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Abstract
Rhodomyrtus tomentosa (Ait.) Hassk is a flowering evergreen plant with traditional medicine and ornamental usages. This study
aimed to develop a set of EST-SSRs markers for genetic diversity analysis of R. tomentosa. Transcriptome sequencing was
performed to obtain the expressed sequence tags in different plant tissues. A total of 51,486 unigenes with a mean length of 1,173
bp were achieved. 18,879 SSRs were identified in 14,132 unigenes, in which 3,541 unigenes contained more than one SSR. The top
three SSR repeat types were mononucleotide (8,126, 43.04%), dinucleotide (5,846, 31.06%) and trinucleotide (4,610, 24.42%). The
most abundance motifs were A/T (7,816, 41.40%), followed by AG/CT (5,002, 26.50%) and AAG/CTT (934, 4.95%). Of these SSRs,
11,726 SSRs were eligible for designing of flanking primers. Among the 100 randomly selected primers, 50 primers generated
corresponding PCR products, whereas 23 primers were polymorphic. Thirteen primers with good reproducibility were used to
characterize the genetic relationship of sixteen natural R. tomentosa plants. The mean value of observed heterozygosity (Ho),
expected heterozygosity (He), fixation index (Fst), and Shannon information index (I) were 0.240, 0.414, 0.413, and 0.641,
respectively. UPGMA (unweighted pair-group method with arithmetic averages) dendrogram divided the sixteen R. tomentosa
plants into five groups, which were able to distinguish the plants according to geographical origin. This study presented a set of
EST-SSRs that could be useful for population genetic relationship analysis in R. tomentosa.

Introduction
Rhodomyrtus tomentosa (Ait.) Hassk., an evergreen shrub plant, is widely distributed in South Asia(Hue et al., 2015). It belonged to
the Myrtaceae family, including over 3,000 species (Freire et al., 2018). R. tomentosa has a long history of herbal usage in many
countries (Zhao et al., 2020). It has been reported to possess antibacterial activities, anti-inflammatory effects, antioxidant activity,
and antitumor activity (Limsuwan et al., 2011;Jeong et al., 2013;Wu et al., 2015;Tayeh et al., 2017). R. tomentosa is also widely
cultivated for its ornamental and edible attributes (Zhao et al., 2020). The flowers of R. tomentosa are pink in cluster style and
bloom profusely in the spring. The ripe fruit has a purple color and bell-like form with a sweet taste (Lai et al., 2015). Its leaves and
fruits were used to make various foods, like tea, wine, and jam (Lai et al., 2015).

Nowadays, due to anthropogenic activities, the habitats of R. tomentosa have been fragmented extensively (Xie et al., 2021). There
has been a significant reduction in the population size of R. tomentosa in China. Comprehensive measures of conservation should
be carried out to protect this plant. A better understanding of genetic diversity is essential for plant resource conservation and use
(Ramanatha Rao and Hodgkin, 2002). To date, research about the genetic diversity of R. tomentosa has been few. A study using
ISSR markers revealed that the genetic diversity of R. tomentosa in Hong Kong was high (Yao, 2010). The high genetic diversity in
the species may provide sufficient sources for this plant to adapt to the new changing environment. In Malaysia, R. tomentosa
also exhibited high genetic diversity in species but maintained a low diversity at the population level (Hue et al., 2015).

Simple sequence repeats (SSRs), also known as microsatellites, generally refer to repetitive sequences with a motif of 1 to 6 bases,
which are widely found in the genomes of prokaryotes and eukaryotes, and are commonly used molecules marker with the
characteristics of codominant inheritance, high polymorphism, and good repeatability (Feng et al., 2016;Han et al., 2018). SSR
markers have been widely used in species identification, population genetic diversity analysis, gene mapping, and marker-assisted
selection (Tuler et al., 2015;Ali et al., 2019;Wu et al., 2020). SSR markers can be developed from either genomic DNA or expressed
sequence tag, named gSSR or EST-SSR (Durand et al., 2010). EST-SSRs, derived from transcripts, are more suitable for assessing
the functional and phenotypic diversity in plant populations (Varshney et al., 2005a). A comparison between gSSR and EST-SSR in
sugarcane showed that the morphological traits related to EST-SSR were more effective in identifying diverse parents (Parthiban et
al., 2018). Due to their location in conserved and expressed sequences, EST-SSR is effectively interspecies transferable (Cordeiro et
al., 2001;Varshney et al., 2005b;Guo et al., 2014). Transcriptome sequencing provided a cost-efficient and productive method for
EST-SSR development, especially for the species without genome sequence, like Phyllostachys violascens and Zingiber officinale
(Cai et al., 2019;Vidya et al., 2021).

