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Abstract

Objective

Gall oak (Quercus infectoria), is one of the extraordinary tree species and a valuable medicinal
plant for its products, including galls and tannins. It is one of the most important species of the
Quercus genus, which has been recognized and utilized as a medicinal plant since ancient times.
Despite the importance of this species, limited basic genetic information has hindered research
on this species. EST-SSR molecular markers, due to their high number of polymorphic loci, can
provide specific genetic information. In this study, EST-SSR markers were identified in the Q.
infectoria transcriptome generated through de novo assembly of RNA-Seq reads.
Materials and methods

The RNA sequencing technique was used for de novo transcriptome assembly and sequencing
was performed by Illumina HiSeq 2500 platform. De-novo assembly was performed for high-
quality reads using CLC Genomics Workbench (v7.5.0) software. For identification of
microsatellite markers, MISA (Microsatellite searching Tool) was used. In this study, the
microsatellites from mono-nucleotide to hexa-nucleotide were detected. To functionally group
genes, GO analysis was performed. Also, mappingagainstthe Plant Reactomepathway databases
was performed to the identification of biological pathways associated with EST-SSR-containing
unigenes.

Results

From 96,225 transcripts in the Q. infectoria transcriptome, 20,505 EST-SSR markers were
identified across 13,368 unigenes, with 4,355 unigenes containing more than one marker locus.
Among all types of repeats, mononucleotide repeats (11394, 55.57%) were the most abundant,
followed by dinucleotide and three- nucleotide repeats with 23.92 and 18.82%, respectively. The
highest percentage of mono-nucleotide motifs was A/T type, the highest percentage of di-
nucleotide motifs was AG/CT type (68.46%), and the highest percentage of 3, 4, and 5 nucleotide
motifs were AAG/CTT, AAAT/ATTT, and AAAAG/CTTTT type, respectively. Identification of
biologically active pathways associated with SSR-containing unigenes was carried out using a
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plant database. Most unigenes were linked in signal transduction, protein metabolism, cell cycle,

and gene expression (transcription) pathways. Analysis of the enriched pathways with SSR -

containing unigenes also showed that the highest abundance was related to the membrane,

nuclear, and metabolic pathways of compounds containing nucleobases.

Conclusions

This study provides valuable set of EST-SSRs for Q. infectoria and can provide the way for

further functional and comparative genomic research on this species.
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Introduction
Gall oak (Quercus infectoria), is one of the extraordinary tree species and a valuable

medicinal plant for its products, including galls and tannins. Q. infectoria is widely distributed in
severalregions ofthe Middle Eastand Mediterranean areas and plays animportant ecological and
medicinal role.It is one of the most important species of the Quercus genus, which has been
recognized and utilized as a medicinal plant since ancient times. The galls produced on this
species are rich in tannins and other bioactive compounds that have long been used in traditional
medicine, pharmaceutical preparations,and industrial applications. Despite the importance of this
species, limited basic genetic information (genomic and transcriptomic resources) for this species
remain limited compared with other model plants. The development of molecular markersderived
from expressed sequences can therefore provide an effective tool for understanding the genetic
structure and functional diversity of plant species. EST-SSR markers, which originate from
expressed regions of the genome, are particularly valuable because they are often associated with
genes that participate in biological processes and metabolic pathways. These markers are also
known for their relatively high transferability among related species and their usefulness in
comparative genomic studies. Totally, EST-SSR molecular markers, due to their high number of
polymorphic loci, can provide specific genetic information. Hence, in this study, EST-SSR
markers were identified in the Q. infectoria transcriptome generated through de novo assembly
of RNA-Seq reads. Therefore, identifying and characterizing EST-SSR loci in the transcriptome
of Q. infectoria can contribute to the development of genetic resources that support future research
on diversity, evolution, and functional genomics in this medicinal oak species.
Materials and methods

RNA sequencing (RNA-Seq) technology was employed to generate transcriptomic data for
Quercus infectoria and to facilitate de novo transcriptome assembly. Sequencing was carried out
using the Illumina HiSeq 2500 platform, which provides high-throughput sequencing capacity

