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Abstract

Through analysis of male and female transcriptome characteristics and develop-
ment of SSR markers in Choerospondias axillaris, this study provides theoreti-
cal support and scientific basis for its genetic evaluation and molecular-assisted
breeding for sex. This paper mainly analyzes differential expression between
male and female transcriptomes of Choerospondias axillaris, distribution and
sequence characteristics of SSR loci, conducts SSR loci mining, and performs
development and validation of SSR primers. The results showed: (1) Transcrip-
tome sequencing of Choerospondias axillaris yielded a total of 40,341 unigenes,
with total length, N50, average length, and GC content of 52,806,369 bp, 2,409
bp, 1,309 bp, and 38.75%, respectively. A total of 1,949 differentially expressed
genes between male and female were screened, among which 1,052 genes were
significantly up-regulated and 897 genes were down-regulated in male plants
compared to female plants. (2) A total of 5,251 SSR loci were detected across
all unigenes, with 619 unigene sequences containing two or more loci, the SSR
occurrence frequency was 11.18%, and the average distribution distance was
10.06 kb. Among all SSR loci, dinucleotide repeats accounted for the highest
proportion (46.95%), followed by trinucleotide repeats (34.27%). (3) Through
screening and validation, a total of 20 pairs of SSR polymorphic primers were
obtained, which detected 80 alleles across 85 germplasm resources, with an av-
erage polymorphic information content (PIC) of 0.56. In conclusion, the leaf
transcriptome sequencing of Choerospondias axillaris achieved high quality with
good assembly results. The 20 pairs of polymorphic primers provide a reference
for future genetic evaluation, sex-assisted breeding, and fingerprint map con-
struction.
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Abstract: This study analyzed the transcriptome characteristics and devel-
oped SSR markers for Choerospondias azillaris to provide theoretical support
and a scientific basis for genetic evaluation and sex-assisted molecular breeding.
We analyzed differential expression between male and female transcriptomes,
examined the distribution and sequence characteristics of SSR loci, and con-
ducted SSR mining, primer development, and validation. The results showed:
(1) Transcriptome sequencing yielded 40,341 Unigenes with a total length of
52,806,369 bp, N50 length of 2,409 bp, average length of 1,309 bp, and GC con-
tent of 38.75%. A total of 1,949 differentially expressed genes were identified be-
tween sexes, with 1,052 genes significantly upregulated and 897 downregulated
in males compared to females. (2) Among all Unigenes, 5,251 SSR loci were
detected, with 619 Unigenes containing two or more loci. The SSR occurrence
frequency was 11.18%, with an average distribution distance of 10.06 kb. Dinu-
cleotide repeats were most abundant (46.95%), followed by trinucleotide repeats
(34.27%). (3) After screening and validation, 20 polymorphic SSR primer pairs
were obtained, detecting 80 alleles across 85 samples with an average polymor-
phism information content (PIC) of 0.56. In summary, the leaf transcriptome
sequencing of C. axillaris demonstrated high quality and good assembly per-
formance. These 20 polymorphic primers provide valuable resources for future
genetic evaluation, sex-assisted breeding, and fingerprinting studies.

Keywords: Choerospondias axillaris, primer development, transcriptome, SSR,
locus characteristics

Choerospondias axillaris (Roxb.) B.L. Burtt & A.W. Hill belongs to the fam-
ily Anacardiaceae and is a traditional medicinal plant in Mongolian medicine.
Its bark is used for tannin extraction, while its fruits are edible and medicinal,
and the wood has high economic value. Widely distributed across southern
China, C. azillaris is an important fast-growing timber species with significant
economic, ecological, and social benefits. As a dioecious species endemic to
East Asia, it constitutes an important component of subtropical and tropical
deciduous broad-leaved forests. Paleogeographic studies suggest that the genus
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Choerospondias likely originated in early Eocene Europe and dispersed along
the warm and humid Tethys Ocean to Asia, with the current East Asian dis-
tribution pattern possibly established before the late Miocene. Fossil records
from the Oligocene onward indicate high adaptability, with Miocene fossils from
Fujian showing greater morphological diversity than modern descendants. The
genus shares similar distribution patterns with Rhus in Anacardiaceae, which
originated in early Eocene western North America and became disjunctly dis-
tributed across Asia and North America during the middle Eocene. The unique
topography and climate of eastern Asia may have served as refugia for both gen-
era, with C. azillaris persisting in southern China long after its disappearance
from Europe.

