Prunus genomes used and the BLASTN search parameters used for homology calls.  

Species Cultivar / 

Accession 

Genome version Databas

e 

Prunus cerasus ‘Montmorency’ v1.0.a2 GDR 

Prunus avium ‘Tieton’ v2.0 GDR 

Prunus fruticosa 27e12(2) v1.0 GDR 

Prunus dulcis ‘Lauranne’ v1.0.a1 GDR 

Prunus dulcis ‘Nonpareil’ v1.0 GDR 

Prunus dulcis ‘Texas’ v3.0 GDR 

Prunus armeniaca ‘Stella’ v1.0 GDR 

Prunus persica — Genome V2.0.a1 GDR 

Prunus yedoensis — Genome v1.0 GDR 

Prunus domestica — Draft Genome 

v1.0 

GDR 

Prunus 

campanulata 

— v1.0 GDR 

Prunus kansuensis — genome v2.0 GDR 

Prunus mume ‘Nanko’ v1.0 GDR 

Prunus salicina ‘Sanyueli’ genome v2.0 GDR 

Prunus speciosa IZO01 v1.0 GDR 

Prunus davidiana — Genome v2.0 GDR 

Prunus 

mandshurica 

— genome v1.0 GDR 

Prunus mongolica — v1.0 GDR 

Prunus mira — Genome v2.0 GDR 

Prunus sibirica CH320_5 genome v1.0 GDR 

Prunus 

zhengheensis 

— v1.0 GDR 

 

https://irscope.shinyapps.io/iMEC/
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 In parallel, sample distance analysis was conducted using Jaccard’s similarity coefficient, 

and a neighbor-joining (NJ) dendrogram was constructed from the resulting distance matrix 

using PAST v4.03. Node robustness was evaluated by 1000 bootstrap replicates, and bootstrap 

values were displayed on the corresponding branches. These distance-based analyses were used 

to assess genetic affinities and groupings consistent with PCA patterns.The BlastN analysis at the 

National Center for Biotechnology Information (NCBI) and the available genome sequences of 

the Prunus species at the GDR (https://www.rosaceae.org/blast) databases were used for 

homology searches (Altschul et al., 1990). The BLASTN 2.12.0+ analysis at GDR (Zhang et al., 

2000) was carried out using Prunus species genomes (Tab. 4).  Sequences were aligned and 

presented with MEGA7 (Kumar et al. 2016) and BioEdit v. 7.2.0. (Hall 1999), respectively. The 

phylogenetic chronogram of 12 Prunus species and one Malus species (Figure 20) was 

reconstructed based on divergence time estimates obtained from the TimeTree 5 database 

(https://timetree.org; Kumar et al., 2022), using calibration points reported by Chin et al. (2014). 

Divergence times were expressed in millions of years ago (Mya), and the geologic timescale was 

displayed to contextualize lineage diversification. The presence or absence of FaSt transposon-

associated insertions and deletions was mapped onto the chronogram to infer lineage-specific 

sequence alterations, as described in the Results section. Finally, the relative frequency of FaSt 

transposon insertions across Prunus genomes was visualized using a heatmap generated with 

Heatmapper (Babicki et al., 2016). 

4.6.2 Bioinformatic tools for in silico analyses of the presence of FaSt in the promoter 

region of the CBF gene 

 DNA sequences were compared using the NCBI BLASTN 2.11.0 software (Altschul et 

al., 1990). The aligned sequences were manually edited and presented using the BioEdit program 

v.7.2.5 (Hall, 1999). PdCBF1 (JQ317157) and PdCBF2 (JQ317158) sequences have been 

downloaded from NCBI GenBank database (http://www.ncbi.nlm.nih.gov). The transcription 

factor binding sites were predicted using the PlantRegMap tool (Tian et al., 2020). and 

visualized by the Plant Promoter Analysis Navigator (PlantPAN; 

http://PlantPAN2.itps.ncku.edu.tw). We used the PlantRegMap tool with the species-specific 

binding motifs of P. mume to predict transcription factor binding sites in the promoter region of 

PdCBF1 and PdCBF2. On the grounds that an additional 374 bp were present in the PdCBF1 

promoter sequence, the FaSt element had brought the chance for binding of other TFs, thus, 

suggesting possible transcriptional changes in comparison with its homologue, PdCBF2. 

https://timetree.org/
http://www.ncbi.nlm.nih.gov/
http://plantpan2.itps.ncku.edu.tw/


42 

4.6.3 Bioinformatic tools for in silico analysis of the occurrence FaSt in Prunus genome and 

transcriptome 

 We analysed available P. armeniaca, P. persica and P. dulcis transcriptome datasets and 

eleven Prunus genome assemblies (covering seven species) to assess presence and frequency of 

FaSt copies. Screening of genomes and transcriptomes was performed via the Genome Database 

for Rosaceae (GDR; https://www.rosaceae.org). Similarity searches were conducted with 

BLASTn using the parameters specified above (E-value threshold 0.001; word_size 11; gap 

open/extension penalties 5 and 2; mismatch penalty −2; reward 1; no culling limit). Hits were 

filtered by E-value, percent identity and coverage and overlapping hits collapsed as described; 

transcript-level frequency was calculated as the percentage of transcripts in a dataset containing 

at least one qualifying hit, and genomic copy number was reported both as total copies and as 

copies per megabase (see frequency-estimation calculation).  

4.6.4 Data analyses from the qRT-PCR 

 The qRT-PCR was performed using the CFX96 Touch Real-Time PCR Detection System, 

and data were analysed with CFX Maestro Software (Bio-Rad Laboratories, n.d.). 

4.7 Analyses of RNA-Seq data 

4.7.1 Pre-processing of sequencing data 

 Raw RNA-Seq reads were first assessed for quality using FastQC v0.11.8 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Adapter sequences and low-

quality bases were trimmed using Trimmomatic v1.0 (Bolger et al., 2014). After filtering, high-

quality reads were aligned to the haploid apricot reference genome Apricot Genome CUR v1, 

cultivar ‘Rojo Pasión’ (Campoy et al., 2020), using STAR v2.6 (Dobin et al., 2015) with default 

parameters (Appendix A2 and A3). Alignment statistics and mapping efficiency for all libraries 

are summarized in Figure 8. 

• FastQC documentation and download: 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/ . Accessed November 2023. 

• Trimmomatic documentation: http://www.usadellab.org/cms/?page=trimmomatic. 

Accessed November 2023. 

• STAR documentation: https://github.com/alexdobin/STAR . Accessed November 2023. 

https://www.rosaceae.org/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://github.com/alexdobin/STAR
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Full command lines and parameter settings used for trimming and alignment are recorded in 

Appendix A2–A3 and in the analysis script deposited with the manuscript. 

4.7.2 PCA and sample-distance analysis (quality control and exploratory data analysis) 

 Exploratory ordination and distance metrics were computed to evaluate global sample 

relationships and to detect outliers prior to differential testing. Implementation details are 

reproduced here to satisfy reproducibility requirements; the exact R commands executed are 

included in Appendix A3 and in the deposited R script. 

Raw counts in the DESeqDataSet were variance-stabilized with the DESeq2 regularized log 

transformation: rld <- rlog(dds, blind = FALSE) 

 blind = FALSE was used so that the transformation would preserve variance associated 

with the experimental design (Love et al., 2014). For larger sample sizes, the variance-

stabilizing transformation (vst) is an acceptable, faster alternative. 

 Principal components analysis (PCA) was performed on the rlog values. We used 

DESeq2’s plotPCA() function (default ntop = 500 most variable genes) and also extracted PCA 

coordinates (returnData = TRUE) for custom plotting with ggplot2. PCA plots report percentage 

variance explained by PC1 and PC2 and are annotated for compatibility status and cultivar. 

(ggplot2: https://ggplot2.tidyverse.org/ . Accessed November 2023). 

Sample-to-sample distances. Two complementary dissimilarity measures were computed: 

1. Euclidean distances on rlog values: 

sampleDists <- dist(t(assay(rld))) 

sampleDistMatrix <- as.matrix(sampleDists) 

 The Euclidean sample distance matrix was visualized as a hierarchical clustering heatmap 

using pheatmap; when precomputed distances were supplied to pheatmap, the same distance 

matrix was used for both row and column clustering to preserve the dendrogram ordering. 

2. Poisson distance on raw counts:  

            poisd <- PoissonDistance(t(counts(dds))) 

            samplePoisDistMatrix <- as.matrix(poisd$dd) 

 

https://ggplot2.tidyverse.org/
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 To account for the discrete count structure and mean–variance relationship, the Poisson 

distance (PoissonDistance https://cran.r-project.org/web/packages/PoiClaClu/index.html. 

accessed November 2023), was computed directly on raw counts (samples as rows) and 

visualized as an alternative heatmap (pheatmap: https://cran.r-

project.org/web/packages/pheatmap/index.html. accessed November 2023) and MDS.  

 Hierarchical clustering used complete linkage unless otherwise noted. Heatmap color 

palettes were generated with colorRampPalette(rev(brewer.pal(9,"Blues"))) (RColorBrewer: 

https://cran.r-project.org/web/packages/RColorBrewer/index.html. accessed November 2023) 

for consistent visual scaling across figures. PCA scatterplots and MDS (cmdscale) visualizations 

were produced with ggplot2 and labeled using ggrepel for legible sample names. 

 Biological replicates were expected to show the smallest pairwise distances and to cluster 

together. Concordant patterns between PCA and both distance heatmaps (Euclidean on rlog and 

Poisson) were required to support any claims about lack of segregation by compatibility status 

(SC vs SI) or about cultivar-specific effects. 

4.7.3 Quantification of gene expression levels 

 

 Gene-level read counts were obtained using featureCounts v2.0.8 (Liao et al., 2014), 

producing raw integer counts of uniquely mapped reads per annotated gene. For descriptive 

reporting and visualization, raw counts were converted to Fragments Per Kilobase of transcript 

per Million mapped reads (FPKM) by normalizing for gene length and library size; these FPKM 

values were used only for expression plots and summary tables, and were not used as input to 

differential expression testing. 

4.7.4 Differential expression analysis 

 

 Differential expression analysis was performed in R using DESeq2 (Love et al., 2014). 

Raw featureCounts integer counts (not FPKM) were used as DESeq2 input. Where applicable, 

cultivar identity was included as a blocking factor in the design (design = ~ cultivar + 

compatibility); otherwise design = ~ compatibility. Prior to model fitting, genes with row sums 

≤ 1 across all samples were removed (dds <- dds[rowSums(counts(dds)) > 1, ]). DESeq2’s 

default pipeline (size-factor estimation, gene-wise dispersion estimation, and negative-binomial 

GLM fitting) was applied unless otherwise indicated in Appendix A3. P-values were adjusted 

using the Benjamini–Hochberg false discovery rate; genes with padj ≤ 0.05 were considered 

https://cran.r-project.org/web/packages/PoiClaClu/index.html
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significant. Complete reproducible commands are provided in Appendix A3. (DESeq2 

documentation: https://bioconductor.org/packages/DESeq2 . Accessed November 2023). 

4.7.5 Functional annotation of differentially expressed genes 

 

 DEG loci were annotated by retrieving sequence records and functional descriptions from 

UniProt and NCBI, followed by manual curation of UniProt functional notes to assign concise 

gene descriptions and putative molecular functions for representative DEGs. All gene identifiers 

and exported DEG tables are provided as Supplementary Files and in the deposited analysis 

outputs (UniProt: https://www.uniprot.org/; NCBI: https://www.ncbi.nlm.nih.gov/; both 

accessed November 2023). 

 We did not perform formal over-representation or pathway enrichment testing on the 

published DEG lists because the absolute number of statistically significant DEGs was limited 

and therefore insufficient for robust enrichment statistics. Enrichment methods applied to very 

small or heterogeneous gene sets are prone to low power, instability, and bias (for example 

gene-length and expression-level effects), which can lead to misleading conclusions if presented 

without strong supporting evidence. Accordingly, manual curation of UniProt/NCBI annotations 

was used to conservatively characterize notable DEGs.  

 

 

 

 

 

 

 

 

 

 

https://bioconductor.org/packages/DESeq2
https://www.uniprot.org/
https://www.ncbi.nlm.nih.gov/
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5. RESULTS AND DISCUSSION 

 

5.1 Detection of FaSt-related transcripts in Prunus by RT-PCR 

 Falling Stones MITE elements were detected in many copies throughout all the 8 

chromosomes of Prunus species (Halász et al., 2014) and they were also detected in two 

expressed genes (Halász et al., 2014; Munoz-Sanz et al., 2017). We wanted to see if FaSt copies 

can be found in other transcripts. The cDNA samples were used for PCR analysis with actin 

primers (used as internal control) that amplified a fragment of 130 bp in Prunus samples. The 

actin amplification was successful in case of P. domestica ‘Hanita’, a P. cerasus chance seedling, 

P. armeniaca ‘Ceglédi óriás’, ‘Magyar kajszi’ and ‘Pannónia’. P. avium ‘Carmen’ did not show 

amplification of actin fragment and hence was excluded from further analyses. The FaSt-specific 

primers annealing to the TIR regions of the transposon were expected to amplify a fragment of 

331 bp. The amplification was successful in all the five studied tissues (leaf, calyx, petals, 

anthers and styles) of P. domestica (Fig. 3). These RT-PCR results provide targeted evidence for 

FaSt transcription in the samples tested. 

 

 

 

 

 

 

 

 

 

 

Figure 3. PCR analysis of Prunus domestica ‘Hanita’ cultivar with the Falling Stones (FaSt)-specific 

primer pair FaSt-F and FaSt-Rev5, amplifying 331 bp of the Prunus-specific non-autonomous 

transposon. The samples are as follows: and. genomic DNA as control (G), anthers (A), flower buds (F), 

leaf (L), petal (P), style (S), and 100bp +DNA molecular weight marker (M). 
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5.2 Real-time PCR detection of FaSt-derived transcripts 

 Using qRT-PCR, FaSt-derived transcripts were detected in all tissues examined (leaf, 

flower buds, calyx, petals, anthers and styles) from the sampled Prunus accessions. Detectable 

expression was observed in the tested sweet cherry and apricot cultivars. The three apricot 

cultivars included in this study showed qualitatively similar expression patterns. FaSt transcripts 

were also detected in the sampled tetraploid sour cherry and hexaploid European plum tissues. 

These data indicate that FaSt transcription was detectable in every tissue and accession included 

in our experimental set; they do not imply that FaSt is universally transcribed across the entire 

Prunus genus. Details on qRT-PCR calibration, threshold selection and Ct determination (Fig. 

2). Quantitative analysis of FaSt signal across four tissues of P. armeniaca ‘Ceglédi óriás’ 

showed the highest relative signal in anther tissue (Fig. 4). This observation is descriptive and 

was not subjected to formal statistical testing. Likewise, a comparison between P. domestica 

‘Hanita’ (hexaploid) and P. armeniaca ‘Pannónia’ (diploid) showed a stronger signal in the 

anther of the sampled diploid cultivar (Fig. 5), but the effect of ploidy was not tested. 

   

  

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Relative expression of the Falling Stone (FaSt) transposon in four floral tissues of 

apricot (Prunus armeniaca L.) cultivar ‘Ceglédi óriás’ at the balloon stage. Expression levels 

were quantified in anthers, calyx, petals, and styles and normalized to the Ubiquitin10 reference 

gene. Bars represent relative normalized expression values, and error bars indicate variability 

among replicates. FaSt expression was highest in anthers, while lower expression levels were 

observed in calyx, petals, and styles. 
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Figure 5. Relative expression of the Falling Stone (FaSt) transposon across four floral tissues in 

two Prunus species: apricot (Prunus armeniaca L.) cultivar ‘Pannónia’ and European plum 

(Prunus domestica L.) cultivar ‘Hanita’. Expression levels were measured in anthers, calyx, 

petals, and styles and normalized to a reference gene. Bars represent relative normalized 

expression values, and error bars indicate variability among replicates. 