24




Joudaki et al., 2026

and reliable read quality for transcriptome analysis. Raw reads obtained from sequencing were
subjected to quality control procedures to remove low-quality sequences and potential
contaminants. The resulting high-quality reads were then used for de novo assembly using CLC
Genomics Workbench (v7.5.0). This assembly approach enabled the reconstruction of transcript
sequences without relying on previously available genomic information, which is particularly
important for non-model plant species with limited genomic resources. Following transcriptome
assembly, the assembled sequences were used as the input dataset for the identification of simple
sequence repeats (SSRs). Microsatellite loci were detected using the MISA (Microsatellite
Identification Tool) software, which allows systematic scanning of nucleotide sequences for
tandem repeat motifs. In this study, SSRs with motif lengths ranging from mono -nucleotide to
hexa-nucleotide repeats were identified across the assembled transcripts. The detection of these
repeat motifs provided a valuable set of EST-SSR markers derived from expressed regions of the
genome. To further investigate the functional relevance of the identified SSR-containing
sequences, functional annotation and classification analyses were performed. Gene Ontology
(GO) analysis was conducted to categorize the unigenes according to their associated biological
processes, molecular functions, and cellular components. In addition, pathway mapping was
performed using the Plant Reactome database to identify metabolic and regulatory pathways
associated with the EST-SSR-containing unigenes. This integrated analytical workflow enabled
the identification of potential molecular markers while also providing insights into the biological
roles of the genes represented in the transcriptome of Q. infectoria.
Results

From 96,225 transcripts in the Q. infectoria transcriptome, 20,505 EST-SSR markers were
identified across 13,368 unigenes, with 4,355 unigenes containing more than one marker locus.
Among all types of repeats, mononucleotide repeats (11394, 55.57%) were the most abundant,
followed by dinucleotide and three- nucleotide repeats with 23.92 and 18.82%, respectively. The
highest percentage of mono-nucleotide motifs was A/T type, the highest percentage of di-
nucleotide motifs was AG/CT type (68.46%), and the highest percentage of 3, 4, and 5 nucleotide
motifs were AAG/CTT, AAAT/ATTT, and AAAAG/CTTTT type, respectively. Identification of
biologically active pathways associated with SSR-containing unigenes was carried out using a
plant database. Most unigenes were linked in signal transduction, protein metabolism, cell cycle,
and gene expression (transcription) pathways. Analysis of the enriched pathways with SSR -
containing unigenes also showed that the highest abundance was related to the membrane,
nuclear, and metabolic pathways of compounds containing nucleobases. The distribution pattem
of SSR motifs in the transcriptome revealed that short repeat units were the most frequent, which
is consistent with the SSR profiles reported for many other plant species. The predominance of
A/T-rich motifs indicates thatthese sequencesare highly represented withinthe expressed regions
of the genome. In addition, the presence of dinucleotide and trinucleotide motifs within coding
sequences may contribute to the development of informative genetic markers that can be used in
population genetic studies and molecular breeding programs. The identification of thousands of
SSR loci across a large number of unigenes highlights the richness of the transcriptomic dataset
generated in this study. Functional annotation results indicated that a considerable proportion of
the SSR-containing unigenes were involved in fundamental cellular activities. Many of these
genes were associated with transcriptional regulation, protein synthesis, signal transduction
pathways, andcell cyclecontrol. These processes play central roles in plant growth, development,
and responses to environmental stimuli. The pathway enrichment analysis further revealed that
several SSR-associated genes participate in metabolic processes related to nucleobase-containing
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compounds, cellular membranes, and nuclear functions. Such findings suggest that microsatellite
loci are frequently located in genes that contribute to essential biological functions, highlighting
their potential relevance for functional genomics studies.
Conclusions

This study provides valuable set of EST-SSRs for Q. infectoria and can provide the way for
further functional and comparative genomic research on this species. The identification and
characterization of a large number of EST-SSR markers from the Q. infectoria transcriptome
significantly expands the available molecular resources for this medicinal oak species. The
EST-SSR markers developed in this study can therefore serve as valuable tools for a wide range
of applications, including genetic diversity analysis, population structure studies, germplasm
characterization, and comparative genomic research within the genus Quercus. Overall, the
dataset generated in this study provides an important foundation for future research aimed at
understanding the molecular basis of biologically important traits in Q. infectoria. Consequently,
the EST-SSR resource reported here represents a useful genomic platform that can support both
fundamental and applied studies in plant biotechnology, conservation genetics, and molecular
breeding of Quercus species.
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Table 1. Assembly structure and the evaluation metrics of transcriptome assembly quality