Despite its strong adaptability to varying temperature and precipitation regimes,
C. axillaris exhibits substantial phenotypic variation in growth characteristics,
nutritional components, stress resistance, and phenology across different re-
gions. As a dioecious species with long-term outcrossing, it maintains highly
heterozygous genotypes. However, the lack of reference genomes from congeneric
species and limited molecular markers have constrained genetic evaluation and
molecular-assisted breeding efforts, hindering analysis of its evolutionary poten-
tial and future development prospects.

Genetic diversity is a crucial indicator of a species’ evolutionary potential and
adaptive capacity, providing a theoretical foundation for utilization and devel-
opment. Molecular marker-based genetic diversity analysis not only informs
germplasm collection, preservation, evaluation, and utilization but also estab-
lishes a basis for advanced genetic research. Previous studies have optimized
ISSR-PCR systems, conducted preliminary SSR marker exploration, and per-
formed transcriptome sequencing of leaves and fruits, while the complete chloro-
plast genome has also been sequenced. Nevertheless, sequence data remain un-
available in public databases, and molecular marker information has not been
explicitly reported, limiting molecular-level genetic diversity studies.

Microsatellite markers (SSR) are among the most widely used molecular mark-
ers due to their high mutation rates, polymorphism, stability, reproducibility,
and broad distribution across genomes. They are extensively applied in genetic
evaluation, cultivar identification, genetic map construction, QTL mapping, and
conservation of endangered species. SSR loci typically provide higher polymor-
phism than other markers, better reflecting genetic differentiation within and
among populations and offering more accurate evolutionary information. For
non-model species without reference genomes, transcriptome-based marker de-
velopment is considered the most effective approach. This study utilized tran-
scriptome data from male and female leaves of C. azillaris to analyze sex-biased
expression, characterize SSR, distribution patterns, and develop validated SSR
markers to establish a foundation for genetic diversity assessment, sex marker
development, and fingerprinting.
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1.1 Experimental Materials

Transcriptome sequencing materials were collected from the C. axillaris
germplasm resource nursery at Jiangxi Agricultural University. Fresh leaves
were sampled from six 10-year-old clones (three females: Female-1, Female-2,
Female-3; three males: Male-1, Male-2, Male-3), immediately frozen in liquid
nitrogen, and stored on dry ice for transcriptome sequencing. For primer
screening, one sample each was collected from eight geographically distant
populations: Chongyi, Jiangxi (JXCY); Jiangkou, Guizhou (GZJK); Sangzhi,
Hunan (HNSZ); Mangshi, Yunnan (YNMS); Pingnan, Guangxi (GXPN); Chibi,
Hubei (HBCB); Qimen, Anhui (AHQM); and Shapingba, Chongging (CQSPB).
For polymorphism validation, 85 samples were obtained from nine populations
across three provinces (Table 1 ). Healthy, disease-free young leaves from all
samples were rapidly dried with silica gel and stored for DNA extraction.

1.2 Experimental Methods

1.2.1 Transcriptome Assembly and Analysis Raw data from high-
throughput sequencing were filtered to obtain high-quality clean data. Trinity
software (Grabherr et al., 2011) was used for de novo transcriptome assembly,
generating transcript sequences and Unigene information. Clean reads from
each sample were mapped to the assembled Unigenes to obtain read counts,
which were then converted to FPKM (Fragments Per Kilobase Million) values
to quantify gene expression levels.

1.2.2 SSR Locus Mining and Primer Design MISA software
(http://pgre.ipk-gatersleben.de/misa/misa.html) was wused to search for
SSR loci in the assembled Unigenes, with repeat parameters set to 10, 6,
5, 5, 5, and 5 for mono- to hexanucleotide repeats, respectively (Pan et al.,
2019). SSR distribution characteristics and repeat types were statistically
analyzed. Primer3.0 (Rozen & Skaletsky, 2000) was employed for batch primer
design with the following parameters: annealing temperature 50-60°C, GC
content 40-60%, primer length 18-27 bp, and product length 100-300 bp. One
hundred primer pairs targeting differentially expressed genes between sexes
were synthesized by Wuhan Tsingke Biotechnology Co., Ltd.

1.2.3 Genomic DNA Extraction and Quality Assessment Genomic
DNA was extracted using the CTAB method. DNA concentration and quality
were assessed using a UV spectrophotometer and 1% agarose gel electrophoresis.
Samples with clear bands, high purity, and good integrity were diluted to 50
ng - pL~! and stored at -20°C for subsequent experiments.