 

5.3 In silico analysis of the occurrence of Falling Stones (FaSt) transposable elements in 

Prunus genome and transcript datasets 
 We searched available Prunus genome assemblies and associated RNA-Seq datasets in 

the Genome Database for Rosaceae (GDR) to survey the genomic and transcriptomic 

occurrences of the FaSt MITE family. Genome assemblies and associated RNA-Seq libraries 

interrogated in this study included P. armeniaca (‘Sungold’, ‘Longwangmao’, ‘Marouch’, 

‘Stella’ v1.0), P. mume v1.0, P. mandshurica v1.0, P. sibirica CH320_5 and F106 v1.0, peach 

v2.0.a1, P. dulcis v2.0, and P. salicina ‘Sanyueli’ v2.0. Because raw counts of element copies are 

affected by assembly size and completeness, cross-species comparisons below are based on 

copy numbers normalized to assembly length. 

 Transcriptomic datasets linked through GDR (all publicly available tissue datasets for the 

species examined) were searched to detect FaSt sequences in RNA-Seq data. The available 

RNA-Seq resources included, for example, fruit, leaf, and phloem for P. dulcis v2.0. Using strict 

sequence matching criteria, we detected complete FaSt sequences in a small number of mRNA 

assembled transcript sequences: 9 in P. armeniaca, 11 in P. dulcis, and 11 in P. persica. Of these 

31 complete transcript-embedded copies, 28 were located in annotated 3′ UTR regions and 2 in 

5′ UTR regions; a single case involved the 5′ end of the FaSt sequence contributing a short 9-
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amino-acid fragment that matched the C-terminal motif of a cytochrome P450 sequence, with 

the remaining sequence situated in the 3′ UTR. We report this unusual structural arrangement as 

an observation that may warrant further functional and evolutionary study, but the current data 

do not provide experimental evidence for functional consequences. 

 When we inspected genomic localization patterns, chromosomes 1 and 6 tended to carry 

higher numbers of FaSt copies in the majority of the assemblies examined, whereas 

chromosome 5 was often among the chromosomes with fewer copies (Fig. 6). This statement 

summarizes a descriptive tendency observed across the examined assemblies. The precise 

ranking of chromosomes by copy number varied among species. The distribution of the 575 

partial FaSt fragments across the eight chromosomes was examined separately. These fragments 

show a broadly similar trend but are reported independently from complete element counts 

because they may represent degraded or truncated sequences. 

 Overall, integration of genome and transcriptome searches provides targeted evidence 

that FaSt elements are present as complete and partial copies in multiple Prunus assemblies and 

that FaSt sequences can be detected within limited sets of mRNAs in P. armeniaca, P. dulcis, 

and P. persica. However, the data presented here are primarily descriptive; functional impacts 

and hypotheses about roles in trait evolution require further experimental validation and 

appropriately powered statistical tests. 

       The pattern of FaSt accumulation in Prunus genes indicates the differences in AT 

frequencies and functional constraints at different parts of protein-coding genes and provides an 

opportunity to explore the genetic background of phenotypic traits. 
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Figure 6. Copy number of the FaSt elements distributed on the 8 chromosomes (axis x) in 11 

genome sequences of 7 Prunus species. Par, P. armeniaca; Pmum, P. mume, Pmands, P. 

mandshuriaca; Psib, P. sibirica; Ppers, P. persica; Pdul, P. dulcis; and Psal, P. salicina. 

 

5.4 Insertion of a FaSt in the promoter region of an almond C-repeat-binding factor (CBF) 

gene 

 During screening of the NCBI nucleotide database, BLASTN analysis identified a 

putative FaSt transposable element in the upstream regulatory region of the Prunus dulcis 

PdCBF1 gene (GenBank accession JQ317157). No FaSt insertion was detected in the 

corresponding promoter region of PdCBF2 (JQ317158) (Fig. 7). We used bioinformatics 

approaches to test if the presence of FaSt might be associated with the previously detected 

alterations in gene expression patterns of CBF genes (Ivanovska et al., 2022). Comparison of the 

upstream sequences revealed that the PdCBF1 promoter is approximately 374 bp longer than 

that of PdCBF2. This length difference is attributable to the insertion of a 374-bp FaSt element, 

resulting in a PdCBF1 promoter region of approximately 1.1 kb, compared with approximately 
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0.75 kb for PdCBF2. The FaSt insertion in PdCBF1 is located upstream of the transcription start 

site and is oriented in the reverse direction relative to the reference FaSt element originally 

described in the Prunus armeniaca SFB gene (Halász et al., 2014). BLASTN alignment of the 

349-bp insertion identified in the PdCBF1 promoter against the reference FaSt element 

described in the apricot SFB gene (Halász et al., 2014), has revealed 84.2% nucleotide identity 

across the full length of the element, with sequence variation consisting of single nucleotide 

polymorphisms and small insertions/deletions. The characteristics of the 82-bp terminal inverted 

repeat arms and 9-bp target site duplications (TATTTTTTT) confirmed this insertion being a 

FaSt transposon. Interestingly, such an insertion was not observed in the promoter region of the 

PdCBF2 gene. Formerly, TEs inserted in the promoter region were shown to efficiently modify 

the expression patterns of the corresponding genes (Wang et al., 2016).  

 Motifs for the SQUAMOSA subfamily of MADS-box (SBP) TFs (Fig. 7) have been 

observed. The SBPs have functional role in the development of flowers (Guo et al., 2008; Klein 

et al., 1996). Moreover, the FaSt elements contained binding motifs for the TFs involved in plant 

growth, such as the SHI-RELATED SEQUENCE (SRS), as well as WRKY transcription factors, 

taking part in abiotic and biotic plant stress protecting pathways (Fridborg et al., 1999; Rushton 

et al., 2010; Zhao et al., 2020). These TF families are known to participate in developmental 

processes and stress-related regulatory pathways, however, their presence here is based solely on 

in silico prediction. The presence of predicted motifs within the FaSt sequence indicates a 

potential, but unvalidated, cis-regulatory contribution of the insertion. No FaSt-related sequence 

and no corresponding predicted TF binding sites were identified in the PdCBF2 promoter region. 

 The FaSt insertion in the PdCBF1 promoter introduces predicted cis-regulatory motifs 

that may contribute to differences in cold-responsive regulation between PdCBF1 and PdCBF2. 

However, these are in silico predictions only and do not demonstrate causality. Notably, 

although PdCBF1 and Prunus persica PpCBF1 are not closely related (Barros and Gonçalves, 

2012), phylogenetic distance by itself does not indicate functional divergence, and hence 

functional validation is required. 
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Figure 7. A prediction of some transcription factor binding sites within the promoter region of (a) 

PdCBF1 containing a 349-bp insertion of the FaSt transposable element (its position and 

direction is indicated by a red arrow); and (b) PdCBF2 without a FaSt insertion. The figure is 

created with visualization of the TFs on The Plant Promoter Analysis Navigator (PlantPAN). 

 

 Thereby, implying that the aforementioned insertion influenced the diversification of the 

CBF1 gene by the introduction of novel characteristics in the genome of Prunus dulcis. As CBF1 

is characterized as being essential in the cold acclimation (Barros and Gonçalves, 2012), further 

functional advancement might be anticipated, considering for instance, that WRKY TFs are 

involved in cold stress management in plants (Barros and Gonçalves, 2012). The current work is 

limited to genomic sequence analysis and in silico prediction of transcription factor binding sites. 

No conclusions regarding altered gene expression, regulatory activity, or functional divergence 

can be drawn from these data alone. Closer studies are needed for deeper understanding of the 

consequences of the detected TE insertion. 

5.5 Results for RNA-Seq analysis and read alignment 

 To examine the impact of a specific TE (FaSt) insertion on gene expression in 

reproductive tissues in apricots, we generated RNA-Seq profiles for twelve samples representing 

four experimental groups: “insertion_pollen” (anther tissues of SC apricot, where an SFB gene 
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with a FaSt insertion is highly expressed); “insertion_style” (style tissues of SC apricot); 

“noInsertion_pollen” (anther tissues of SI apricot, where the highly expressed SFB gene does not 

contain a FaSt insertion) and “noInsertion_style” (style tissues of SI apricot). Each group was 

represented in biological triplicate. After gene-level quantification, raw read counts were loaded 

into DESeq2, with a single “condition” factor encoding all four group combinations (Appendix 

A3).  

 After normalization and dispersion estimation, we focused our analysis on the pollen 

tissue, motivated by the fact, that the non‐autonomous Mutator MITE element Falling Stones 

(FaSt) has been originally discovered in apricot (P. armeniaca) and shown to disrupt an 

S‐haplotype‐specific F‐box gene ORF, leading to SC (Vilanova et al., 2006; Halász et al., 2014). 

To investigate the transcriptional consequences of FaSt insertions in their native reproductive 

context, we focused on pollen and used styles as within-genotype reference samples. RNA was 

extracted from anthers of three SC cultivars and three SI cultivars, as well as from styles of the 

corresponding SC and SI genotypes (Tab. 5). By comparing gene expression in tissues 

expressing FaSt-containing versus non-containing pollen SFB alleles by using their paired style 

samples to account for baseline tissue-specific expression, we tried to identify genes whose 

transcriptional response is uniquely associated with the presence of the 358 bp MITE insertion in 

pollen. 

Table 5. Apricot samples used for RNA-Seq 

Genotype common 

name 

Short code 

(pollen) 

Short code 

(style) 

Compatibility 

status 

Gönci magyar kajszi AMK  SMK  SC 

Pannónia APA SPA SC 

Rózsakajszi C.1406 ARK SRK SC 

Ceglédi óriás ACO SCO SI 

M604 AM6 SM6 SI 

Harmat AHA SHA SI 

5.5.1 Read alignment 

 For read alignment, we used the haploid apricot reference genome 

pruArmRojPasHapCUR (GenBank GCA_903112645.1; Prunus armeniaca cv. ‘Rojo Pasion’; 

Campoy et al., 2020) and mapped reads with STAR v2.6 against this 40× contig-level assembly. 

Figure 8 shows the number and proportion of uniquely aligned reads per library: mapping rates 

are consistently high across all twelve samples, and both anther and style libraries display similar 

proportions of uniquely aligned reads. The absence of systematic differences in alignment 
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efficiency between SC and SI cultivars indicates that downstream expression differences are 

unlikely to be driven by alignment artifacts and supports the suitability of this reference for 

comparative analysis. This uniform mapping performance suggests that observed count 

differences reflect biological variation and provides confidence for subsequent normalization and 

differential-expression procedures. 

 

 

 

 

 

 

 

 

 

Figure 8. Barplot of the aligned reads on the genome by STAR aligner of the 12 samples apricot cultivars 

against the genome of ‘Rojo Passion’ apricot. 3 SC anthers (‘Gönci magyar kajszi’ AMK, ‘Pannónia’ APA 

and ‘Rózsakajszi C. 1406’ ARK) and 3 SI (‘Ceglédi óriás’ ACO, M604 AM6 and ‘Harmat’ AHA) and 3 

SC styles (‘Gönci magyar kajszi’ SMK, ‘Pannónia’ SPA, ‘Rózsakajszi C. 1406’ SRK) and 3 SI (‘Ceglédi 

óriás’SCO, M604 SM6, ‘Harmat’ SHA). Anthers are shown on the left, and styles on the right. 

5.5.2 Scatterplots of transformed counts 

 Because RNA-Seq data are heteroskedastic (variance tends to increase with mean 

expression), we compared log₂-transformations (log₂(count + pseudocount)) to DESeq2’s 

regularized logarithm (rlog) transformation and examined the resulting sample relationships. 

Figure 9 shows scatterplots for the six anther samples where the left panel displays log₂-scaled 

counts and the right panel displays rlog-transformed counts; Figure 10 shows the analogous plots 

for the six style samples. Methodologically, the scatterplots demonstrate that the rlog 

transformation reduces the exaggerated variance at low counts seen with simple log₂ scaling and 

yields a more homoskedastic dataset appropriate for PCA and clustering. Biologically, the rlog-

transformed scatterplots indicate broadly comparable expression distributions across SC and SI 

pollen samples (Fig. 9), and largely overlapping profiles across styles (Fig. 10). These results do 

not suggest a pronounced global transcriptomic shift in either tissue associated with the FaSt 

insertion. Meanwhile, they do not exclude more subtle, locus- or pathway-specific transcriptional 

effects that would require targeted differential-expression tests to detect.
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Figure 9. Scatterplots of transformed counts. Scatterplots displaying transformed counts for 6 

apricot anther samples. The left panel shows log₂-transformed scaled counts, while the right 

panel presents counts processed with the regularized logarithm (rlog) transformation. 3 SC 

anthers (‘Gönci magyar kajszi’ AMK, ‘Pannónia’ APA and ‘Rózsakajszi C. 1406’ ARK) and 3 SI 

(‘Ceglédi óriás’ ACO, M604 AM6 and ‘Harmat’ AHA). 
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Figure 10. Scatterplots of transformed counts. Scatterplots displaying transformed counts for 6 

apricot style samples. The left panel shows log₂-transformed scaled counts, while the right panel 

presents counts processed with the regularized logarithm (rlog) transformation. The style 

samples include three SC cultivars (‘Gönci magyar kajszi’ SMK, ‘Pannónia’ SPA, ‘Rózsakajszi 

C. 1406’ SRK) and three SI cultivars (‘Ceglédi óriás’ SCO, M604 SM6, ‘Harmat’ SHA). 
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5.5.3 Principal Component Analysis 

 Principal Component Analysis (PCA) of rlog-transformed counts was used as an 

exploratory approach to summarize the major axes of transcriptional variance among samples 

(Fig. 11). The first two principal components (PC1 and PC2) represent the largest sources of 

variance in the dataset but are not attributed to specific biological processes. Instead, they likely 

reflect a combination of factors including tissue identity, cultivar background, and overall 

expression differences. Within each tissue, SC and SI samples largely overlap in PCA space, 

indicating that phenotype status does not strongly structure the global transcriptome. A small 

number of cultivar-specific samples show modest deviations along PC1 or PC2.  n. However, 

these deviations are relatively minor compared to the overarching tissue identity effect, 

supporting the notion that cultivar background rather than phenotype-specific reprogramming 

appears to contribute more strongly to the primary source of variation. 

5.5.4 Sample Distance Analysis 

 In order to further examine the relationships between samples, we computed pairwise 

Poisson distances and visualized these distances using hierarchical clustering heatmaps for both 

anther (panel A) and style (panel B) libraries (Fig. 12). The heatmaps show that biological 

replicates (shown along the darkest diagonal cells) have the smallest Poisson distances, 

confirming high reproducibility across experimental replicates.  

 In both the anther and style heatmaps, SC and SI samples are interspersed within tissue 

branches, with no clear separation by phenotype. This observation aligns with the PCA results, 

where SC and SI samples also did not segregate into distinct clusters, indicating that self-

compatibility status does not significantly influence the overall transcriptomic distance between 

samples. However, certain cultivars, such as ‘Ceglédi óriás’ (ACO) and ‘Harmat’ (AHA) in 

anthers, show relatively larger pairwise distances, suggesting that cultivar-specific effects may 

contribute to some divergence in gene expression. These patterns of cultivar-specific variation 

further support the notion that the presence of the FaSt insertion does not appear to induce a 

widespread, SI-driven transcriptomic reprogramming. Instead, the modest cultivar-specific 

differences observed are more consistent effects rather than a common program of self-

incompatibility-driven changes in gene expression.  
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Figure 11. Principal component analysis (PCA) of rlog-transformed count values showing 

clustering of SC and SI cultivars. 3 SC anthers shown in red (‘Gönci Magyar Kajszi’ AMK, 

‘Pannónia’ APA and ‘Rózsakajszi C. 1406’ ARK) and 3 SI shown in blue (‘Ceglédi óriás’ ACO, 

M604 AM6 and ‘Harmat’ AHA) and 3 SC styles (‘Gönci Magyar Kajszi’ SMK, ‘Pannónia’ SPA, 

‘Rózsakajszi C. 1406’ SRK) and 3 SI (‘Ceglédi óriás’SCO, M604 SM6, ‘Harmat’ SHA). SC 

cultivars are shown in orange, and SI cultivars in blue. (A) Anther samples; (B) Style samples. 
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Figure 12. Heatmap of distance between samples with Poisson Distance. A) Anthers of ‘Gönci 

Magyar Kajszi’ AMK, ’Pannónia’ APA, ‘Rózsakajszi C. 1406’ ARK, ’Ceglédi óriás’ ACO, M604 

AM6 and ‘Harmat’ AHA; B) Styles of ‘Gönci Magyar Kajszi’ SMK, ’Pannónia’ SPA, 

‘Rózsakajszi C. 1406’ SRK, ‘Ceglédi óriás’ SCO, M604 SM6 and ‘Harmat’ SHA. Anthers are 

shown on the left, styles on the right. The colors represent color coded expression matrix, where 

the rows and columns are clustered using hierarchical clustering. Dark blue represents the 

distance being the smallest and white the furthest.  