In this study, we applied an Illumina sequencing platform to obtain the transcriptome of R. tomentosa. The sequences dataset was
assembled and annotated. The EST-SSRs markers were also analyzed and characterized. A set of EST-SSRs primers was
developed and used to apply genetic relationship analysis in R. tomentosa.
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Materials And Methods
Plant materials

Sixteen natural plants of R. tomentosa were collected across Guangxi province, China (Table 1). The sample NN was selected for
transcriptome sequencing. Random samples from the 16 locations were used for genetic diversity analysis. The latitude and
altitude of the location of each population were recorded. 

RNA isolation, library preparation, Transcriptome sequencing, de novo assembly, and gene annotation

Three kinds of tissues, including leaves, young stem, and flower of sample NN, were obtained for RNA extraction. The total RNA
was extracted using the RNAprep Pure Plant Plus Kit (Tiangen, China) according to the manufacturer’s instruction. RNA quality and
quantity was determined by the 2100 Bioanalyzer (Agilent Technologies, USA), NanoDrop Spectrophotometers (Thermo Fisher
Scientific, USA), and Qubit fluorometer (Thermo Fisher Scientific, USA). Equal amount of total RNA of the three tissues was mixed.
The RNA library was generated using the NEBNext® Ultra™ RNA Library Prep Kit (NEB, USA), following the kit’s protocol. The
mRNA, enriched by Oligo(dT) beads, was fragmented and primed with a random primer. The resulting RNA was reverse transcribed
into cDNA by ProtoScript II Reverse Transcriptase (NEB, USA). Following the synthesis of second-strand cDNA, end-repair and
adaptor ligation was performed. The ligation reaction was size-selected and purified with the AMPure XP system (Beckman
Coulter, USA). The purified cDNA was PCR enriched using universal PCR primers and the Index primer. After reaction product
purification, the resulting library was assessed using 2100 Bioanalyzer. According to the manufacturer’s instructions, the library
was sequenced on an Illumina NovaSeq 6000 Sequencing System (Illumina, USA). Quality control was processed to remove
adaptor sequence and low-quality reads. The remaining clean data was assembled using the Trinity method to generate a de novo
transcriptome assembly (Grabherr et al., 2011). The corset program was employed to cluster the assemblies (Davidson and
Oshlack, 2014). The obtained longest contig was selected as unigene. The unigenes were annotated based on the following
databases: the non-redundant protein database (NR), the nucleotide sequence database (NT), the PFAM database, the Swiss-Prot
database, the Gene Ortholog database (GO), Kyoto Encyclopedia of Genes and Genomes Ortholog (KEGG) database, and the
Clusters of Eukaryotic Ortholog Groups of proteins database (KOG, NCBI). 

EST-SSR identification and primers development

The annotated unigenes were analyzed using the MISA tool to identify the EST-SSRs (Beier et al., 2017). The minimum repeat
number of mono-, di- tri-, tetra-, penta-, and hexanucleotide motifs were set as 10, 6, 5, 5, 5, and 5, respectively. The primers were
designed using PRIMIER3 from the flanking region of the SSR (Rozen and Skaletsky, 2000). The parameters were set as follows:
PCR product size ranges from 100 bp to 280 bp, primer length ranges from 18 bp to 27 bp, and annealing temperature ranges from
57°C to 63°C. 

DNA extraction and SSR validation

The R. tomentosa genomic DNA was extracted using TaKaRa MiniBEST Plant Genomic DNA Extraction Kit (TaKaRa, Dalian,
China). The procedures of extraction followed the manufacturer’s instructions. One hundred pairs of primers were selected to
validate the developed EST-SSRs. These primers could amplify various kinds of SSR motifs. Four samples, including CZ, WZ-1, BS,
and GL, were chosen as amplification templates. The PCR reaction solution included one μl of template DNA (50 ng/μl), 12.5 μl of
2 × Tsingke master mix (Tsingke, China), one μl of each primer (10 μM), and 9.5 μl of ddH2O. The amplification procedure was
performed on a Biometra EasyCycler (Analytik Jena, Germany), applying the program as follows: initial denaturation step at 94°C
for 5 min, 35 cycles of the cycling steps (30 sec at 94°C, 30 sec at annealing temperature, 30 sec at 72°C), and final extension step
at 72°C for 5 min. The PCR products were analyzed in 8% denaturing polyacrylamide gel electrophoresis (PAGE). The polymorphic
primers would be used further to study the genetic diversity of the natural R. tomentosa.