1.2.4 Primer Screening and PCR Amplification Initial screening was
performed using 1.5% agarose gel electrophoresis with two randomly selected
samples. Primers producing clear, stable bands within the expected size range
were considered qualified. The PCR reaction system contained 12.5 L 2xTaq
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PCR Master Mix, 1 L each of forward and reverse primers (10 pmol - L™1),
1 L DNA template, and 9.5 L double-distilled water. Touchdown PCR was
performed as follows: 94°C for 5 min; 10 cycles of 94°C for 30 s, 63°C for 30
s, and 72°C for 45 s; 20 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 45
s; final extension at 72°C for 7 min; hold at 4°C (Sun, 2017). For secondary
screening, eight samples from distant populations were analyzed via capillary
electrophoresis to select primers with strong peak signals and no background
peaks.

For polymorphism validation using 85 samples from nine populations, a three-
primer system was employed for capillary electrophoresis: a forward primer
with an M13 tail (5 -TGTAAAACGACGGCCAGT-3 ), a reverse primer, and a
fluorescently labeled M13 tail primer (HEX, MRA, FAM, or ROX). Two-step
PCR was conducted: Step 1 used a 10 pL reaction containing 5 L 2xTaq
PCR Master Mix, 0.1 pL each of M13-tailed forward and reverse primers (10
nmol - L71), 1 L DNA template, and 3.8 L double-distilled water, with cycling
conditions of 95°C for 5 min; 20 cycles of 95°C for 30 s, 60°C for 30 s, and
72°C for 30 s; final extension at 72°C for 10 min. Step 2 used a 20 pL reaction
containing 10 L 2xTaq PCR Master Mix, 0.15 pL fluorescently labeled M13
primer (FAM, TAMRA, or ROX), 0.15 pL reverse primer (10 pmol - L™1), 2
L of the Step 1 PCR product, and 7.7 L double-distilled water, with cycling
conditions of 95°C for 5 min; 35 cycles of 95°C for 30 s, 52°C for 30 s, and 72°C
for 30 s; final extension at 72°C for 10 min; hold at 4°C (Sun, 2017).

1.2.5 Capillary Electrophoresis Sequencing A mixture of formamide and
GeneScan-500LIZ internal size standard (100:1 v/v) was prepared, and 10 pL
was added to each well followed by 0.3 pL of PCR product. Samples were
denatured at 95°C for 5 min, cooled at 4°C, centrifuged, and then analyzed
using an ABI 3730xL DNA Analyzer (Applied Biosystems, Foster City, CA,
USA) with two- or three-color multiplexing.

1.3 Data Analysis

SSR. distribution characteristics were analyzed with occurrence frequency calcu-
lated as the ratio of total SSR loci to total Unigene sequences (Huang et al.,
2019). GeneMaker 2.2.0 software (Lukashin & Borodovsky, 1998) was used for
genotyping from raw capillary electrophoresis peak data. GenAlEx 6.5 (Peakall
& Smouse, 2012) calculated genetic parameters including expected heterozygos-
ity (He), observed heterozygosity (Ho), effective allele number (Ne), and allele
number (Na). PowerMarker V3.25 (Liu & Muse, 2005) computed polymorphism
information content (PIC).

2.1 Transcriptome Data Assembly and Analysis

All six samples yielded over 5.4 Gb of clean data, totaling 35.4 Gb with Q20 and
Q30 values exceeding 96.64% and 90.97%, respectively, and GC content around
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42%, indicating high sequencing quality. All raw transcriptome data have been
submitted to NCBI (PRJNA1142239). Female leaf samples (Female-1, Female-
2, Female-3) generated 44,329,038; 41,676,510; and 40,128,104 clean reads, re-
spectively, while male samples (Male-1, Male-2, Male-3) produced 36,771,300;
36,540,830; and 37,214,014 clean reads, totaling 236,659,796 clean reads.

Trinity assembly yielded 40,341 Unigenes with a total length of 52,806,369 bp,
average length of 1,309 bp, and GC content of 38.75%. The N50 statistic com-
prised 7,123 Unigenes with a length of 2,409 bp, while maximum and minimum
lengths were 16,889 bp and 201 bp, respectively. Length distribution analysis
revealed that 15,482 Unigenes (38.38%) were 201-500 bp, 8,371 (20.75%) were
501-1,000 bp, 7,109 (17.62%) were 1,001-2,000 bp, and 9,379 (23.25%) exceeded
2,000 bp.