60 

5.5.5 Independent filtering 

 After confirming that global patterns are dominated by tissue identity and that FaSt-

related effects are likely localized, we applied independent filtering prior to differential-

expression testing to increase detection power. Lowly expressed genes were binned by average 

expression and, within each bin, the proportion of genes with p-values below 0.05 was assessed. 

The independent-filter diagnostic showed the enrichment of low p-values in particular expression 

bins. Excluding genes with very low counts before multiple-testing correction reduces their 

disproportionate influence on the false discovery rate and improves the ability to detect truly 

differentially expressed genes. The independent filtering approach implemented in DESeq2 uses 

the genefilter package and follows the statistical rationale described by Bourgon et al. (2010). 

 

5.5.6 Differential expression analysis in anther tissues 

 Differential expression (DE) analysis was conducted on RNA-Seq data from anther and 

style tissues to investigate transcriptional differences between self-incompatible (SI) and self-

compatible (SC) cultivars. Tissue was not included in the model because analyses were 

performed separately for each tissue type.  

 In anther tissues, 28,106 genes exhibited nonzero total read counts across samples. At the 

stringent significance threshold of padj < 0.05, DESeq2 identified 90 significantly differentially 

expressed genes (DEGs) between SI and SC cultivars, corresponding to approximately 0.32% of 

the expressed transcriptome. Among these, 67 genes were upregulated and 23 genes were 

downregulated in SI relative to SC cultivars. 

 Using a more permissive threshold (padj < 0.1), 137 DEGs were detected, including 95 

upregulated and 42 downregulated genes in SI compared to SC. Independent filtering excluded 

4,178 low-count genes (mean normalized count < 4), thereby increasing statistical power for 

multiple testing correction. Additionally, 663 genes were flagged as outliers based on Cook’s 

distance and were not considered significant. 

 Regularized log (rlog) transformation was applied for visualization and sample-level 

quality assessment. Distance-based clustering of rlog-transformed expression values revealed 

that biological replicates clustered primarily according to compatibility phenotype rather than 

cultivar identity, indicating a consistent transcriptional signal associated with SI versus SC status 

in anther tissue (Fig. 13).  
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 Among the most strongly downregulated genes were an uncharacterized protein (log2FC 

= −21.50, padj = 3.62 × 10⁻⁵), cell division control protein 24 OB domain-containing protein 

(log2FC = −10.77, padj = 2.93 × 10⁻⁹), and an amino acid transporter transmembrane domain-

containing protein small RNA target site (log2FC = −9.03, padj = 3.49 × 10⁻¹⁵).  

 The most upregulated genes included Uncharacterized protein, PGG domain-containing 

protein, and Uncharacterized protein LOC110752720, all with a log2FC of +21.06 and padj = 

1.80 × 10⁻⁵, as well as non-specific serine/threonine protein kinase (log2FC = +20.89, padj = 

3.62 × 10⁻⁵) (Fig. 13). To assess sample similarity and reproducibility, rlog-transformed counts 

were used to compute pairwise sample distances and hierarchical clustering. In anther tissue, 

biological replicates consistently clustered together and separated according to reproductive 

condition, confirming high reproducibility and supporting the robustness of the differential 

expression analysis. 

 Overall, the anther transcriptome exhibited a modest number of differentially expressed 

genes between SI and SC cultivars. While the number of DEGs was limited, several genes 

showed large expression differences, suggesting potential roles in reproductive phenotype 

differentiation. Further functional studies will be required to elucidate the biological 

significance of these genes, particularly those with unknown molecular functions. 
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Figure 13. Heatmap of the top 20 genes selected by adjusted p-value (padj), displaying relative 

rlog-transformed expression values across anther tissue samples. Anthers of ‘Gönci Magyar 

Kajszi’ AMK, ’Pannónia’ APA, ‘Rózsakajszi C. 1406’ ARK, ’Ceglédi óriás’ ACO, M604 AM6 

and ‘Harmat’ AHA. 

 

 Similarly, the differential expression analysis was performed on RNA-seq data obtained 

from style tissues, comparing SI and SC conditions. Raw counts were filtered to remove low-

count genes, retaining 29,914 genes with nonzero read counts for analysis. DESeq2 (Love et al., 

2014) was applied using the model formula ~condition, where “condition” denotes SI or SC. 

Tissue was not included in the model because analyses were performed separately for style and 

anther samples (Fig. 14). Size-factor normalization and dispersion estimation were carried out 

using default DESeq2 settings, and statistical significance was assessed using Wald tests with 

Benjamini–Hochberg correction for multiple testing. 
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 At an adjusted p-value threshold of 0.05, 75 genes were identified as significantly 

differentially expressed between SI and SC styles, corresponding to approximately 0.25% of the 

expressed transcriptome. When applying a more permissive, exploratory threshold of padj < 0.1, 

a total of 119 differentially expressed genes (DEGs) were detected. Of these, 31 genes were 

upregulated and 88 genes were downregulated in SI relative to SC cultivars. Independent 

filtering excluded 6,960 low-count genes (mean normalized count < 4), thereby improving 

statistical power for multiple testing correction. In addition, 203 genes (0.68%) were flagged as 

outliers based on Cook’s distance and were not considered significant. Although 1,477 genes 

showed nominal significance (p-value < 0.05), only the subsets reported above remained 

significant after multiple testing correction.  

 The most strongly upregulated gene was GDSL esterase/lipase (log2FC = +10.13, padj = 

7.65 × 10⁻⁴), while the most strongly downregulated gene was CCHC-type domain-containing 

protein (log2FC = –10.57, padj = 1.58 × 10⁻¹²). rlog-transformed counts were used to compute 

pairwise sample distances and hierarchical clustering. Several additional genes exhibited large 

effect sizes but did not pass the most stringent significance threshold due to variability or limited 

expression levels.(Fig. 14). 

 Despite the presence of differentially expressed genes, no consistent expression pattern 

could be directly attributed to the presence or absence of the FaSt-transposable element insertion. 

Thus, while compatibility status is associated with measurable transcriptional variation in style 

tissue, the data do not support a direct causal effect of the FaSt insertion on global gene 

expression in this tissue. Further studies are needed to determine the biochemical functions of 

proteins encoded by uncharacterized DEGs. 
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Figure 14. Heatmap of the top 20 genes selected by adjusted p-value (padj), displaying relative 

rlog-transformed expression values across style tissue samples. Styles of ‘Gönci magyar kajszi’ 

SMK, ’Pannónia’ SPA, ‘Rózsakajszi C. 1406’ SRK, ‘Ceglédi óriás’ SCO, M604 SM6 and 

‘Harmat’ SHA. 

  

5.5.7 Discussion on the RNA-Seq analysis of apricot samples 

 RNA sequencing of apricot (Prunus armeniaca) floral tissues revealed detectable 

transcriptional differences between SC and SI genotypes and might provide a focused molecular 

baseline for studies of self-incompatibility. Although RNA-Seq has been applied widely in 

Prunus for flower color traits (Zhang et al., 2024), stress responses (Karimi et al., 2016;) and 

flowering (Vimont et al., 2019; Villar et al., 2020; Canton et al., 2021), relatively few studies 

target anthers, pistils, pistil abortion (Shi et al., 2020) or pollen and pistil interactions. Work in 
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almond and sweet cherry suggests that pollen and pistil responses associated with SC can 

involve extensive transcriptional programs. Gómez et al. (2019) identified more than 1,000 

DEGs during pollen and pistil interactions in almond, implicating hydrolases, LRR receptor 

kinases and transporters, and Feng et al. (2025) reported over eight thousand DEGs in 

pollination time course experiments in Prunus avium, with MAPK, hormone and plant pathogen 

interaction pathways and a core set of transcription factors implicated in compatibility 

signalling. Studies of pistil failure and floral development also often report large DEG sets: Shi 

et al. (2020) found 3,882 DEGs associated with pistil abortion in Prunus mume enriched for 

hormone, cell wall and carbohydrate metabolism. Zhang and Wei (2022) identified 163 DEGs 

linked to pistil abortion in apricot long branch buds, notably XTH and beta glucosidase genes, 

while dormancy and floral identity studies in cherry and other Prunus species reported hundreds 

to thousands of DEGs dominated by MADS box and hormone pathways (Zhu et al., 2015; 

Canton et al., 2021; Vimont et al., 2019; Canton et al., 2022). High resolution spatial and 

developmental studies (Shang et al., 2022; Villar et al., 2020) further resolve stage and cell type 

specific regulators, including WRKY, SBP and multiple MADS and other transcription factor 

families, and identify anther development genes such as AMS, MS188 and MS1 that might 

coordinate organogenesis and dormancy transitions. Male sterility work in Prunus sibirica 

(Chen et al., 2021) implicates carbohydrate metabolism, proteasome activity, calcium signalling 

and programmed cell death linked to tapetum dysfunction, and these processes appear to overlap 

with networks reported in other reproductive transcriptomes. 

 Against this background, our SI and SC contrasts produced a modest DEGs yield, 90 in 

anthers (Fig. 13) and 75 in styles (Fig. 14). This outcome might reflect the narrow biological 

contrast, namely SI versus SC at a single floral stage, and the possibility that the FaSt transposon 

insertion in the S-locus F-box SFB gene causes local, allele specific or post transcriptional effects 

rather than broad steady-state mRNA changes. Functionally, the DEGs we observed belong to 

gene families repeatedly implicated in reproductive biology. Anther DEGs include a non-specific 

serine/threonine kinase and a PGG domain protein that are upregulated, and a nucleolin-like 

gene, an amino acid transporter and a cell division control protein that are downregulated. Style 

DEGs include a strongly upregulated GDSL esterase lipase and a strongly downregulated CCHC 

type zinc finger. Kinases, transporters, cell cycle regulators, GDSL family members and CCCH 

CCHC zinc finger proteins have prior links to pollen development, pollen and pistil recognition, 

cell wall and lipid metabolism and post transcriptional control in Prunus and other angiosperms 

(Gómez et al., 2019; Shi et al., 2020; Chen et al., 2021; Zhang et al., 2022).  
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 The limited DEG number therefore needs not imply lack of biological importance. 

Instead it might indicate subtler regulatory modes, such as allele-specific expression, chromatin 

or epigenetic effects, or small RNA mediated control. Integrated mRNA and miRNA profiling in 

Prunus mume and small RNA studies in almond highlight the contribution of miRNA and 

phasiRNA networks to floral transitions and stress responses (Zhang et al., 2022; Karimi et al., 

2016). In addition, recent Armeniaca pangenome work suggests that structural variation 

including TEs may be widespread and that graph-aware or allele inclusive mapping could 

recover reads that are underrepresented by a single reference sequence (Blanchard et al., 2025). 

To strengthen mechanistic inference, follow up work might therefore include allele aware 

mapping or inclusion of the FaSt allele in the reference, targeted genomic validation such as long 

read sequencing or locus specific PCR to resolve insertion breakpoints, and small RNA 

sequencing to identify potential transposon or compatibility related regulatory RNAs. Such 

integrated approaches could help determine whether the FaSt insertion contributes to local 

transcriptional or epigenetic modulation of SI in Prunus armeniaca. 

 In conclusion, these results suggest that SI in apricot involves targeted modulation of 

signaling, transport and regulatory genes rather than broad transcriptional reprogramming, and 

they provide a concise set of candidate loci that might be prioritized for mechanistic follow up 

and breeding applications. 
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5.6 Development of a new marker system based on Falling Stones and SCoT primers  
 

 Single SCoT primers can only achieve amplification if two genes are located within an 

amplifiable distance and in opposite orientation (Fig. 15 A). This is not identical to the 

mechanism of the FaSt-R primer designed in our study. The 349 bp  FaSt element is composed 

of two TIRs of 82 bp each, which had to be avoided in primer design, otherwise primers would 

amplify only a single band from the many FaSt copies in the Prunus genome. Therefore, the 

region between nucleotide positions 212 to 233 was used to design the FaSt-R primer, which is a 

part of the internal sequence of FaSt (Fig. 16). Due to the high copy number in the Prunus 

genome and different orientations of the abundant FaSt elements, the 22 nt FaSt-R primer can 

also be used for a single primer PCR assay (Fig. 15 B) (Ivanovska et al., 2025). 

5.6.1 Amplification by the SCoT and FaSt-R primers and their combinations 

 To evaluate the efficiency of SCoT and FaSt-R primers and their combinations, we used 

two cultivars of six Prunus species (peach, almond, apricot, sweet and sour cherries and 

European plum) and ran the marker analysis with 19 SCoT primers using a single primer for the 

amplification. We also used the FaSt-R primer separately and then we combined FaSt-R with 

each of the 19 SCoT primers to check the amplification efficiency. For many primer 

combinations, the quality of patterns was improved due to the inclusion of the FaSt-R primer 

(Fig. 17). In some cases, most of the fragments were monomorphic (e.g., SCoT 23, Figure 17A), 

and the inclusion of FaSt-R resulted in higher PPB (Fig. 17C). Some SCoT primers amplified 

many weak and diffuse bands (e.g., SCoT 27, Fig. 17B), while the combination of SCoT-FaSt 

produced fewer and more intense, sharp bands easy to evaluate (Fig. 17D).
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Figure 15. Schematic representation of a marker system based on start codon targeted (SCoT) 

and Falling Stones (FaSt)-specific primers for Prunus species. (A) Amplification in the original 

SCoT assay requires two genes in opposite orientation within an amplifiable distance. (B) A 

single FaSt-R primer can also yield amplicons under similar conditions, due to the high copy 

number and varied orientation of FaSt elements. (C) The combination of SCoT and FaSt-R 

primers can amplify fragments if a FaSt element is located in the proper orientation near a gene. 

As FaSt-R is sequence-specific, SCoT–FaSt combinations are expected to outperform the 

consensus SCoT-only assays and also amplify more reliably than primers annealing to the 

distantly located FaSt elements (weak amplification indicated by grey arrows). Thick arrows: 

genes in 5′ to 3′ orientation; hexagons: FaSt elements with black triangles marking the 5′ end; 

thin arrows: primer annealing sites; dashed arrows: expected amplicons; asterisks: non-target 

DNA. (D) Representative banding patterns from the described PCR strategies. Grey bands 

indicate weak or undetectable amplification (Ivanovska et al., 2025). 
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Figure 16. The structure and sequence of Prunus armeniaca Falling Stone (FaSt) transposon 

(KF956794). (A) The structural motifs of the non-autonomous transposon are shown to scale and 

their sizes are indicated in bp. The terminal inverted repeat (TIR) arms are indicated by gradient-

colored triangles and the arrow represent the annealing site and 5’ to 3’ orientation of the FaSt-R 

primer. (B) The base sequence of the FaSt element with TIRs in bold and the FaSt-R primer 

annealing site is shown against black background (Ivanovska et al., 2025). 