Genetic analysis of R. tomentosa

A total of 13 polymorphic primers (Table 2) were used to analyze the genetic diversity of the 16 natural samples using capillary
electrophoresis. The primers were labeled with FAM fluorescent dye at the 5’-end of the upstream primer. The PCR products were
analyzed on an ABI 3730xl DNA Analyzer (Thermo Fisher Scientific, USA) using GeneScan 500 LIZ as size standard (Thermo
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Fisher Scientific, USA). Data analysis was conducted in GeneMapper software (Thermo Fisher Scientific, USA) using the
Microsatellite Default analysis method. POPGENE version 1.32 (Yeh et al., 1999) was employed to calculate the observed number
of alleles (Na), number of effective alleles (Ne), fixation index (Fst) value, and Shannon’s information index (I). The phylogenetic
tree of the 13 natural R. tomentosa was constructed by NTSYSpc version 2.2 software using the UPGMA method. 

Results
Transcriptome sequencing and assembly

A total of 94,289,248 raw reads were generated from the R. tomentosa cDNA library. After the quality control process, 94,152,862
clean reads with 98.6% of Q20 and 95.67% of Q30 were obtained. The total clean data was 14.12 Giga nucleotides bases with
48.73% of GC content (Table 3). The clean data of the R. tomentosa transcriptome sequence was deposited NCBI (National Centre
for Biotechnology Information) SRA (Sequence Read Archive) database (Accession: PRJNA821925). 

Through de novo assembly, 137,256 transcripts were obtained. The total length of the transcripts was 153,737,542 bp, with a
mean length of 1,120 bp and a median length of 623 bp. All the transcripts were further clustered into 51,486 unigenes, of which
the length ranged from 201 bp to 15,869 bp (Figure 1). The mean and median length of unigenes were 1173 bp and 769 bp,
respectively. The total length of unigenes was 153,737,542 bp (Table 3). 

Functional annotation of unigenes

To obtain the corresponding annotation information , the unigenes were blasted against the seven databases, including Nr, Nt,
PFAM, Swiss-Prot, GO, KEGG, and KOG. Of the 51,486 unigenes (Supplementary Table 1), 36,979 were annotated in at least one
database, while 4,571 unigenes were annotated in all seven databases (Table 4). Of the 31,635 unigenes, which were annotated in
Nr, 25,351 hits (80.1%) were from Eucalyptus grandis (Myrtales, Myrtaceae), while the second most hit species was Vitis vinifera
(315, 1.0%). The 10,014 hits annotated in the KOG database were assigned to the 25 functional groups (Figure 2a).
Posttranslational modification, protein turnover, chaperones is the largest group (1,299, 12.6%), followed by the general function
prediction (1,288, 11.5%) and the Signal transduction mechanisms (879, 7.8%). A total of 27,492 unigenes were assigned to the
GO database. These unigenes were classified into three major categories: Cellular Component (49,751), Biological Process
(71,444), and Molecular Function (33,411), in which cell part (9,149), cellular process (15,991), and binding (15,896) were the
largest subcategories, respectively (Figure 2b). 12,223 unigenes were matched in the KEGG pathway database. Among the five
main categories, metabolism was the largest category with 5,405 unigenes, followed by genetic information processing (2,549
unigenes) and organismal systems (471 unigenes) (Figure 3).