Mapping statistics showed that 40,341 genes were detected across all six samples,
with female samples mapping to over 72% of total genes and male samples
mapping to approximately 70% (Table 3 ).

2.2 Differential Gene Expression Analysis

Clustering analysis based on log;,(FPKM+1) values was performed to
quantify expression levels. Using a false discovery rate P-value < 0.05 and
[log,FoldChange| > 1 as screening criteria, 1,949 differentially expressed
genes were identified between female and male leaf groups, including 1,052
upregulated and 897 downregulated genes in males relative to females (Figure
1 [Figure 1: see original paper]).

2.3 SSR Quantity and Distribution in the Transcriptome

MISA analysis of 40,341 Unigenes detected 5,251 SSR loci distributed across
4,511 Unigenes, with an SSR occurrence frequency of 13.02% and a frequency
of 11.18%. Among these, 3,892 Unigenes contained a single SSR locus, 619 con-
tained two or more loci, 386 contained compound SSRs, and 18 had overlapping
compound SSRs (Table 4 ).

Excluding mononucleotide repeats, dinucleotide repeats were most abundant
(42.93% of total SSR loci) with an average distribution distance of 23.43 kb, fol-
lowed by trinucleotide (31.06%, 32.38 kb) and tetranucleotide repeats (11.52%,
87.28 kb). Pentanucleotide and hexanucleotide repeats were rare (3.52% and
3.28%, respectively), with average distances of 285.44 kb and 307.01 kb. The
frequency of dinucleotide repeats was highest at 5.59%, followed by trinucleotide
(4.04%), while tetra-, penta-, and hexanucleotide repeats showed lower frequen-
cies of 1.50%, 0.46%, and 0.43%, respectively. Compound and overlapping
compound repeats accounted for 7.35% and 0.34% of loci, with frequencies of
0.96% and 0.04%, respectively.

Total SSR sequence length was 117,134.87 bp, with dinucleotide repeats com-
prising the longest region (41,248.20 bp), followed by trinucleotide (29,472.17
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bp), tetranucleotide (10,545.15 bp), pentanucleotide (3,975.65 bp), and hexanu-
cleotide repeats (4,434.16 bp). The average SSR length was 22.31 bp, with one
SSR locus per 10.06 kb on average (Table 5 ).

2.4 SSR Motif Length and Repeat Characteristics

SSR loci with motif lengths < 20 bp were most common (3,601 loci, 68.58%),
followed by 21-30 bp loci (1,112, 21.18%). Loci > 30 bp represented only 10.24%
of the total. Among 5,251 SSR loci, 412 repeat motif types were identified. Din-
ucleotide repeats comprised 10 types, with AG/CT being dominant (1,309 loci,
24.93%), followed by AT/AT (730, 13.90%). Trinucleotide repeats included 60
types, with AAG/CTT as the major type (556, 10.59%) and AAT/ATT second
(277, 5.28%). Tetranucleotide repeats comprised 95 types, led by AAAT/ATTT
(312, 5.94%) and AAAG/CTTT (103, 1.96%). Pentanucleotide repeats included
99 types, with AAAAT/ATTTT predominant (53, 1.01%). Hexanucleotide re-
peats comprised 148 types, while compound and overlapping compound motifs
included 404 and 18 types, respectively, all with frequencies below 0.5% (Figure
2 [Figure 2: see original paper]).

2.5 SSR Repeat Numbers in the Transcriptome

Excluding compound loci, SSR repeat numbers ranged from 4 to 29 across 2-
6 nucleotide motifs. The most frequent repeat number was 6 tandem repeats
(1,100 loci, 22.69%), followed by 5 repeats (1,057, 21.81%) and 4 repeats (727,
15.00%). Dinucleotide repeats predominantly showed 6 tandem repeats, trinu-
cleotide repeats showed 5 repeats, and tetra-, penta-, and hexanucleotide repeats
primarily showed 4 repeats (Table 6 ). SSR abundance decreased with increasing
repeat number.