Value (3, Parameters sl ,b
96225 Number of transcript in the assembly gus po pw )3 35290 oCubgg, dlass
92491328 Number of bases included in the assembly  _Lowl slajl slus
200 Shortest transcript  (bp) Cubggy oy 5olsS
24056 Largest transcript (bp) cubggy cpiS,3
961.17672 Mean length of the transcript (nt) nt gy, Job wSke
34455 transcript >1000 (bp) Ve++ b jl s cubgs, sl
5 transcript transcript >10000 (bp) Verreb o cudgg) sl
14651 Number of transcript that had an open reading  (orf) jb Lulss CB sl)b cubgs, dlaw
frame
490 N9O
1197 N50
1655 N30
2674 N10
45.636 GC% GC g oy
BLAST s Gt o 53U
BLAST Top-Hits
0 3000 6,000 9,000 12,000 15000 18,000
Quercus robur |
Quercus lobata |
Carpinus fangiana |
Quercus suber |
Quercus rubra
Caslanea mollissima 7|
Adiantum nelumboides
Pergea americana |

Corymbia citriodora subsp. var... |
Hordeum vulgare subsp. vigare
Cichorium endivia |

Lupinus albus

Salix suchowensis |
Cymbomonas tetramitiformis
"J‘ .m Zea mays 1
3 g Rhynchospora breviuscula
Klebsormidium itens

Carya illinoinensis |

Tanacetum cinerariifolium
Anisodus tanguticus |

Selaginella moellendorffii |

Vitis vinifera

Chara braunil

Ceratopteris richardii 7

Ceratodon purpureus |
Physcomitrium patens
Diphasiastrum complanatum |
Triticumn aestivum |

Lotus japonicus |

Juglans regia 7

sl Lo )3 g po ey X Cadls 53 0l Al Calwd op iy b (LA Rajo Y S

Nr gy
Figure 1. The results of species distribution by BLAST Top-hit based on BLASTX against
the Nr-database
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Figure 3. Gene Ontology (GO) functional classification. Unigenes were classified in three