SSR motifs identification and classification

Using MISA software, a total of 18,879 SSRs were identified in 14,132 unigenes, of which 3,541 unigenes contained more than one
SSR. The number of SSR presented in compound microsatellites was 1,187. The occurrence frequency of SSR was 0.37 SSR per
unigene and one SSR every 3.20 kb. In summary, mono-nucleotide repeat was the most common repeat type (8,126, 43.04%),
followed by di- (5,846, 31.06%) and tri- (4,610, 24.42%) nucleotide repeat (Table 5). In number of repeats, ten-tandem repeat (3,549,
18.80%) was the most abundant type, followed by six-tandem (3,114, 16.49%) and five tandem (2,789, 14.77%) repeat (Table 3). Of
all the SSR, only two kinds of motifs were higher than 10% in abundance, which were A/T (7,816, 41.40%) and AG/CT (5,002,
26.50%). The richest trinucleotide repeat was AAG/CTT (934, 4.95%). In the quad-, penta-, or hexanucleotide repeats, AAAT/ATTT
(34, 0.18%), AAACT/AGTTT (2, 0.01%) and AAAGCC/CTTTGG (2, 0.01%) were the most dominant motifs, respectively. The
distribution of all the 89 kinds of motifs was listed in Supplementary Table 2. 

SSRs validation and evaluation

Using Primer 3 software, 11,726 SSRs were eligible for the criteria of designing flanking primers (Supplementary Table 3). Using
polyacrylamide gel electrophoresis, we randomly selected one hundred primer pairs for primer efficiency evaluation
(Supplementary Table 4). Four R. tomentosa individuals collected from four natural populations, which were far distant from each
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other, were used as DNA templates. Of the 100 primers, 50 pairs of primers generated clear corresponding PCR products
(Supplementary Figure 1). A total of 23 pairs of primers were found polymorphic among the 50 successful primers. 

Application of developed SSRs in natural R. tomentosa population

The 13 polymorphic primers, with good reproducibility and clear main bands, were selected to assess the 16 natural individual R.
tomentosa plants (Table 2). A total of 32 alleles were detected, with the mean alleles of 2.462 per locus. The number of alleles
ranged from 2 to 3. The observed heterozygosity (Ho) ranged from 0.000 to 0.563 with a mean value of 0.240, while the expected
heterozygosity (He) ranged from 0.121 to 0.667, with a mean value of 0.414. Of the fixation index (Fst) value, the range was from
0.105 to 0.800, with a mean of 0.413. The Shannon information index (I) ranged from 0.234 to 1.066 with a mean of 0.641.
Similarity based clustering was used to construct a UPGMA dendrogram (Figure 4). The 16 individuals were clustered into five
groups, which were found to be related to the geographical locations of plants. The South group included QZ, BH-1, BH-2, BH-3,
and BH-4, all collected from the south region of Guangxi province. The West group included two samples (BS and NN) from the
two bordering west cities, Baise and Nanning. Samples from Laibin (LB), Guigang (GG), and Guilin (GL) were clustered into the
North-Central group due to these three samples were distributed from the central to the north. Two samples collected from Wuzhou
(WZ-1 and WZ-2), an east city, were clustered into the East group. The three samples from Pingxiang (PX) and Chongzuo (CZ-1 and
CZ-2) were clustered into the out branch of the dendrogram. All the samples were able to distinguish according to their
geographical origin, except one sample of the south region, BH-5, which was clustered into the North-Central group.

Discussion
RNA-seq technology has been increasingly applied to analyze the plant’s transcriptome and EST-SSR, especially the plant without
reference genome (Zhang et al., 2017a;Hina et al., 2020). With the features of codominant, inheritance, high polymorphism, and
high repeatability, SSR marker has been widely used in genetic diversity analysis of wild plant populations (Hwang et al.,
2008;Hammami et al., 2014;Nandha and Singh, 2014). Based on transcriptome sequences, the EST-SSR has been proved useful in
functional varieties detection and gene-associated genetic analysis (Zheng et al., 2013;Yan et al., 2015). In spite of the wide
distribution and clinical application (Sianglum et al., 2012;Huang et al., 2019;Wang et al., 2022), there is a deficiency of
comprehensive SSR markers in R. tomentosa. In this study, we employed an RNA-seq technology to characterize the transcriptome
of R. tomentosa. Also, we firstly reported the distribution and validation of EST-SSRs in this plant.