2.6.1 Primer Primary and Secondary Screening

Among 100 SSR primer pairs, 55 successfully amplified clear target bands in
initial screening (55% success rate; 24 examples shown in Figure 3 [Figure 3:
see original paper]). Secondary screening via capillary electrophoresis identified
20 highly polymorphic primer pairs (36.36% of effective primers), with repre-
sentative results for primer NSZ-9141 shown in Figure 4 [Figure 4: see original

paper].

2.6.2 SSR Locus Population Genetic Analysis Validation

Validation using 85 samples from nine populations across Hubei, Hunan, and
Guangxi detected 80 alleles (Na) across the 20 primer pairs, averaging 3.82 al-
leles per locus. Mean effective allele number (Ne) was 2.61 (range: 1.14 for
NSZ-22900 to 7.16 for NSZ-131). Shannon’ s information index (I) ranged from
0.21 (NSZ-22900) to 2.06 (NSZ-131), averaging 0.98. Mean observed (Ho) and
expected (He) heterozygosity were both 0.53. PIC values ranged from 0.12
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(NSZ-22900) to 0.92 (NSZ-131), averaging 0.56, with 15 loci showing high poly-
morphism (PIC > 0.5) and four showing moderate polymorphism (0.25 < PIC <
0.5) (Table 7 ). These results confirm that the 20 SSR primer pairs are suitable
for subsequent molecular genetic diversity evaluation in C. azillaris.

Discussion

For non-model species lacking reference genomes, transcriptome-based marker
development is the most effective approach. This study generated 236,659,796
clean reads from male and female leaf transcriptomes of C. axillaris, with an
N50 length of 2,409 bp and average length of 1,309 bp, which exceeds values
reported for mango (Mangifera indica) (N50 = 2,160 bp; average = 1,219 bp)
and previous C. azxillaris transcriptome studies (N50 = 1,841 bp; average =
1,287 bp), as well as other broadleaf species such as Castanopsis carlesii (N50
= 1,427 bp; average = 1,034 bp) and Melia azedarach (N50 = 1,955 bp; average
= 1,431.82 bp). These metrics indicate high sequencing quality and effective
assembly, providing a robust foundation for molecular marker development.

We identified 5,251 SSR loci in the C. azxillaris leaf transcriptome with an av-
erage distribution distance of 10.06 kb and an occurrence frequency of 11.18%.
This frequency is higher than that reported for loquat (Eriobotrya japonica)
(6.77%) and mango (7.57%), though lower than a previous C. azillaris study
(25.52%). Such interspecific variation may arise from differences in tissue type,
gene expression levels, SSR search criteria, and Unigene quantity and length.
Most plants, including Myrica rubra, mango, and Trifolium repens, predomi-
nantly feature di- and trinucleotide repeats. Similarly, our study found din-
ucleotide repeats most frequent (46.95%), followed by trinucleotides (34.27%),
together accounting for 81.22% of all SSRs. Although some species show predom-
inance of mononucleotide repeats (e.g., Lycium chinense, Platanus acerifolia),
these were excluded from our analysis due to their inherent limitations.

Polymorphism is a key indicator of marker utility, with SSR length being a
critical factor. Highly polymorphic SSRs typically exceed 20 bp, moderately
polymorphic loci range 12-20 bp, and low-polymorphism loci are <12 bp. In
C. axillaris, 1,112 SSR loci (21.18%) fell within the 21-30 bp range, indicating
high polymorphism potential. Our 20 validated primer pairs detected 80 alle-
les across nine populations, with mean Ho and He of 0.53 and average PIC of
0.56. Nineteen loci showed moderate to high polymorphism, confirming their
suitability for downstream applications. Repeat motif length correlates with se-
lective pressure, with shorter motifs evolving more rapidly and showing higher
polymorphism. Lower-order repeats (mono-, di-, and trinucleotides) exhibit
longer evolutionary histories and higher mutation rates. The predominance of
dinucleotide repeats in C. azxillaris suggests relatively high evolutionary rates,
consistent with its ancient lineage and continuous presence in southern China
since the Miocene. This long evolutionary history, combined with high adapt-
ability, may underlie the species’ high polymorphism levels.
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In conclusion, the C. axillaris transcriptome yielded an SSR occurrence fre-
quency of 11.18% with dinucleotide and trinucleotide repeats predominating.
The 20 polymorphic primer pairs detected 80 alleles with an average PIC of
0.56, demonstrating their effectiveness for future studies on genetic diversity
evaluation, sex-assisted molecular breeding, fingerprint construction, and core
germplasm development in C. azillaris.
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