major classes as biological process (BP), molecular functions (MF), and cellular component
(CO)
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O S5l i o5 S FY00 ¢ B3e EST-SSR S ks (g5l (05 S A0 W) oy SVIFY slaws oyl 5 Lads 0 Jolis
odm iz ol (S YAPA Slaas EST-SSR (ggls o plulid slagyj g JS ggeome 51z Ll ]y Sl
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ol &) prie o bl (alS e glacdl S EST-SSR (o5l cowsey sl pyin S bl osiesdy obS
(Sun etal., 2023) 554 SSR & 5l L (ool o559 YOFY sl jo a5 as o5 5e VIFY ;5 SSR Silis WMV
1S3l AV (gl (5 AT sl 4 peie ™ 1pio olS )3 RNA-Seq (108 5l oalial b psis S 5 o)
(Wangetal.,2019) 555 @l 1, oS 5 slachige cudgs, SOV 5 xil SSR &l w5 sa (AIVF) V-FF &S
& 15 ololid o0 jWge Cubigigy A5 ;5 SSRVFY-Y ggemo 0 O.pubescens 65 oSy pgiu Sy 56T
33 ol 0dB 03 LS ¥ Jads 43 il slacasee Jlglys (Torre etal., 2014) wsg oS 5 SSR YYES wlias ol
(1op> BAAY NTAY) wols polaidl 35 4 ba)Slis (g )3 |y Slold eyt gl 5 (990) SO slaciuine <o
Torre adlllas ;5 .3355 (Jlgl# (yider (Shls dop> WAY o YWAY b i casisilS's aw g 93 slocdige ol 5l e g
SIS g 93 achise cly Sl e (i 5 5 UY Glachdse oy p 9 Q-pubescens sy » (2014) etal.
55l ¥ slacisee (sl5ilS s £ B Y lacasse o ) 3o LsiSe oL > (Torre etal., 2014) (asys FA/Y) 54
sy & Q. kerrii 4 Q. austrocochinchinensis &4 93 ,> (Wangetal., 2019) (a+/A) scusls |y Slglys o i
Vb Sl saislS 5 ¥ slachdse siistlS s (S5 sl Silis Bl jlaes oS w5 slulis SSR syl \WFF 5 \YVEY
\e£A Q. mongolica 4 Q. liaotungensis bsly $55 ¢35 ;5 poin Swiy wyp yd.(Anetal, 2016) Ll ol )
Saws oy o dalllae cpl j0 aSUS Slolis 65 90 o yf o 5l S 5 abuls” Gy Jlg)YFF 5 SSR Sl
odlitl b 35 ™ g)lizgd, olS g9y o SSR aallas.(Sun etal., 2019) 59 (casilS s ¥ (clacisse 4 by ye b SLis
Syl ol 2 &S Bas oluld a5l e £ b gl e G cla Slis ¢ ab pbsl RNA-Seq (g)ql08 !
WV ol dallas p> (Zhou & Zhu, 2020) wols olais] sgs 4 1y b, Slis Slelp e opyiie sa59ilS ggige
2 5 (20)3 PNYE) AG/CT g5 jl sagiglS 5 (05 slachdse il 9 AVT g9 5l il s S5 lachiise a0)
s AAAT/ATTT AAG/CTT ¢4 5l sy & j ciigilSy 0 oY slacisge oy 39 CG/CG g9 ;1 Ll
alie s 30 O.kerrii s Q.austrocochinchinensis 45 g3 g4y aallas )5 (¥ JS3) 856 AAAAG/CTTTT
(Anetal., 2016) 5 CG/CG yAG/CT g4 ;| ey a bl cpyypb g caieilSs ¥ clacise b g A5 odod
AGICT (slaciipe 5 x5l 1Sl plo & Comd i S ccsiigflfy ¥ il 5 "ol ol 5
»{Liuetal.,, 2018) L>g osss ololis ca5e2lS s ¥ o ¥V ¥ slaciise ¢ opizl) AAAT/ATTT 4 AAT/ATT
Sunetal,) sy AAAT/ATTT 4 AAG/CTT AG/CT A/T g4 jl lacisge pyoleld 50 ™ usisesty olS
55 gyl 9 b UTR (5 00858y blio 5 dskad i sb 4 b SSR S amd o olid ), anls (2023
25) it oo 31 55 3,5kt ool s 1y I 4 ke 15 o (g 01538 ol 5 1 SSR. b g o
M oy alisee LS 69y i lallas & ax g5 L (Ll etal., 2004) 595 pae MRNA wJg L (Gg)la o

o 0ad 48)S 0db G5 g0 SYlST oy Slalllas Sl (B2 53 D TG V5 ¥ slachiige 4 bgye b Sl

28 Magnolia wufengensis
29 Rhododendron molle
30 Camellia sinensis

31 Rhodomyrtus tomentosa
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Table 1. Distribution of different repeat/motifs of EST-SSR markers in the transcriptome of
Q.infectoria

Repeats  Mono- Di- Tri- Tetra- Penta- Hexa-
Slass S 93 Aw Sk ) pge-ave };tal _\:A’:
A Sy sy suilSy asplSy saiglSy sasglsy O S ’
5 - - 223 10 3 3 2205 10.75
6 - 220 122 2 2 1 2176 10.61
7 - 130 84 1298 6.33
8 - 77 38 954 4.65
9 - 72 33 1 1 656 3.20
10 2666 33 14 1 3137 15.30
11 1645 29 7 2008 9.79
12 1163 15 2 1436 7.00
13 928 16 1143 5.57
14 930 8 2 1107 5.40
15 856 10 1007 491
16 729 7 1 827 4.03
17 620 5 687 3.35
18 435 6 1 482 2.35
19 312 1 346 1.69
20 245 3 263 1.28
21 198 216 1.05
21> 667 4274 3335 176 55 88 557 2.72
Total 11394 4905 3862 190 62 92 20505
% 55.57 23.92 18.83 0.93 0.30 0.45 100.00
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Figure 4. Frequency distribution of microsatellites marker motifs in Q. infectoria based on
motif sequence type
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Figure 5. Distribution of EST-SSR containing unigenes in different biosynthetic pathways
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