 

 Using only the FaSt-R primer resulted in the smallest TNB, NDB, PPB, Rp, h and I 

values (Tab. 6). The smallest fragment size was 700 bp, which is much higher than 250 bp and 

150 bp for the SCoT only and SCoT-FaSt combinations, respectively. The averages of TNB, 

percentage of amplicons with size ≤ 1,000 bp and Rp were the highest in case of SCoT-only 

analyses. Compared to SCoT-only analyses, the average TNB was lower, and the PPB was 

considerably higher for the SCoT-FaSt combinations, while NBD, PIC, h and I were similar for 

SCoT and SCoT-FaSt analyses. 

 The TNB was higher for 14 of the 19 SCoT primers than for the corresponding SCoT-

FaSt combinations, which can improve the evaluation of gels. In case of fewer bands, the 

intensity and sharpness of bands were improved as in case of SCoT 27-FaSt-R (Fig. 17 D). 

Although the average value of the percentage of amplicons with size ≤ 1,000 bp was higher for 

SCoT markers than for SCoT-FaSt combinations, two (SCoT 7 and SCoT 11) of the 19 SCoT 

primers produced small amplicons only in combination with the FaSt-R primer, and for six other 

primers (SCoT 2, 13, 19, 21, 22 and 34) the presence of FaSt-R significantly increased the 

number of small amplicons. When combined with FaSt-R, the PPB was unchanged at 100% for 
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two SCoT primers and it was increased for all but two SCoT primers (SCoT 13 and 24). The 

inclusion of FaSt-R primer decreased the PIC for 12 SCoT primers, although the magnitude of 

change was mild ranging from 3 to 25%. The rest of the SCoT primers showed a similar rate of 

increase in PIC values. The Rp, h and I were favorably changed in 7 of the 19 SCoT primers 

when combined with FaSt-R. In some cases, the inclusion of FaSt-R into the PCR resulted in a 

more pronounced improvement, e.g., Rp was increased for SCoT 11 by 339%, and h was 

increased by 50% for SCoT 2. 

Figure 17. Patterns of amplified fragments in PCR of six Prunus species using a SCoT and a 

combination of SCoT (forward) and FaSt-R (reverse) primers. (A) SCoT23. (B) SCoT23 and 

FaSt-R. (C) Scot27. (D) SCoT27 and FaSt-R. Labels are the followings: (M) GeneRuler 1 kb 

DNA ladder, apricot (1) ‘Ceglédi óriás’ and (2) ‘Gönci magyar kajszi’; almond (3) ‘Tuono’ and 

(4) ‘Tétényi keményhéjú’; sour cherry (5) ‘Kántorjánosi 3’ and (6) ‘Feketicsi meggy’; sweet 

cherry (7) ‘Canada giant’ and (8) ‘Katalin’; peach (9) ‘Collins’ and (10) ‘Condor’; European 

plum (11) ʻToptaste’ and (12) ʻHaroma’ (Ivanovska et al., 2025).



 

  

 Table 6. Statistical values of the 19 SCoT primers, the FaSt-R and their combinations in 12 cultivars across six species. 

 TNB* NDB* SRA* PA≤1kb* PPB* PIC* Rp* h* I* 

SCoT 1 73 11 350-2,200 43.8 83.6 0.37 6.17 0.35 0.51 

SCoT 2 88 14 650-3,000 6.8 59.1 0.28 6.00 0.24 0.37 

SCoT 4 133 23 250-4,000 59.4 72.9 0.35 12.50 0.28 0.43 

SCoT 5 86 14 500-3,000 47.7 86.0 0.37 8.33 0.33 0.50 

SCoT 6 81 12 350-3,000 55.6 85.2 0.33 5.83 0.30 0.45 

SCoT 7 35 8 1,100-3,500 0.0 100.0 0.37 4.50 0.29 0.46 

SCoT 11 51 7 2,000-4,500 0.0 52.9 0.33 3.83 0.24 0.37 

SCoT 12 70 11 350-3,000 60.0 100.0 0.41 8.00 0.35 0.53 

SCoT 13 98 16 300-4,500 36.7 100.0 0.38 11.00 0.33 0.50 

SCoT 16 76 10 750-2,250 47.6 68.4 0.34 5.33 0.32 0.47 

SCoT 18 119 23 300-2,500 67.2 69.7 0.37 12.83 0.28 0.44 

SCoT 19 82 14 500-3,000 23.2 85.4 0.36 7.33 0.32 0.48 

SCoT 21 78 12 500-2,500 21.8 84.6 0.37 6.67 0.34 0.51 

SCoT 22 79 12 800-3,000 27.8 54.4 0.33 6.50 0.25 0.39 

SCoT 23 54 10 400-4,000 27.5 33.3 0.23 3.00 0.26 0.32 

SCoT 24 72 11 500-2,000 54.2 100.0 0.38 6.67 0.38 0.56 

SCoT 27 90 14 300-6,000 64.4 73.3 0.37 7.17 0.29 0.44 

SCoT 32 70 12 350-3,000 40.0 82.9 0.34 6.00 0.31 0.46 

SCoT 34 63 12 650-4,000 17.5 81.0 0.39 7.83 0.30 0.46 

Mean 78.8 12.9  36.9 77.5 0.35 7.13 0.30 0.46 

FaSt-R 46 10 700-2,500 34.8 73.9 0.36 5.67 0.25 0.40 

SCoT 1 + FaSt-R 73 10 600-4,000 32.9 100.0 0.35 6.17 0.35 0.52 

SCoT 2 + FaSt-R 74 10 300-4,000 27.0 83.8 0.35 5.67 0.36 0.53 

SCoT 4 + FaSt-R 49 11 450-3,000 36.7 100.0 0.34 5.50 0.29 0.45 

SCoT 5 + FaSt-R 77 11 300-8,000 6.5 84.4 0.28 4.50 0.30 0.46 



 

 TNB* NDB* SRA* PA≤1kb* PPB* PIC* Rp* h* I* 

SCoT 6 + FaSt-R 65 14 150-3,500 47.7 81.5 0.32 6.50 0.26 0.41 

SCoT 7 + FaSt-R 30 9 300-4,000 30.0 100.0 0.35 4.67 0.24 0.39 

SCoT 11 + FaSt-R 112 21 250-4,000 33.9 78.6 0.38 13.00 0.29 0.45 

SCoT 12 + FaSt-R 56 10 450-8,000 46.4 100.0 0.42 6.50 0.34 0.52 

SCoT 13 + FaSt-R 84 13 700-5,000 41.7 85.7 0.35 7.00 0.34 0.50 

SCoT 16 + FaSt-R 67 16 480-8,000 32.8 100.0 0.38 8.83 0.29 0.45 

SCoT 18 + FaSt-R 86 14 500-5,500 11.6 84.8 0.32 6.33 0.30 0.46 

SCoT 19 + FaSt-R 91 19 290-6,000 36.3 86.8 0.37 10.50 0.29 0.44 

SCoT 21 + FaSt-R 75 13 150-6,000 42.7 100.0 0.35 6.83 0.34 0.51 

SCoT 22 + FaSt-R 94 16 750-6,000 34.0 87.2 0.36 8.67 0.32 0.48 

SCoT 23 + FaSt-R 70 13 750-4,500 20.0 91.4 0.38 6.33 0.26 0.42 

SCoT 24 + FaSt-R 54 10 250-4,000 37.0 55.6 0.31 5.00 0.22 0.35 

SCoT 27 + FaSt-R 31 12 180-3,500 45.2 100.0 0.34 4.83 0.22 0.37 

SCoT 32 + FaSt-R 50 10 400-6,000 20.0 100.0 0.38 5.33 0.32 0.49 

SCoT 34 + FaSt-R 45 16 280-3,000 44.4 100.0 0.30 5.83 0.20 0.34 

Mean 67.5 13.1  33.0 90.5 0.35 6.74 0.29 0.45 

*: TNB, total number of bands; NDB, number of differently sized bands; SRA, size range of amplicons; PA≤1kb, percentage of amplicons with size ≤ 

1,000 bp; PPB, percentage of the polymorphic bands; PIC, polymorphism information content; Rp, resolving power; h, Nei's (1973) gene diversity; I, 

Shannon’s information index. 

Data were published in Ivanovska et al. (2025). 
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5.6.2 Phylogenetic analysis of Prunus using SCoT-FaSt markers 

 A phylogenetic tree was constructed based on the data from 19 SCoT-FaSt marker 

combinations to assess how reliably the genetic relationships among 12 cultivars belonging to 6 

Prunus species can be shown. Five major clusters were obtained with 95-100% bootstrap 

support, each corresponding to peach, almond, European plum, apricot, and cherry.  Within the 

cherry cluster, sweet cherries formed a subgroup with strong bootstrap support and ‘Feketicsi 

meggy’ positioned separately. The peach and almond clusters formed a common group with a 

high bootstrap value and hence they were closer to each other than to European plums, apricots 

and cherries. Higher ploidy levels (sour cherries and European plums) did not result in an 

increased number of detected alleles compared to diploid species.  

 Since the information in the SCoT-FaSt amplification patterns appeared sufficient to 

reliably reconstruct evolutionary inferences among Prunus species, we also conducted the 

analysis on a data pool containing SCoT-FaSt amplicons of 28 European plum cultivars (Fig. 

18B). The phylogenetic tree consists of five major groups. Fig. 18BI consists of the modern 

German cultivars and some of those that have been used in their breeding program, Fig. 18BII 

contained two offspring of the cultivar ‘Stanley’, Fig. 18BIII and Fig. 18BIV had a common 

origin and included all Hungarian landraces, while Fig. 18BV collected old German, Russian, 

Swedish and USA cultivars. Another cluster of UK, Russian and Romanian cultivars was not 

supported statistically. 
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Figure 18. Phylogenetic analysis of Prunus using data from 19 SCoT-FaSt primer combinations 

and the neighbor joining method based on the Jaccard's similarity coefficients. (A) Twelve 

cultivars of six Prunus species (almond, apricot, European plum, peach and sour and sweet 

cherries). (B) Twenty-eight European plum cultivars. The numbers at specific nodes indicate 

percentage of 1,000 bootstrap replicates in which a given group was present (< 50% not shown). 

Numbers AI-AV and BI-BV indicate the statistically supported groups of cultivars (Ivanovska et 

al., 2025). 

 

 The relationships among the assessed European plum cultivars were also analysedd by a 

principal component (PCA) analysis (Fig. 19). The first two principal axes accounted for 23.8 

and 14.8 % of the total variation, respectively. The PCA plot shows four distinct groups of 
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cultivars with ‘Jojo’ and ‘Elena’ located closely to the modern German cultivars. The two 

Hungarian landraces, ‘Besztercei Bt2’ and ‘Nemtudom P3’ were close to each other and both 

were strikingly separated along Component 2 axis from the rest of Hungarian landraces. 

 

Figure 19. Distribution of Prunus domestica cultivars of different origins on the two first 

principal component analysis axes determined from the SCoT-FaSt marker data (Ivanovska et 

al., 2025). 

5.6.3 Sequence analysis of the amplified fragments 

 To confirm if the amplified fragments indeed contained recognizable parts of FaSt and 

genic regions, we cloned and sequenced a range of amplicons. A total of 32 sequences were 

obtained and submitted to the NCBI GenBank database under accession numbers of PQ869779-

PQ869809. The obtained sequences were amplified in PCR using FaSt-R and the following 

SCoT primers SCoT1 (2 sequences), SCoT2 (4), SCoT3 (2), SCoT4 (8), SCoT16 (1), SCoT19 

(1), SCoT21 (1), SCoT22 (7), SCoT32 (3) and SCoT33 (3). Fragments were cloned and 

sequenced from the assayed species including P. domestica (11 fragments), P. cerasus (9), P. 

dulcis (8), P. persica (2), P. avium (1) and P. armeniaca (1). 

 Twenty-six of the sequences contained an identifiable FaSt element with sizes ranging 

from 58 to 218 bp, and six contained regions where the FaSt-R primer annealed to a degenerate 
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complementary sequence, although it seems not to be a part of a FaSt element. In these cases, the 

annealing sites were located in the 3’ UTR in four sequences (Pcer_KJ_2_1227, 

Pcer_FM_2_1227, Pcer_KJ_4_965 and Pdom_EL_4_766) and two were included in the intron 

(Pcer_KJ_4_662 and Pdom_TT_21_269). The affected genes include beta-D-glucosyl crocetin 

beta-1,6-glucosyltransferase, peroxidase N1, methyltransferase PMT10, deoxyloganetin 

glucosyltransferase andWUSCHEL-related homeobox 9. A total of 11 of the 26 FaSt elements 

identified were located in the 5’ UTR (Pdom 1-TF-907, Pdom_BB_1_908 and Pdul_TU_3_544), 

3’ UTR (Pdom_NT_22_873 and Pdom_HR_32_1224) or intron (Pdul_TK_4_761, 

Pdul_TK_22_901, Pcer_KJ_4_1000, Pcer_FM_4_496, Pdom_NT_22_334 and 

Pdom_HR_33_1460) of specific genes. Those genes showed significant homology (E values 

ranging from 0.0 to 7e-14) to the following protein coding genes: polygalacturonase, inositol 2-

dehydrogenase/D-chiro-inositol 3-dehydrogenase, BTB/POZ domain-containing protein, 

pectinesterase, DEAD-box ATP-dependent RNA helicase 52C, ethylene-responsive transcription 

factor, glycosyltransferase, beta-D-glucosyl crocetin beta-1,6-glucosyltransferase, leaf rust 10 

disease-resistance locus receptor-like protein kinase and a gene coding for an uncharacterized 

protein (Tab. 7). A FaSt element was located in the intergenic region close to the U1 

spliceosomal RNA coding gene (Pcer_FM_4_1056) and the rest of the FaSt elements ) were 

identified in intergenic regions (Tab. 7) (Halász et al., 2019). 

 Two sequences (Pdom 1-TF-907 and Pdom_BB_1_908) were homologous to the Prunus 

persica polygalacturonase ADPG2 gene, while the FaSt element in the sequences aligned 

separately with several P. persica FaSt sequences. The Basic Local Alignment Search Tool 

(BlastN) analysis on the P. domestica genome showed 98% identity and two gaps on a 936 bp 

alignment. The FaSt element was located in the 5’ UTR, upstream of the start codon of the open 

reading frame. The same sequence without major alterations was detected in both cultivars, 

‘Topfive’ and ‘Besztercei Bt.2’ and was also present in the P. salicina genome sequence but its 

FaSt element was missing from all other Prunus species (Fig. 20). 

 The complete sequence of Pav_CG_3_910 is present in both the sweet and sour cherry 

genomes but those of the P. fruticosa, apricot, peach and all other Prunus species lack its FaSt 

element (Fig. 21). Similarly, the Pcer_KJ_2_343 sequence had a 48% coverage with its closest 

homolog after BlastN searches; however, blasting it against the sour and sweet cherry genome at 

the Genome Database of Rosaceae (GDR) platform confirmed the presence of the complete 

sequence (E value 0.0 with 100% identity), while it was absent from P. fruticosa and all the 

assayed Prunus species. 
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Figure 20. The chronogram of 12 Prunus and one Malus species derived from divergence time 

estimation based on the TimeTree 5 database (Kumar et al. 2022). The ages of geologic 

timescale with a scale as millions of years ago (Mya) are shown by background colors and below 

the cladogram. Arrows point to Falling Stones (FaSt) transposon induced sequence alterations (+ 

presence and ‒ absence of FaSt, while “ins” and “del” refer to other sequence insertions and 

deletions, respectively). Sequence identifiers are explained in Tab. 7. Data were published in 

Ivanovska et al. (2025). 

 

 The Pcer_KJ_4_1000 sequence involves the intron of the gene coding for a BTB/POZ 

domain-containing protein and a FaSt copy within the intron region. The sequence was found in 

P. cerasus and P. avium genomes but in P. fruticosa and P. yedonensis, there is a small insertion 

(~60 bp) in the middle of the intron and outside the FaSt element, while in P. campanula the size 

of this insertion is somewhat larger (~200 bp). The genome of P. salicina, P. mongolica, P. 

zhengheensis, P. dulcis, P. persica, P. armeniaca, and P. × kanzakura lacked the FaSt element 

and contained an insertion of 30-400 bp. The Pcer_FM_4_496 sequence covers the intron of a 

pectinesterase gene and a FaSt element was present only in the P. speciosa, P. avium and P. 

cerasus genes, while other more distantly related species (e.g., P dulcis and P. salicina) did not 
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have this FaSt copy. The FaSt in Pcer_FM_4_1056 was missing from the homologous sequences 

of P. avium, P. persica and P. armeniaca. Interestingly, the ‘Montmorency’ snRNA gene sequence 

had a 45 bp deletion. The Pcer_FM_2_462 intergenic sequence contained a FaSt element, which 

was present in all assayed Prunus species. 