Compared to other species, like Neolitsea sericea (Chen et al., 2015), Elymus sibiricus (Zhou et al., 2016), and Rhododendron rex
(Zhang et al., 2017a), the 94,152,862 clean reads with 98.6% of Q20 level we obtained in R. tomentosa was sufficient to meet the
quality of functional annotation and EST-SSR mining. A total of 51,486 unigenes, with a mean length of 1,173 bp and an N50
length of 1783 bp, were acquired in our study (Table 3, Fig. 1), while in a previous transcriptome report of R. tomentosa (He et al.,
2018), the number of unigenes was 83,175 with the mean length of 888 bp and the N50 length of 1,702 bp (Table 3). The less
unigenes number and longer length of our study may be due to the smaller number of samples and the uses of different Illumina
sequencing platforms. Nevertheless, the mean length of unigene found in R. tomentosa was longer than the transcriptome studies
of some plants, like Magnolia wufengensis (899 bp), easter lily (628 bp), sugarcane (1147 bp) (Deng et al., 2019;Howlader et al.,
2020;Malviya et al., 2020). The longer assembled unigene was advantageous in annotating unigenes and exploring SSR (Patnaik
et al., 2016). Overall, this study’s transcriptome sequences would complement gene annotation and provide a comprehensive
resource for SSR development in R. tomentosa.

A total of 36,979 unigenes (71.82%) were annotated in the seven public databases (Nr, Nt, PFAM, Swiss-Prot, GO, KEGG, and KOG)
(Table 4). In various reports of transcriptome in Myrtaceae family, the annotation rates of unigenes ranged from 64.61% (R.
tomentosa) to 77.53% (Syzygium longifolium) (He et al., 2018;Soewarto et al., 2019). These results agreed with the 71.82%
unigenes annotation rate in our study. The blast hits distribution in the Nr database, which included 31,635 unigenes, showed the
most hits with Eucalyptus grandis (25,351, 80.1%). Considering the well-annotated genome of E. grandis was the first reported
genome in Myrtales, no wonder the majority of the blast hits of R. tomentosa belonged to E. grandis (Myburg et al., 2014). There
were 10,014 unigenes in the KOG annotation in present study, which were classified into 25 functional groups (Fig. 2A). The top
three groups were the posttranslational modification, protein turnover, chaperones (1,299), general function prediction only (1,288),
and signal transduction mechanisms (879), which were partly similar to the reports in other plants (Zhang et al., 2017a;Hina et al.,
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2020). Of the GO analysis, 27,492 unigenes were associated with 924 GO terms, classified into 50 subcategories in three main
categories (Fig. 2B). The number of subcategories varied in different plants, such as Menispermum canadense with 54
subcategories (Hina et al., 2020) and Pistacia vera with 56 (Karcι et al., 2020). The KEGG analysis could help understand the high-
level function and the utilities of the biological system (Kanehisa and Goto, 2000). He et al. (2018) employed GC-MS and
transcriptome to identify the molecular basis of terpenes biosynthesis in R. tomentosa, in which KEGG analysis revealed there
were 439 unigenes belonging to the terpenoid and polyketide metabolism pathway. Terpenoid was an effective medical metabolite
in R. tomentosa (Zhang et al., 2017b;Deng et al., 2020). In this study, the terpenoid and polyketide metabolism pathway involved
291 unigenes, while the carbohydrate metabolism pathway contained the largest number of 1084 unigenes (Fig. 3). The overall
KEGG analysis results of our study were consistent with the previous reports (He et al., 2018).