 Pdul_TK_22_1866 has a FaSt in the intergenic region, which is also present in the 

‘Nonpareil’ genome (98.89% identity) but is missing from the ‘Lauranne’ and ‘Texas’ homologs. 

All other Prunus species also lack this FaSt copy in their homologous regions. The FaSt in 

Pdul_TK_4_761 was also present in the homologous gene of ‘Texas’ but missing from 

‘Lauranne’ and all other Prunus species. In addition, the Pdul_TK_22_901 has a FaSt in the 

intron 5 of the DEAD-box ATP-dependent RNA helicase 52C-like gene, which is missing from 

each of the genome sequences of ‘Nonpareil’, ‘Lauranne’ and ‘Texas’ cultivars. The FaSt in the 

5’ UTR of inositol 2-dehydrogenase/D-chiro-inositol 3-dehydrogenase gene of ‘Tuono’ 

(Pdul_TU_3_544) was also carried by the ‘Lauranne’ gene but was not found in the genome 

sequence of ‘Nonpareil’ and ‘Texas’. The Pdul_TU_33_342 is a unique intergenic sequence with 

a FaSt copy, which could not be detected in any other almond cultivars or Prunus species. 

 The Pdom_HR_33_1460 sequence with its FaSt copy is present in the European plum 

draft genome while the FaSt was missing from P. salicina and other Prunus species. The FaSt in 

Pdom_NT_22_334 intron and the Pdom_EL_4_433 intergenic sequence was not found in the P. 

domestica and other Prunus genomes. 

 Variations were also detected in sequences without FaSt elements. Compared to the 

‘Montmorency’ genome sequence, the Pcer_KJ_4_965 had a deletion of ~30 bp in the 3’ UTR, 

while the UTRs of P. armeniaca and P. persica were more divergent. The Pcer_KJ_4_662 

contains an intron in the peroxidase N1-like gene and the FaSt-R primer annealed to a 

degenerate region, which is not part of a FaSt element. The complete sequence was found in 

sour and sweet cherries, P. fruticosa, P. yedonensis, P. campanulata, P. speciosa, while the 

homologous sequences in plums, P. mume, P. armeniaca, P. humilis, P. sibirica and P. 

zhengheensis had a short (24 bp) deletion, and P. persica, P. dulcis, P. kansuensis, P. davidiana, 

P. mandshurica, P. mongolica and P. mira contained a larger deletion of approx. 600 bp. 

 To compare the formerly detected dynamics in FaSt accumulation in specific genomic 

regions with a more general genomic landscape of FaSt elements, the total number of FaSt 

copies was determined. We calculated the number of the complete (≥340 bp) FaSt elements, the 

fragments exceeding 50 % of the original length (339-175 bp), those between 174 and 82 bp, and 

under 82 bp. Fig. 21 shows an uneven distribution of different sizes over the nine assayed 
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genomes. P. persica and P. dulcis had the largest number of full-length FaSt copies and the 339-

175 bp category was predominant in plum species. The species in the Cerasus subgenus had the 

highest levels of truncated FaSt copies (lengths between 174 and 82 bp). P. fruticosa (1154) and 

P. cerasus (1594) had more full-length copies than P. avium (503) and P. speciosa (514). 

Similarly, P. domestica (1400) had considerably more full-length FaSts than P. salicina (427). 

Interestingly, P. armeniaca was more similar to Cerasus species than those in the Prunus 

subgenus by having more fragmented FaSt copies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. The heat map of in silico identified Falling Stones (FaSt) transposons in nine Prunus 

species. The four size categories are given as follows: almost complete, ≥340 bp; 339-175 bp; 

174 and 82 bp and ≥82 bp, the colors red (high) and blue (low) indicate different genomic 

abundancies of FaSt, the columns represent the four size categories and the rows represent the 

assayed genomes (Pspec, P. speciosa; Pav, P. avium; Pfru, P. fruticosa; Pcer, P. cerasus; Par, P. 

armeniaca; Psal, P. salicina; Pdom, P. domestica; Pper, P. persica; and Pdul, P. dulcis). Data 

were published in Ivanovska et al. (2025). 
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5.6.4 Discussion of the SCoT-FaSt marker system 

 SCoT markers were designed to anneal to the conserved region flanking the start codon 

in plant genes (Collard and Mackill 2009) and were used in several plant species including 

Prunus fruit trees (Rai et al. 2023, Atapour et al. 2022, Buer et al. 2022, Guo et al. 2018). The 

NDB and the average for NDB/marker were similar for SCoT only and SCoT-FaSt combinations, 

and were comparable to values reported for the former SCoT marker analyses of P. armeniaca 

(Guo et al. 2018) and P. sibirica (Buer et al. 2022). The parameters characterizing marker 

efficiency (the average of PIC and the collective value of Rp) and genetic diversity (h and I) 

were not reduced by the addition of FaSt-R. In fact, the level of polymorphism was enhanced by 

SCoT-FaSt primer combinations. SCoT markers produced somewhat a lower percentage of 

polymorphic bands than in other Prunus species in previous assays (Buer et al. 2022, Guo et al. 

2018) but it was considerably increased by the addition of the FaSt-R primer. The PIC values of 

a dominant marker range between 0 and 0.5, and all the assayed markers and their combinations 

revealed higher PICs than those reported for SCoT analysis in Chinese apricots (Guo et al. 

2018). 

 TNB was lower and NDB was slightly higher for the SCoT-FaSt combinations than 

SCoT-only analyses. The fewer bands in more size categories covered a wider range of amplicon 

sizes, between 150 and 8,000 bp. There were smaller and bigger fragments than the exclusively 

used SCoT primers amplified in many other species, citrus, pomegranates or Jojoba (Mahjbi et 

al. 2015, Heikrujam et al. 2015, Karapetsi et al. 2021). The inclusion of FaSt-R made gel 

patterns less dense and allowed more reliable identification of differentially expressed fragments. 

FaSt-R was designed to anneal within the unique loop sequence of the non-autonomous 

transposon (Halász et al. 2014), allowing the recognition of complete or partial FaSt copies 

within the Prunus genome. This can significantly reduce the number of amplicons, since the 

peach genome contains almost 28,000 protein-coding genes (Verde et al., 2013) and about 1,000 

FaSt copies. The decrease in TNB and the alterations in band size suggest that FaSt-R primers 

indeed bring specificity to the PCR and, as predicted, amplification with only SCoT primers is 

less intense when FaSt-R is also available (Fig. 15D). A SCoT primer may also amplify gene 

fragments from pathogenic organisms infecting the target plant (Giri et al. 2024, Palacıoğlu et al. 

2023). However, by including the FaSt-R that selectively anneals within a Prunus-specific 

transposon, we can get rid of non-target amplicons disturbing the genetic analysis of a crop plant. 

 The SCoT-FaSt amplified fragments were used for phylogenetic analyses. Five 

subclusters were constructed on the NJ tree with 99 to 100% bootstrap support. Those included 
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the peach, almond, plum, apricot and cherry species, with peach and almond as well as sweet and 

sour cherries being relatively closer to each other. ‘Feketicsi meggy’ was not in a common 

cluster with ‘Kántorjánosi 3’, which provides support for its putative interspecific origin 

(Surányi 2016). Such phylogenetic relationships are consistent with the relative differences in 

divergence time between the corresponding species (Chin et al., 2014; Velasco et al., 2016). It 

confirms that the SCoT-FaSt marker combinations provide eligible levels of phylogenetic signals 

to reliably reconstruct evolutionary relationships among species. A more detailed analysis of 28 

European plum cultivars also detected five statistically supported clusters. The grouping of 

cultivars matched their origin and pedigree with German cultivars in Fig. 18BI originated from 

two different breeding programs, Hohenheim and Geisenheim, with a similar set of parental 

genotypes, including ‘Cacanska najbolja’, ‘Auerbach’ and ‘President’ (Hartmann and Neumüller 

2006). The cluster Fig. 18BII received 90% bootstrap support and grouped the half-siblings of 

‘Stanley’  (Hartmann and Neumüller 2006). Another clade, Fig. 18BIII consisted of landraces of 

Hungarian origin and close to the statistically supported separate cluster of ‘Nemtudom’ and 

‘Besztercei’ plums. The origin of those Hungarian plums is unknown but they have evolved in 

specific geographic regions and their separation from other landraces was also illustrated by SSR 

analyses and chloroplast DNA sequence variations (Halász et al. 2023; Makovics-Zsohár et al. 

2017). 

 The cluster Fig. 18BV collects old cultivars from diverse countries and without any 

reported parentage. Another statistically unsupported cluster existed among Russian and 

Romanian cultivars and ‘Czar’. It is known that Romanian plum breeding programs back in 

1960-1970 frequently used ‘Czar’ as a genitor of early-ripening phenotype (Butac et al. 2010). 

‘Czar’ is the first European plum cultivar created in England (1843) that was named after the 

Russian emperor visiting England (Faust and Surányi 1999) and hence it is plausible that the 

accessions of this genotype made their way into the Russian breeding centers. The PCA analysis 

provided a more illustrative representation of the four major groups with one containing the two 

Hungarian landraces and considerably separated from other Hungarian plums, while cultivars of 

Fig. 18BI-BII were much closer together. Our results indicated that the SCoT-FaSt marker 

analysis provided enough phylogenetic signal to efficiently reconstruct genetic relationships 

among and within species. 

 Approximately one third of the amplified fragments had a size smaller than 1 kb. Small 

fragment sizes were also detected by the SCoT analysis of Citrus (Mahjbi et al. 2015), Punica 

(Karapetsi et al. 2021), Simmondsia (Heikrujam et al. 2015) and many other species. Based on 

the original concept of SCoT marker strategy, it would only be possible if two protein-coding 
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genes are located in opposite directions, but very close to each other. To verify if many genes are 

indeed that close to each other in the Prunus genome, and to make sure that the resulting 

fragments are indeed the result of a joint amplification of the SCoT and FaSt primer pairs, we 

cloned a number of fragments and determined their DNA sequence. 

5.6.5 Discussion on functional and evolutionary aspects of the genomic landscape of FaSt 

 Each cloned amplicon was flanked by the 18 and 22 bp sequences of the SCoT and FaSt-

R primers at their respective ends, indicating all the randomly chosen fragments were indeed 

amplified by a combination of those oligonucleotides. This confirms our assumption that 

fragments amplified by the specific FaSt-R primer predominate among the amplicons. However, 

six of those sequences contained only the FaSt-R primer sequence and none of the expected 

~230 bp part of the FaSt element. It indicates the FaSt-R primer indeed anneals specifically but 

its target site is even more frequent in the genome than the complete FaSt elements, which 

increases the size of amplified fragments in all combinations. Such annealing sites may also have 

arisen through the accumulation of base substitutions outside FaSt or internal deletions within 

the FaSt since mutations in a MITE are most likely not to have a harmful effect on the fitness 

(Lisch et al. 1999; Bromham et al. 2015). 

 The vast majority (Halász et al., 2010) of the sequences contained an identifiable FaSt 

element, 11 of those were inserted in the non-coding parts of protein-coding genes, the UTRs 

and introns. It fits well to the genome-wide distribution of MITEs in many species which is 

biased toward UTRs and introns having many more copies than exons (Oki et al., 2008, Halász 

et al., 2014, Zhou et al., 2016). The other FaSt elements (Decroocq et al., 2004) were detected in 

the intergenic regions that correspond to the insertion preference of FaSt in AT-rich sequences 

(Halász et al. 2014). SCoT markers were designed to anneal to the conserved region around the 

ATG start codon of plant genes (Collard and Mackill 2008). The size of the sequences ranged 

from 251 to 1,866 bp. In other studies, SCoT analysis produced very similar size ranges of 

amplicons  (Mahjbi et al. 2015, Heikrujam et al. 2015, Karapetsi et al. 2021) what makes it 

hardly acceptable that SCoT primers amplified regions between protein coding genes in opposite 

orientations. Very few studies reported sequence data of SCoT amplified fragments to verify 

SCoT primers annealing to the start codon of genes. A short survey of sequences used to design 

SCAR markers (listed by Rai 2023) confirmed that most of them did not include the sequences 

surrounding the start codon. Our partial sequences of a total of 17 protein encoding genes 

verified that SCoT primers annealed to exonic regions outside the start codon. Plant introns are 
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AU-rich, in contrast to the GC-rich exons (Goodall and Filipowicz 1991, Xie and Wu 2002) and 

the higher GC content of exons is important for increased stability of RNA structures, including 

both mRNA and rRNA (Biro 2008, Šmarda and Bureš 2012). It explains why many SCoT-FaSt 

combinations amplified parts of the protein and RNA-coding genes. The non-genic segments of 

the genome show variable levels of GC contents (Šmarda and Bureš 2012), making it possible 

that some of the SCoT primers annealed to such regions. These results indicate that under the 

PCR conditions suggested for SCoT analysis (Collard and Mackill 2008), these primers will not 

selectively bind to the start codon regions but they show a definite tendency to anneal within the 

GC-rich segments of the genome, which nonetheless creates a good chance of finding genes. 

 FaSt copies were identified in the intron and 5’ and 3’ UTRs of several genes, some of 

which have a well-defined role in important physiological processes. A FaSt was identified in the 

intron of five genes, including the sour cherry BTB/POZ domain-containing protein At4g08455-

like and pectinesterase genes. The BTB/POZ proteins were associated with growth and 

development (e.g., ethylene biosynthesis, disease resistance, hormone perception) through 

selective ubiquitination and kinase activation (Gingerich et al. 2005). Pectinesterases are 

involved in pectin degradation and hence they enhance the rate of fruit softening (Ma et al. 

2023). The introns in two P. domestica genes had also FaSt insertions. The glycosyltransferase 

BC10-like proteins have roles in metabolic processes and influence fruit ripening and response to 

abiotic stresses (Wu et al. 2017), while the leaf rust 10 disease-resistance locus receptor-like 

protein kinase-like proteins are members of LRR-NBS resistance proteins and can enhance 

resistance to Xanthomonas (Foix et al. 2021). The P. dulcis DEAD-box ATP-dependent RNA 

helicase encoded proteins suppress potyvirus accumulation through an interaction with the viral 

protein VPg that is required for virus infection (Huang et al. 2010). 

 A FaSt copy was present in the 5’ UTR of plum polygalacturonase ADPG1 gene, the 

protein product of which takes part in pectin degradation and fruit softening (Mahmood et al. 

2021). The 3’UTR of P. domestica ethylene-responsive transcription factor ERF053-like and 

beta-D-glucosyl crocetin beta-1,6-glucosyltransferase genes also contained a FaSt copy. 

Ethylene response factor (ERF) transcription factors regulate both fruit ripening and resistance to 

biotic and abiotic stresses (Li et al. 2022), while the latter is an enzyme in the flavonoid and 

anthocyanin biosynthetic pathways (Wang et al. 2022). Since sequence alterations including 

MITE insertions in UTRs and introns have been frequently associated with regulatory roles  

(Dietrich et al. 2002; Hardy et al. 2024, Hu et al. 2024), future studies are required to determine 

if the presence of FaSt elements has any consequences on the expression of the respective genes. 
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 The identification of genomic regions homologous to our SCoT-FaSt sequences in other 

Prunus genomes has provided further evolutionary inferences. We identified a FaSt element 

present in one P. avium and three P. cerasus sequences, which was missing from the homologous 

genomic regions of all other species in the Prunus subgenus. Two of those (Pav_CG_3_910 and 

Pcer_KJ_2_343) also lacked this FaSt element in P. fruticosa, and Pcer_KJ_4_1000 was missing 

from P. × kanzakura. The phylogenetic distribution of such FaSt copies helped determine the 

relative time of their insertion. The FaSt in Pcer_FM_2_462 was present in all species indicating 

it has been inserted between 47-52 Mya according to TimeTree 5 estimations based on data from 

(Chin et al. 2014), (Guo et al. 2008) and (Pouget et al. 2016). The FaSt in Pcer_FM_4_496 was 

present in all species of the Cerasus subgenus but missing from all other Prunus, so it must have 

emerged around 47 Mya. Three FaSts were inserted approx. 47-43 Mya on the phylogenetic 

lineage of P. avium and P. cerasus. In addition, the presence and size of other indels in 

Pcer_KJ_4_1000 and Pcer_KJ_4_662 also followed the known speciation events in Prunus 

genus (Chin et al. 2014). The distorted distribution of some of the FaSt elements between the 

Cerasus and Prunus subgenera raised the question if a burst of FaSt insertions 47-43 Mya was a 

major evolutionary event. To answer the question, we determined the proportion of complete and 

partial FaSt elements in the genome of several species in the Cerasus and Prunus subgenera. Our 

analysis indicated an unequal distribution of differently sized FaSt elements with species in the 

Cerasus subgenus having predominantly fragmented FaSt copies (smaller than the half of the 

349 bp FaSt) while most species in the Prunus subgenus harbored considerably higher number of 

complete FaSt elements. The only exception was apricot with many partial FaSt elements but 

complete and presumably active FaSt copies were also identified in this species  (Halász et al. 

2014, Muñoz-Sanz et al. 2017). Polyploid species have 2 to 3-times more FaSt copies. The 

major trend seems to support the hypothesis that many of the FaSt elements of cherries are older 

than those of peach, almond and plums. A sudden burst of FaSts in one of the phylogenetic 

lineages may have resulted in an accelerated differentiation. MITE insertions have been 

described to be associated with an increased capacity for unequal crossing over  (Wang et al. 

2015) or alternative splicing  (Xin et al. 2019) and modifications to gene regulation  (Yu et al. 

2024). Similar events have been identified over primate evolution due to a sudden increase of 

Alu repeats 40 Mya (Batzer and Deininger 2002). 

 The differential presence of FaSt copies in almond sequences was fully consistent with 

reported connections between germplasm and the pedigree of tested cultivars. 

Pdul_TK_22_1866 and Pdul_TK_4_761 had a FaSt also present in ‘Nonpareil’ and ‘Texas’, 

respectively. Hungarian almond breeding programs are reported to have used accessions from the 
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USA, which was also reflected by the self-incompatibility genotypes (Halász et al. 2010). The 

FaSt in ‘Tuono’ Pdul_TU_3_544 sequence was also found in ‘Lauranne’, which fits well with 

‘Lauranne’ being an offspring of the cross ‘Ferragnés’ × ‘Tuono’ (López et al. 2006). Two unique 

FaSt copies in a ‘Tuono’ (Pdul_TU_33_342) and a ‘Tétényi keményhéjú’ (Pdul_TK_22_901) 

sequence suggest the recent insertion of FaSt, which is also confirmed by the high proportion of 

complete FaSt elements in the almond genome (Fig. 21) and consistent with the activity of 

transposable elements in almond genome (Alioto et al. 2019). Recent FaSt insertions were also 

seen in the P. domestica sequences. 

 The combination of SCoT primers and a newly designed sequence-specific primer 

targeting the Prunus non-autonomous transposon, FaSt, provided a molecular marker with 

enhanced polymorphism detection, free from non-target amplification, and capable of delivering 

reliable phylogenetic information at both inter- and intraspecific taxonomic levels. The 

identification of variations in the genome-wide distribution of FaSt insertions enabled the 

detection of several genes and genomic regions exhibiting insertional polymorphisms. A more 

detailed analysis of these variations could provide valuable insights into the genetic diversity of 

breeding germplasm, the reconstruction of evolutionary relationships, and the genome-shaping 

impact of an active Mutator-type MITE in the Prunus genome. 
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6. CONCLUSIONS AND RECOMMENDATIONS 

 

 This thesis demonstrates that the Falling Stones (FaSt) Mutator-like miniature inverted-

repeat transposable element (MITE) represents an active and biologically relevant component of 

Prunus genomes rather than a passive genomic relic. FaSt copies are widely distributed across 

all Prunus chromosomes, with notable enrichment on chromosomes 1 and 6, and are transcribed 

in multiple tissues of both diploid and polyploid species. The presence of full-length FaSt 

insertions within untranslated regions of numerous mRNAs, together with the discovery of a 

novel promoter insertion in the almond PdCBF1 gene, provides compelling evidence that FaSt 

has the capacity to influence host gene regulation, particularly at the transcriptional and post-

transcriptional levels. 

 Despite this regulatory potential, transcriptome analyses of SC and SI apricot 

reproductive tissues revealed only a limited number of differentially expressed genes associated 

with a FaSt insertion in a highly expressed locus. These results indicate that, although FaSt can 

disrupt coding regions such as the S-haplotype F-box gene ORF, it does not induce extensive 

transcriptional reprogramming under the tested conditions. The absence of widespread 

expression changes further suggests that FaSt is unlikely to play a central role in global 

regulatory pathways, such as miRNA-mediated gene expression control, and may instead exert 

localized or context-dependent effects. 

 Building on the widespread and gene-proximal distribution of FaSt elements, this work 

developed a combined SCoT–FaSt primer system as a novel molecular marker for Prunus 

species analysis. The SCoT–FaSt marker consistently outperformed conventional SCoT markers 

by delivering higher levels of polymorphism, improved band clarity, and enhanced resolving 

power, while avoiding non-target amplification. Sequencing of SCoT–FaSt amplicons revealed 

partial sequences of  protein-coding genes and RNA-coding gene, with FaSt insertions located 

in 5′ and 3′ untranslated regions and introns of genes involved in essential physiological 

processes. These findings support the conclusion that FaSt-associated polymorphisms are 

enriched in regulatory genomic contexts and contribute to functional diversification rather than 

representing random insertional noise. 

 The SCoT–FaSt marker system also proved robust for phylogenetic reconstruction, 

accurately resolving evolutionary relationships among six Prunus species with strong statistical 

support and clustering European plum cultivars according to their documented breeding origins. 
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A biased distribution of FaSt elements between the Cerasus and Prunus subgenera characterized 

by increased fragmentation in cherry species, suggests that differential FaSt dynamics may have 

contributed to subgeneric divergence. Together, these results confirm the value of FaSt-based 

markers for both evolutionary inference and applied germplasm characterization, consistent with 

independent evaluations of the SCoT–FaSt strategy in Prunus species. 

 From an applied perspective, the findings of this thesis have clear implications for 

molecular breeding and germplasm management in stone fruits. Other studies using ISSR and 

SCoT markers have demonstrated their effectiveness in revealing genetic diversity and 

population structure in almond and other Prunus crops, particularly when wild and cultivated 

materials are jointly analyzed. The integration of FaSt transposon specificity into a SCoT 

framework extends these approaches by linking marker polymorphism to an active, gene-

associated genomic element, thereby being biologically interpretable and having a breeding 

relevance. This is particularly important for breeding programs aiming to broaden the genetic 

base of cultivated germplasm through informed use of wild relatives. 

 Based on these results, it is recommended that SCoT–FaSt markers be further validated 

across geographically diverse breeding panels, landraces, and wild populations to assess allele 

stability, transferability, and informativeness under different genetic and environmental contexts. 

Conversion of the most informative SCoT–FaSt loci into high-throughput genotyping formats 

would facilitate their integration into marker-assisted selection (MAS) and marker-assisted 

backcrossing (MAB) schemes. Given their proximity to genes involved in key physiological 

processes, FaSt-associated markers also represent promising candidates for trait-linked studies, 

including QTL mapping and genomic selection frameworks. 

 Finally, more detailed functional analyses of FaSt insertion polymorphisms, particularly 

those located in untranslated regions or introns, could provide deeper insight into the long-term 

genome-shaping role of active MITEs in Prunus species. Such studies would not only advance 

our understanding of transposon-driven regulatory diversification but also support the 

development of biologically informed molecular tools that shorten selection cycles and increase 

efficiency in stone fruit breeding programs. 

 In conclusion, this thesis advances our understanding of FaSt as a dynamic genomic 

element, establishes a robust and functionally anchored marker system for Prunus species, and 

provides a clear foundation for future research and practical applications in molecular breeding, 

germplasm conservation, and evolutionary genomics of stone fruit trees. 
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7. NEW SCIENTIFIC RESULTS 

 

I. The Falling Stones (FaSt) transposon is ubiquitously transcribed in all examined tissues (leaf, 

flower bud, calyx, petal, anther, and pistil) of diploid (P. armeniaca and P. avium), tetraploid (P. 

cerasus), and hexaploid (P. domestica) Prunus species. 

II. Quantitative RT-PCR confirmed that FaSt expression was higher in the anther tissue of the 

SC apricot cultivar ‘Pannónia’ than in the anther of the SI  European plum (Prunus domestica 

L.) cultivar ‘Hanita’. 

III. A novel 358 bp FaSt insertion was discovered in the promoter region of the almond (Prunus 

dulcis) PdCBF1 gene (in reverse orientation), sharing 84.2% identity with the previously 

described apricot SFB FaSt insertion, this FaSt element introduces new transcription factor 

binding sites (SBP/MADS-box, WRKY, SRS) not present in the homologous PdCBF2 promoter. 

IV. A new molecular marker was developed for Prunus analysis by the combination of SCoT 

primers and a newly designed, Falling Stones transposon-specific primer. The marker 

significantly enhanced PCR polymorphism, band clarity, and resolving power compared to 

SCoT analyses. 

V. Partial sequences of a total of 17 protein-coding genes and one RNA-coding gene were 

identified in SCoT-FaSt amplicons where FaSt copies were located in the 5’ and 3’ UTRs, and 

the introns of genes critical for physiological processes, supporting a role for FaSt in 

diversifying gene regulation. 

VI. The SCoT-FaSt marker analysis is a reliable tool for elucidating phylogenetic relationships. 

It accurately reconstructed the evolutionary relationships of six Prunus species (peach, almond, 

European plum, apricot, sweet and sour cherries) with 95–100% bootstrap support, and grouped 

28 European plum cultivars into five clusters consistent with their breeding origins. 

VII. Differential expression analysis on the RNA-Seq data from anther and style tissues of SC 

versus SI apricot cultivars revealed no statistically significant gene expression changes 

attributable to the presence of the FaSt transposon, confirming that FaSt insertion did not 

markedly alter transcript levels under the tested conditions. 
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8. SUMMARY 

 

 Transposable elements (TEs) are major drivers of genome evolution and variability, 

profoundly influencing gene regulation and phenotypic diversity in plants. Within the stone fruit 

genus Prunus (Rosaceae), which includes economically important species such as apricot, peach, 

cherry, plum, and almond, TEs have been implicated in key biological processes, including the 

breakdown of self-incompatibility (SI). However, their transcriptional activity and potential use 

in crop improvement remain underexplored. This thesis focuses on the characterization and 

practical exploitation of the Falling Stones (FaSt) miniature inverted-repeat transposable element 

(MITE) as both a genomic component and a molecular marker resource to accelerate Prunus 

breeding. 

 Comparative genomic analyses identified FaSt as a non-autonomous MITE characterized 

by two 82 bp terminal inverted repeats (TIRs) flanking a unique internal region of 

approximately 116 bp. FaSt elements were found to be highly abundant,particularly on 

chromosomes 1 and 6 and preferentially inserted into untranslated regions (UTRs) and introns of 

protein-coding genes. These structural features positioned FaSt as an excellent candidate for 

both evolutionary and applied genetic studies. 

 The first part of this work characterized FaSt transcriptional activity through PCR and 

qRT-PCR assays normalized to ubiquitin10 (UBQ10). A 331 bp FaSt transcript was detected 

across multiple tissues: leaves, calyces, petals, anthers, and styles, in both diploid (P. armeniaca 

and P. avium) and polyploid (P. cerasus and P. domestica) species, with the highest expression 

observed in anthers. Complementary in silico analysis of eleven Prunus transcriptomes revealed 

121–458 FaSt copies per genome, confirming its enrichment on chromosomes 1 and 6. 

BLASTN screening uncovered a novel 358 bp insertion in the PdCBF1 promoter of almond (P. 

dulcis), introducing additional MADS-box and WRKY transcription factor binding motifs. 

 To assess FaSt’s transcriptional influence, RNA-seq datasets from SC and SI apricot 

anthers and styles were analyzed using DESeq2 with independent filtering. Among 27,655 and 

29,914 expressed genes, 95 and 75 were differentially expressed in anthers and styles, 

respectively. Despite FaSt-mediated disruption of the S-haplotype F-box (SFB) gene associated 

with self-compatibility, no broad transcriptomic reprogramming was observed, indicating that 

FaSt exerts locus-specific rather than global regulatory effects under the tested conditions. 
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 In the final phase of this research, a high-resolution SCoT–FaSt marker system was 

developed by pairing a 22-nt FaSt-R primer targeting FaSt’s internal loop with 19 SCoT primers. 

This dual-primer approach amplified FaSt-linked regions, yielding sharper and more 

polymorphic bands than SCoT or FaSt-R alone, with resolving power increases up to 339%. 

Across six Prunus species, the system achieved 95–100% bootstrap-supported clustering in 

neighbor-joining phylogenies, while analysis of 28 European plum cultivars revealed five 

distinct genetic groups consistent with known breeding origins. Sequencing of 32 representative 

amplicons confirmed FaSt insertion junctions within UTRs and introns of genes involved in 

fruit softening, stress response, and disease resistance, demonstrating both specificity and 

biological relevance. 

 In summary, this work establishes Falling Stones as an active, transcriptionally engaged 

MITE family within Prunus, highlighting its dual role in genome evolution and its practical 

utility in molecular breeding. Although dominant in nature, the SCoT–FaSt assay represents a 

reliable and cost-effective tool for germplasm characterization, phylogenetic analysis, and 

marker-assisted selection. Future research should explore cell-type-specific FaSt expression, the 

epigenetic control of FaSt loci, and functional assays using promoter–reporter systems or 

CRISPR-mediated excision to directly test regulatory effects. Collectively, this thesis bridges 

fundamental transposon biology with applied genetics, contributing both new scientific 

understanding and tangible resources for the advancement of stone-fruit breeding. 
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Appendix A2. Bioinformatics Pipeline Script (from REPORT.ipynb) 
 

 This appendix provides the complete bioinformatics workflow used for the analysis of 

RNA-Seq data, as described in Section 4.7 (Analyses of RNA-Seq data) and corresponding 

Results Section 5.5 (Results for RNA-Seq analysis and read alignment). 

The Jupyter notebook REPORT.ipynb documents the full computational pipeline, including all 

commands, parameters, and software versions used in the preprocessing and alignment of raw 

reads. Specifically, it includes: 

• Quality control of raw reads using FastQC v0.11.8 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/); 

• Adapter and quality trimming with Trimmomatic v1.0 (Bolger et al., 2014); 

• Read alignment to the haploid apricot reference genome (Apricot Genome CUR v1, 

cultivar ‘Rojo Pasión’; Campoy et al., 2020) using STAR v2.6 (Dobin et al., 2015); 

• Alignment statistics summarizing mapping efficiency and read distribution, 

corresponding to Figure 8 in the Results chapter. 

The notebook ensures reproducibility of all preprocessing steps and serves as the foundation for 

the gene expression quantification and statistical analyses described in Appendix A3. 

 

``` 

Quality Control on Raw DATA 

 

#!/usr/bin/env bash 

mkdir -p ./raw_qc 

 

#AM6 

fastqc \ 

    -o ./raw_qc \ 

    -t 2 \ 

    ~/storage/rawdata/AM6_1.fq.gz \ 

    ~/storage/rawdata/AM6_2.fq.gz 

 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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#AMK 

fastqc \ 

    -o ./raw_qc \ 

    -t 2 \ 

    ~/storage/rawdata/AMK_1.fq.gz \ 

    ~/storage/rawdata/AMK_2.fq.gz 

 

#AHA 

fastqc \ 

    -o ./raw_qc \ 

    -t 2 \ 

    ~/storage/rawdata/AHA_1.fq.gz \ 

    ~/storage/rawdata/AHA_2.fq.gz 

 

 

#ARK 

fastqc \ 

    -o ./raw_qc \ 

    -t 2 \ 

    ~/storage/rawdata/ARK_1.fq.gz \ 

    ~/storage/rawdata/ARK_2.fq.gz 

 

#ACO 

fastqc \ 

    -o ./raw_qc \ 

    -t 2 \ 

    ~/storage/rawdata/ACO_1.fq.gz \ 

    ~/storage/rawdata/ACO_2.fq.gz 

 

#APA 

fastqc \ 

    -o ./raw_qc \ 

    -t 2 \ 

    ~/storage/rawdata/APA_1.fq.gz \ 
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    ~/storage/rawdata/APA_2.fq.gz 

 

#SCO 

fastqc \ 

    -o ./raw_qc \ 

    -t 2 \ 

    ~/storage/rawdata/SCO_1.fq.gz \ 

    ~/storage/rawdata/SCO_2.fq.gz 

 

#SHA 

fastqc \ 

    -o ./raw_qc \ 

    -t 2 \ 

    ~/storage/rawdata/SHA_1.fq.gz \ 

    ~/storage/rawdata/SHA_2.fq.gz 

SortMeRNA – optional 

#!/usr/bin/env bash 

mkdir -p "$IDX_DIR" 

# Define your reference sequence paths on the HPC server 

REF_18S="/home/Ivanovska/storage/silva-euk-18s-id95.fasta" 

REF_28S="/home/Ivanovska/storage/silva-euk-28s-id98.fasta" 

IDX_DIR="/home/Ivanovska/storage/run/idx/kvdb" 

for SAMPLE in ACO AHA ARK APA AM6 AMK SCO SHA SMK SPA SM6 SRK  

do 

sortmerna \ 

  --fastx \ 

  --other ~/storage/rawdata/${SAMPLE}_sortmerna \ 

  --out2 \ 

  --paired_in \ 

  --reads ~/storage/rawdata/${SAMPLE}_1.fq.gz \ 

  --reads ~/storage/rawdata/${SAMPLE}_2.fq.gz \ 

  --ref ${REF_18S} \ 

  --ref ${REF_28S} \ 

  --idx ${IDX_DIR} \ 
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  --threads 28 \ 

  --kvdb kvdb_${SAMPLE} |& tee sortmerna_${SAMPLE}.log # key 

value database 

done 

 

 

#SORTMERNA_DB = 

/data/rRNA_databases/silva_ids_acc_tax.tar.gz/sortmerna/ 

Quality Control after SortMeRNA (if used) 

 

#!/usr/bin/env bash 

 

mkdir -p ./sortmerna_qc 

 

#for SAMPLE in AHA ACO APA AM6 AMK ARK SCO SHA SM6 SMK SPA SRK 

#do 

 

fastqc \ 

    -o ./sortrmerna_qc \ 

    -t 2 \ 

    ~/storage/rawdata/AHA_sortmerna.fq 

Trimmomatic 
#!/usr/bin/env bash 

TRIMMOMATIC_JAR="/home/Ivanovska/.conda/envs/trimmomatic_env/tri

mming/Trimmomatic-0.39/trimmomatic-0.39.jar" 

for SAMPLE in  ACO AHA ARK APA AM6 AMK SCO SHA SMK SPA SM6 SRK 

do 

java -jar ${TRIMMOMATIC_JAR} PE \ 

    -threads 28 \ 

    ~/storage/rawdata/${SAMPLE}_1.fq.gz \ 

    ~/storage/rawdata/${SAMPLE}_2.fq.gz \ 

    ./${SAMPLE}_trimmomatic_1.fastq.gz \ 

    ./${SAMPLE}_trimmomatic_1u.fastq.gz \ 

    ./${SAMPLE}_trimmomatic_2.fastq.gz \ 

    ./${SAMPLE}_trimmomatic_2u.fastq.gz \ 
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ILLUMINACLIP:/home/Ivanovska/.conda/envs/trimmomatic_env/trimmin

g/Trimmomatic-0.39/adapters/TruSeq2-PE.fa:2:30:10 \ 

    SLIDINGWINDOW:5:5 \ 

    MINLEN:50 

done 

 

Quality Control after Trimmomatic 

 #!/usr/bin/env bash 

 

mkdir -p ./trimm_qc 

for SAMPLE in ACO AHA ARK APA AM6 AMK SCO SHA SMK SPA SM6 SRK 

do 

fastqc \ 

    -o ./trimm_qc \ 

    -t 2 \ 

    ~/work/rna/${SAMPLE}_trimmomatic_1.fastq.gz \ 

    ~/work/rna/${SAMPLE}_trimmomatic_2.fastq.gz 

done 

 

 

Multi Quality Control Report 

#!/usr/bin/env bash 

 

mkdir -p multiqc 

 

multiqc \ 

    -o multiqc \ 

    . 

 

# STAR -Genome aligner 

#!/usr/bin/env bash 

 

STAR --runThreadN 28 \ 
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--runMode genomeGenerate \ 

--genomeDir ~/storage/genome \ 

--genomeFastaFiles ~/storage/genome/parmeniaca.fasta \ 

--sjdbGTFfile ~/storage/genome/parmeniaca.gtf \ 

--sjdbOverhang 149 

 

#!/usr/bin/env bash 

 

for SAMPLE in ACO AHA APA AM6 AMK ARK SCO SHA SM6 SMK SPA SRK 

do 

STAR --runThreadN 12 --runMode alignReads --genomeDir 

~/storage/genome --readFilesCommand zcat \ 

 --readFilesIn ~/work/rna/${SAMPLE}_trimmomatic_1.fastq.gz 

~/work/rna/${SAMPLE}_trimmomatic_2.fastq.gz \ 

 --outSAMtype BAM SortedByCoordinate \ 

         --quantMode GeneCounts  --outFileNamePrefix 

~/storage/star/$SAMPLE"aligned" 

done 

# FeatureCounts  

#!/usr/bin/env bash 

for SAMPLE in  APA AMK ACO AHA AM6 ARK SCO SHA SM6 SMK SPA SRK 

do 

featureCounts -a /home/Ivanovska/storage/genome/apricot.gtf \ 

              -o ${SAMPLE}_counts.txt \ 

              -t exon \ 

              -g gene_id \ 

              -M \ 

              -p \ 

              -T 28 \ 

               

/home/Ivanovska/storage/star/${SAMPLE}alignedAligned.sortedByCoo

rd.out.bam   # Add your BAM files here 

 

done 
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Appendix A3. R Script for RNA-Seq Analysis 
 

 This appendix presents the R script used for gene-level quantification, normalization, and 

differential expression analysis of RNA-Seq data, as detailed in Sections 4.7.2–4.7.4 

(Quantification, Differential Expression, Functional Annotation) and visualized in Results 

Section 5.5 (RNA-Seq analysis and read alignment). 

The script, implemented primarily with the DESeq2 R package (Love et al., 2014), performs the 

following major analytical steps: 

• Import and normalization of count data generated by featureCounts v2.0.8 (Liao et al., 

2014); 

• Variance-stabilizing transformations and visualization of sample relationships (PCA, 

sample distances; Figures 11–12); 

• Differential expression testing using a negative binomial model with Benjamini–

Hochberg correction (padj ≤ 0.05 threshold); 

• Generation of plots and summary tables (DEG lists) presented in Section 5.5.6; 

• Export of DEG results for downstream annotation and discussion in Section 5.5.7. 

All scripts are fully annotated and include R package versions and execution instructions to 

allow full reproducibility of the analyses presented in the Results and Discussion. 

 

  

1. Load Required Libraries 

   # Suppress startup messages, load all needed packages… 

   suppressPackageStartupMessages({ 

     library(DESeq2) 

     library(edgeR) 

     library(here) 

     … 

   }) 
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2. Define Directories & List BAM Files 

   # Set ‘dir’ to the folder containing aligned BAM files 

   dir <- "~/RNASewq/rojofc/bam" 

   list.files(dir) 

 

3. Read Sample Metadata & Verify Filenames 

   # Read metadata CSV, set rownames, build full paths to BAMs, 

check existence 

   datadir <- here("~/RNASewq/salmodata") 

   meta <- read.csv(file.path(datadir, "meta_anther.csv")) 

   rownames(meta) <- meta$names 

   filenames <- file.path(dir, paste0(meta$names, 

"aligned18Aligned.sortedByCoord.out.bam")) 

   file.exists(filenames) 

 

4. Load Count Data from featureCounts 

   # Read featureCounts output and summary statistics 

   fc   <- read.csv("~/RNASewq/rojofc/merger_anther.csv", 

row.names = 1) 

   stat <- 

read.csv("/home/ljupco/RNASewq/rojofc/merged_18counts_summary.cs

v") 

   names(fc) 

 

5. Plot Summary Statistics as Barplot 

   # Define color palette, convert ‘stat’ to matrix, and draw 

barplot 

stats <- stat %>% 

  column_to_rownames("Status") %>% 

  as.matrix() 

# Define a color palette similar to the heatmap 

pal <- colorRampPalette(c("blue", "white", "red"))(3) 
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# Adjust margins to make space for the legend below 

par(mar = c(7, 4, 4, 2) + 0.1) 

X11() 

# Plot the barplot with the new palette and legend below 

barplot(stats[rowSums(stats) > 0, ],  

        beside = TRUE,  

        col = pal,  

        las = 2,  

        cex.axis = 0.8,  

        cex.names = 0.8, 

        legend.text = rownames(stats)[rowSums(stats) > 0],  

        args.legend = list( 

          horiz = TRUE,  

          cex = 0.8,  

          x = "bottom",  

          inset = c(0, -0.3),   # move legend below the plot 

          xpd = TRUE,            # allow drawing outside the 

plot region 

          bty = "n" 

        )) 

6. Prepare Metadata & Create DESeq2 Dataset 

   # Coerce condition to factor, filter low‐count genes, run 

DESeq2 

   dds <- DESeqDataSetFromMatrix(countData = fc, colData = meta, 

design = ~ condition) 

   dds <- dds[rowSums(counts(dds)) > 1, ] 

   dds <- DESeq(dds) 

   res <- results(dds) 

 

7. Transformation & Visualization 

   # rlog transformation, sample‐distance heatmap, PCA, MDS, 

Poisson distance 
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   rld <- rlog(dds, blind = FALSE) 

   sampleDists <- dist(t(assay(rld))) 

   sampleDistMatrix <- as.matrix(sampleDists) 

   rownames(sampleDistMatrix) <- paste(rld$condition, rld$names, 

sep = "-") 

 

# rld should already exist: 

# rld <- rlog(dds, blind = FALSE) 

 

# Extract PCA data 

pcaData <- plotPCA(rld, intgroup = c("condition", "tissue"), 

returnData = TRUE) 

 

# Add sample names from metadata (meta$names must match column 

order of rld) 

pcaData$sample <- colData(rld)$names 

 

# Percent variance for axis labels 

percentVar <- round(100 * attr(pcaData, "percentVar")) 

 

# Color palette 

pal <- brewer.pal(min(9, length(unique(pcaData$condition))), 

"Set1") 

 

# PCA plot with labels 

ggplot(pcaData, aes(PC1, PC2, color = condition, shape = 

tissue)) + 

  geom_point(size = 4, alpha = 0.9) + 

  geom_text_repel(aes(label = sample), 

                  size = 4, 

                  box.padding = 0.4, 

                  point.padding = 0.3, 
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                  segment.size = 0.25, 

                  max.overlaps = Inf) + 

  scale_color_manual(values = pal) + 

  coord_fixed() + 

  theme_bw(base_size = 13) + 

  theme(panel.grid = element_blank(), 

        legend.position = "right", 

        plot.title = element_text(hjust = 0.5)) + 

  xlab(paste0("PC1: ", percentVar[1], "% variance")) + 

  ylab(paste0("PC2: ", percentVar[2], "% variance")) + 

  ggtitle("PCA of rlog-transformed counts — Anther Samples") 

 

   poisd <- PoissonDistance(t(counts(dds))) 

   samplePoisDistMatrix <- as.matrix(poisd$dd) 

   pheatmap(samplePoisDistMatrix, clustering_distance_rows = 

poisd$dd, …) 

   mdsPoisData <- data.frame(cmdscale(samplePoisDistMatrix)) 

   mdsPois <- cbind(mdsPoisData, as.data.frame(colData(dds))) 

   ggplot(mdsPois, aes(X1, X2, color = condition)) + 

geom_point(size = 3) 

 

8. Differential Expression Results Exploration 

   # Summarize res, apply padj < 0.05, log2FC thresholds, list 

top genes 

   summary(res) 

   res.05 <- results(dds, alpha = 0.05) 

   table(res.05$padj < 0.05) 

   resLFC1 <- results(dds, lfcThreshold = 1) 

   table(resLFC1$padj < 0.05) 

   res.SC_vs_SI <- results(dds, contrast = c("condition", "SC", 

"SI")) 

   summary(res.SC_vs_SI) 
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   sum(res$pvalue < 0.05, na.rm = TRUE) 

   sum(res$padj < 0.05, na.rm = TRUE) 

   resSig <- subset(res, padj < 0.05) 

   head(resSig[order(resSig$log2FoldChange), ]) 

   head(resSig[order(resSig$log2FoldChange, decreasing = TRUE), 

]) 

 

9. Plot Counts for the Top Gene 

   # Get gene with smallest padj, plot counts (scatter, dot, 

line) on log scale 

   topGene  <- rownames(res)[which.min(res$padj)] 

   data_top <- plotCounts(dds, gene = topGene, intgroup = 

c("condition"), returnData = TRUE) 

   ggplot(data_top, aes(condition, count, color = condition)) + 

scale_y_log10() + … 

   ggplot(data_top, aes(condition, count, fill = condition)) + 

scale_y_log10() + … 

   ggplot(data_top, aes(condition, count, color = condition, 

group = condition)) + scale_y_log10() + … 

 

10. Gene Clustering & Heatmap for Top Variable Genes 

    # Identify top 50 variable genes by rowVars, center rows, 

annotate by condition 

    topVarGenes <- head(order(rowVars(assay(rld)), decreasing = 

TRUE), 50) 

    mat <- assay(rld)[topVarGenes, ] 

    mat <- mat - rowMeans(mat) 

    df  <- as.data.frame(colData(rld)[, c("condition")]) 

    rownames(df) <- colnames(rld) 

    pheatmap(mat, annotation_col = df) 

 

11. Export Results & Heatmap Data 

    # Order results by padj, output top 100 to a data frame, 

prepare top 50 heatmap matrix 
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    resOrdered  <- res[order(res$padj), ] 

    resOrderedDF <- as.data.frame(resOrdered)[1:100, ] 

    topSigGenes <- head(order(res$padj), 50) 

    mat_sig      <- assay(rld)[topSigGenes, ] 

    mat_sig      <- mat_sig - rowMeans(mat_sig) 

    pheatmap(mat_sig, annotation_col = df) 

    # Optionally save CSVs for downstream analysis: 

    # write.csv(resOrderedDF, "DESeq2_top100_results.csv") 

    # write.csv(mat_sig, "heatmap_top50_matrix.csv") 

# Select top 20 genes by padj 

top20Genes <- head(order(res$padj), 20) 

mat <- assay(rld)[top20Genes, ] 

 

# Center rows for relative expression 

mat <- mat - rowMeans(mat) 

 

# Prepare column annotation 

df <- as.data.frame(colData(rld)[, "condition", drop = FALSE]) 

rownames(df) <- colnames(rld) 

 

# Generate heatmap 

pheatmap( 

  mat, 

  annotation_col = df, 

  color = colorRampPalette(c("blue", "white", "red"))(100), 

  main = "Top 20 Genes by Adjusted P-value" 

) 

``` 
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Appendix A4. PCR Amplification Patterns 

 

Figure S1: Patterns of amplified fragments in PCR of European plum (Prunus domestica) 

cultivars using the SCoT1 (A), FaSt-R (B) and a combination of SCoT1 and FaSt-R (C) primers. 

Labels are the followings: (M) GeneRuler 1 kb DNA ladder, (1) ‘Bühler Frühzwetschge’, (2) 

‘Czar’, (3) ‘Grand Prize’, (4) ‘Fehérszilva’, (5) ‘Páczelt szilvája’, (6) Soviet 3, (7) ‘Tuleu 

timpuriu’, (8) ‘Vengerka virla’, (9) ‘Vörös nagygyümölcsű’, (10) ‘Besztercei Bt.2’, (11) 

‘Sanctus Hubertus’, (12) ‘Wagenheim’, (13) ‘Giant’, (14) Soviet 2, (15) ‘Duránci’, (16) ‘Opal’, 

(17) ‘Haganta’ and (18) ‘Presenta’ (Ivanovska et al., 2025).



 

Appendix A5. Sequence Data 
Table 7. Accession numbers and labels of the sequenced amplicons from the SCoT-FaSt-R PCR assays with amplicon size, parameters of 

BlastN homology searches and identified regions (Ivanovska et al., 2025). 

 

Accession Nu. Size 

bp 

BLAST homolog Accession Nu. of 

BLAST hit 

Coverage 

% 

E 

value 

Identity 

% 

Regions (bp) 

SCoT1-FaSt-R, Prunus domestica cultivar ‘Topfive’ 

PQ869779 

Pdom 1-TF-907 

907 P. mume polygalacturonase ADPG1 

(LOC103339337), mRNA 

XM_008242608.2 77 0.0 96.13 5’ UTR <1..293 

FaSt <1..211 

exon 294..>907 

SCoT1-FaSt-R, Prunus domestica cultivar ‘Besztercei Bt.2’ 

PQ869780 

Pdom_BB_1_908 

908 P. mume polygalacturonase ADPG1 

(LOC103339337), mRNA 

XM_008242608.2 77 0.0 96.14 5’ UTR <1..293 

FaSt <1..211 

exon 294..>908 

SCoT2-FaSt-R, Prunus cerasus cultivar ‘Kántorjánosi 3’ 

PQ869781 

Pcer_KJ_2_1227 

1,227 P. avium beta-D-glucosyl crocetin 

beta-1,6-glucosyltransferase-like 

(LOC110763544), mRNA 

XM_021966336 100 0.0 99.92 exon <1..1101 

3’ UTR 1102..>1227 

SCoT2-FaSt-R, Prunus cerasus cultivar ‘Feketicsi meggy’ 

PQ869782 

Pcer_FM_2_1227 

1,227 P. avium beta-D-glucosyl crocetin 

beta-1,6-glucosyltransferase-like 

(LOC110763544), mRNA 

XM_021966336.1 100 0.0 99.84 exon <1..1101 

3’ UTR 1102..>1227 

https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1027113018
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1027113018
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1027113018
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1027113018
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SCoT2-FaSt-R, Prunus cerasus cultivar ‘Kántorjánosi 3’ 

PQ869783 

Pcer_KJ_2_343 

343 P. armeniaca genome assembly, 

chromosome: 1 

OZ046360.2 48 1e-55 91.62 FaSt <1..>166 

Intergenic 167.. >343 

SCoT2-FaSt-R, Prunus cerasus cultivar ‘Feketicsi meggy’ 

PQ869784 

Pcer_FM_2_462 

462 P. armeniaca genome assembly, 

chromosome: 2 

OZ046361.2 100 0.0 96.98 Intergenic <1..263 

FaSt <264..>462 

SCoT3-FaSt-R, Prunus dulcis cultivar ‘Tuono’ 

PQ869785 

Pdul_TU_3_544 

544 P. dulcis inositol 2-

dehydrogenase/D-chiro-inositol 3-

dehydrogenase (LOC117628739) 

XM_034361251.1 48 4e-

132 

100 5’ UTR <1..444 

FaSt <1..211 

exon 445..>544 

SCoT3-FaSt-R, Prunus avium cultivar ‘Canada giant’ 

PQ869786 

Pav_CG_3_910 

910 P. armeniaca genome assembly, 

chromosome: 8 

OZ046367.2 56 6e-

153 

94.93 FaSt <1..193 

Intergenic 194.. >910 

SCoT4-FaSt-R, Prunus dulcis cultivar ‘Tétényi keményhéjú’ 

PQ869787 

Pdul_TK_4_761 

761 Prunus persica uncharacterized 

LOC18771123 (LOC18771123), 

transcript variant X2, mRNA 

OZ022203.1 48 2e-

157 

94.57 5’ UTR <1..210 

exon 211..>368 

intron 369.. >761 

FaSt 550.. .>761 

 

https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2743737643
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2743737643
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2743749873
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2743749873
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2743788792
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2743788792
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SCoT4-FaSt-R, Prunus cerasus cultivar ‘Kántorjánosi 3’ 

PQ869788 

Pcer_KJ_4_662 

662 P. avium peroxidase N1-like 

(LOC110751195), mRNA 

XM_021951630.1 77 0.0 94.45 exon <1..>343 

intron 344.. >662 

SCoT4-FaSt-R, Prunus cerasus cultivar ‘Kántorjánosi 3’ 

PQ869789 

Pcer_KJ_4_965 

965 Similar to At1g77260 Probable 

methyltransferase PMT10 

(Arabidopsis thaliana OX=3702) 

Pcer_083304-RA 100 0.0 99.00 exon <1..555 

3’ UTR 556..>965 

SCoT4-FaSt-R, Prunus cerasus cultivar ‘Kántorjánosi 3’ 

PQ869790 

Pcer_KJ_4_1000 

1,000 P. avium BTB/POZ domain-

containing protein At4g08455-like 

(LOC110766395), mRNA 

XM_021969719.1 13 6e-59 100.00 FaSt <1..201 

exon <871..>1000 

intron <1.. >870 

SCoT4-FaSt-R, Prunus cerasus cultivar ‘Feketicsi meggy’ 

PQ869791 

Pcer_FM_4_1056 

1,056 P. dulcis U1 spliceosomal RNA 

(LOC117616929), ncRNA 

XR_004584266.1 15 8e-68 96.91 intergenic <1..137 

snRNA 138..299 

intergenic 300..>1056 

FaSt <862..>1056 

SCoT4-FaSt-R, Prunus cerasus cultivar ‘Feketicsi meggy’ 

PQ869792 

Pcer_FM_4_496 

496 P. avium pectinesterase 

(LOC110749177), mRNA 

XM_021949211.1 23 3e-49 100.00 FaSt <1..202 

exon <384..>496 

intron <1..383 

https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1220042978
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1220042978
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1841603886
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1841603886
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1220038383
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1220038383
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SCoT4-FaSt-R, Prunus domestica cultivar ‘Elena’ 

PQ869793 

Pdom_EL_4_433 

433 P. armeniaca genome assembly, 

chromosome: 8 

OZ046367.2 100 0.0 96.31 Intergenic <1..>220 

FaSt <221..>433 

SCoT4-FaSt-R, Prunus domestica cultivar ‘Elena’ 

PQ869794 

Pdom_EL_4_766 

766 P. mume 7-deoxyloganetin 

glucosyltransferase-like 

(LOC103319662), mRNA 

XM_008221234.2 100 0.0 98.56 exon <1..711 

3’ UTR 712..>766 

SCoT16-FaSt-R, Prunus persica cultivar ‘Collins’ 

PQ869795 

Pper_CO_16_454 

454 P. armeniaca genome assembly, 

chromosome: 2 

OZ046361.2 

 

99 1e-87 92.44 intergenic <1..249 

FaSt 250..>454 

SCoT19-FaSt-R, Prunus armeniaca cultivar ‘Goldrich’ 

PQ869796 

Parm_GR_19_251 

251 P. armeniaca genome assembly, 

chromosome: 4 

OZ046363.2 100 2e-

107 

95.62 intergenic <1..43 

FaSt 44..>251 

SCoT21-FaSt-R, Prunus domestica cultivar ‘Toptaste’ 

PQ869810 

Pdom_TT_21_269 

269 P. persica WUSCHEL-related 

homeobox 9 (LOC18778807), 

transcript variant X2, mRNA 

XM_020562726.1 48 5e-54 97.69 exon <1..>128 

intron 129..>269 

https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2743788792
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2743788792
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1027095651
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1027095651
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1027095651
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2743749873
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2743749873
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2743764143
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2743764143


 

 

Accession Nu. Size 

bp 

BLAST homolog Accession Nu. of 

BLAST hit 

Coverage 

% 

E 

value 

Identity 

% 

Regions (bp) 

SCoT22-FaSt-R, Prunus dulcis cultivar ‘Tétényi keményhéjú’ 

PQ869797 

Pdul_TK_22_1866 

1,866 P. dulcis genome assembly, 

chromosome: 3 

OZ022199.1 100 0.0 95.17 FaSt <1..211 

intergenic 212.. >1866 

SCoT22-FaSt-R, Prunus dulcis cultivar ‘Tétényi keményhéjú’ 

PQ869798 

Pdul_TK_22_497 

497 P. dulcis genome assembly, 

chromosome: 3 

OZ022199.1 100 9e-

139 

98.60 intergenic <1..211 

FaSt 287..>497 

SCoT22-FaSt-R, Prunus dulcis cultivar ‘Tétényi keményhéjú’ 

PQ869799 

Pdul_TK_22_901 

901 P. dulcis DEAD-box ATP-dependent 

RNA helicase 52C-like 

(LOC117633584), mRNA 

XM_034367242.1 37 3e-

171 

100.00 Intron <1..>569 

FaSt <1..>189 

exon <570..>901 

SCoT22-FaSt-R, Prunus dulcis cultivar ‘Tétényi keményhéjú’ 

PQ869800 

Pdul_TK_22_263 

263 P. dulcis genome assembly, 

chromosome: 1 

OZ022197.1 100 6e-

133 

100.00 FaSt <1..>178 

intergenic 179.. >263 

SCoT22-FaSt-R, Prunus persica cultivar ‘Collins’ 

PQ869801 

Pper_CO_22_644 

644 P. dulcis genome assembly, 

chromosome: 1 

OZ022197.1 100 0.0 95.49 intergenic <1..432 

FaSt 433..>644 

 

 

https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2699132183
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2699132183
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2699132183
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2699132183
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2699132181
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2699132181
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2699132181
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2699132181
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SCoT22-FaSt-R, Prunus domestica cultivar ‘Nemtudom P3’ 

PQ869802 

Pdom_NT_22_873 

873 P. dulcis ethylene-responsive 

transcription factor ERF053-like 

(LOC117623168), mRNA 

XM_034354046.1 100 0.0 97.48 exon <1..390 

3’ UTR 391..>873 

FaSt <815..>873 

SCoT22-FaSt-R, Prunus domestica cultivar ‘Nemtudom P3’ 

PQ869803 

Pdom_NT_22_334 

334 P. dulcis glycosyltransferase BC10-

like (LOC117629155), mRNA 

XM_034361660.1 17 7e-14 94.83 intron <1..277 

278.. >334 

FaSt <1..221 

SCoT32-FaSt-R, Prunus domestica cultivar ‘Toptaste’ 

PQ869804 

Pdom_TT_32_418 

418 P. armeniaca genome assembly, 

chromosome: 1 

OZ046360.2 100 2e-95 97.64 FaSt <1..212 

intergenic 213.. >418 

SCoT32-FaSt-R, Prunus domestica cultivar ‘Haroma’ 

PQ869805 

Pdom_HR_32_551 

551 P. armeniaca genome assembly, 

chromosome: 3 

OZ046362.2 100 3e-

178 

88.27 FaSt <1..204 

intergenic 205.. >551 

SCoT32-FaSt-R, Prunus domestica cultivar ‘Haroma’ 

PQ869806 

Pdom_HR_32_1224 

1,224 P. mume beta-D-glucosyl crocetin 

beta-1,6-glucosyltransferase-like 

(LOC103331154), mRNA 

 
XM_008233760.

1 
 

100 0.0 97.14 exon <1..1098 

3' UTR 1099..>1224 

FaSt 1154..>1224 

SCoT33-FaSt-R, Prunus dulcis cultivar ‘Tuono’ 

https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1841633246
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1841633246
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2743737643
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2743737643
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2743757392
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2743757392
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PQ869807 

Pdul_TU_33_590 

590 P. dulcis genome assembly, 

chromosome: 5 

OZ022201.1 100 0.0 99.74 Intergenic <1..377 

FaSt 378..>590 

SCoT33-FaSt-R, Prunus dulcis cultivar ‘Tuono’ 

PQ869808 

Pdul_TU_33_342 

342 P. dulcis genome assembly, 

chromosome: 6 

OZ022202.1 50 9e-23 94.81 FaSt <1..>75 

Intergenic 76..>342 

SCoT33-FaSt-R, Prunus domestica cultivar ‘Haroma’ 

PQ869809 

Pdom_HR_33_1460 

1,460 P. dulcis leaf rust 10 disease-

resistance locus receptor-like 

protein kinase-like 1.2 

(LOC117613970), transcript variant 

X1, mRNA 

XM_034342614.1 44 0.0 96.11 intron <1..338 

exon 339..977 

intron 978.. >1460 

FaSt <1243..>1460 

https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2699132186
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2699132186
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2699132187
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2699132187


134 

Appendix A6. Declaration of Students and Doctoral Candidates on the Use of Artificial 

Intelligence (AI)” 
 

1. general information: 

Name of the student: Beti Ivanovska 

Neptun ID: AM4U5W 

Level of program (mark with X): ☐ BSc/BA ☐ MSc/MA ☒ Doctoral School (PhD) ☐ Other: 

……………………… 

Title of the work: Molecular characterization of the Prunus Falling Stones transposon and 

its application in marker development 

 

2. Declaration on the Use of AI 

I, the undersigned, fully aware of my ethical responsibility, make the following declaration: 

(Please choose one of the options below!) 

☐ A) I have not used any artificial intelligence system or service. (If you selected this option, 

completing the subsequent tables is not required.) 

☒ B) I have used an artificial intelligence system or service. (Please fill in the relevant tables!) 

 

3. Details of Artificial Intelligence Usage
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TABLE I: Assistant or Minor Usage (e.g., translation, language proofreading, 

brainstorming, etc.) 

(For these uses, attaching the specific prompts and responses is not required.) 

Purpose of Use Name and Version of the AI 

Tool Used 

Affected Section (if not 

applicable to the entire text) 

Language proofreading Microsoft Copilot (GPT-4, 

OpenAI) 

 

Extraction and clarification of 

abbreviations and technical 

terms 

ChatGPT (GPT-5, OpenAI) Methods, Results, and 

Abbreviations sections 

Formatting and summarization 

of supporting material 

ChatGPT (GPT-5, OpenAI) Appendices and 

supplementary notes 

Language editing, style 

refinement, and figure caption 

integration (merging and 

rephrasing of existing text) 

ChatGPT (GPT-5, OpenAI) Figure captions and related 

descriptions in Results section 

Language refinement and 

minor stylistic proofreading 

ChatGPT (GPT-5, OpenAI) Results and Discussion  

 

5. Declaration Applicable to All Students: 

I declare that I have critically reviewed, edited, and incorporated any content potentially 

generated by AI in all cases. I take full responsibility for every element of the submitted work, 

including its originality and scientific validity. I acknowledge that the Hungarian University of 

Agriculture and Life Sciences may check the submitted work with an artificial intelligence 

detector and may initiate proceedings if my declaration is found to be false or incomplete. 

Place and Date:   Budapest,  2026. April 20 

                    
.................................................................  ................................................................. 

Signature of the Student    Signature of the Advisor/Supervisor 
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