EST-SSRs are suitable for assaying the functional and phenotypic diversity in plant populations (Varshney et al., 2005a),
identification of diverse parents (Parthiban et al., 2018), structure assessment in species conservation (Chen et al., 2015;Xing et al.,
2017). Using the 51,486 unigenes sequences, we identified a total of 18,879 SSRs, with the SSR occurrence frequency of one SSR
every 3.20 kb. The SSR occurrence frequency in our study was higher than Rhododendron rex (5.65 kb) (Zhang et al., 2017a) and
Camellia sinensis (4.99 kb) (Wu et al., 2013), but lower than Pistacia vera (2.03 kb) (Karcι et al., 2020) and Rhododendron
latoucheae (2.87 kb) (Xing et al., 2017). The variant frequency is related to the species differences, different SSR analysis
methods, and database size variation (Biswas et al., 2012). The most abundant SSR type was the mononucleotide repeats
(43.04%), followed by the dinucleotide (31.06%) and trinucleotide (24.42%) repeats (Table 5). Consistent with the other two Rosids
dicotyledonous plants, Arabidopsis thaliana (Lawson and Zhang, 2006) and Pistacia vera (Karcι et al., 2020), the mono-nucleotide
type was the most prevalent type of SSR in R. tomentosa. The most abundant SSR motif was A/T (41.4%), followed by AG/CT
(26.5%) and AAG/CTT (4.95%) (Supplementary Table 2). The AG/CT motif could represent GAG, AGA, UCU, and CUC codons, which
would translate into the amino acids Arg, Glu, Ala, and Leu, respectively (Chen et al., 2015). The two amino acids, Ala and Leu,
have a relatively higher frequency than other amino acids (Kantety et al., 2002;Qiu et al., 2010). This could explain the high
frequencies of AG/CT motif in transcriptome sequences. According to a previous report, some SSR motifs have been found
correlating with gene expression by influencing transcription initiation or methylation of CpG (Li et al., 2004). The length of an SSR
influenced the expressional level of LvIRF, which shows that the shorter AG/CT repeat led to a stronger expression of LvIRF (Yin et
al., 2019). Of the tri-nucleotide SSRs, AAG/CTT motif was significantly prominent in dicotyledonous plants, which included
cucumber (Cavagnaro et al., 2010), castor bean (Qiu et al., 2010), sesame (Wei et al., 2011), Neolitsea sericea (Chen et al., 2015),
and R. rex (Zhang et al., 2017a).

In addition to SSR development, sequences obtained from transcriptome were appropriate to design specific primers (Wei et al.,
2011). In the present study, 100 pairs of primers were randomly selected to evaluate the effectiveness and polymorphism of the
11,726 pairs of primers. Using four R. tomentosa DNA, 50 pairs of primers (50%) produced the expected size of PCR products, in
which 23 pairs of primers (23%) were found polymorphic. The polymorphic rate of our study was higher than N. sericea (9.92%)
(Chen et al., 2015) but lower than E. sibiricus (30.35%) (Zhou et al., 2016), Elaeis guineensis (55.29%) (Zhou et al., 2020).
Compared to these reports, the polymorphic rate of R. tomentosa in our study was moderate. Nevertheless, the polymorphic level
of SSR may be affected by the amount and genetic diversity of selected samples (Wu et al., 2014;Zhou et al., 2016;Zhang et al.,
2017a).

In this study, 13 pairs of primers, which produced expected PCR products, were used to detect the 16 natural R. tomentosa
individuals (Table 1). A total of 32 alleles were obtained (Table 2). The number of alleles per locus ranged from 2 to 3, with a mean
number of 2.462. Compared to the ISSR method (Yao, 2010;Hue et al., 2015), the SSR method used in our study produced a
smaller number of alleles in R. tomentosa. Given the differences between SSR and ISSR methods, it’s normal to have lesser alleles
in SSR within the same species (Sabreena et al., 2021). Among the 13 markers, the observed heterozygosity (Ho) and expected
heterozygosity (He) varied from 0.000 to 0.563 and 0.121 to 0.667, with a mean value of 0.240 and 0.414, respectively (Table 2).
The two heterozygosity value was lower than R. rex (Ho = 0.323, He = 0.372) (Zhang et al., 2017a), Elymus sibiricus (Ho = 0.49, He 
= 0.59) (Zhou et al., 2016) and Sesamum indicum L. (Ho = 0.84, He = 0.76) (Wei et al., 2011). The lower heterozygosity indicated
that R. tomentosa maintains relatively low genetic variability in Guangxi region. The gene diversity values reported herein can
guide selecting the loci that are most likely to be informative in further R. tomentosa research.
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As mentioned above, R. tomentosa is native to southern and southeastern Asia, and widespread throughout the tropical and
subtropical regions. In Guangxi province, even from distant habitats, the phenotypic characteristics of wild R. tomentosa are
similar. To analyze the phylogenetic relationship between the 16 natural R. tomentosa individuals, we constructed a UPGMA
dendrogram using similarity based clustering (Fig. 4). Five groups were identified within 16 individuals using the 13 markers. The
South group and West group were clustered into a major branch of the dendrogram, which is consistent with the geographical
connection of these two regions. The North-Central and East group were clustered into another major branch, indicating that these
two groups have a closer genetic relationship. The five groups were highly related to their geographical locations. The only
exception sample, BH-5, located in the south of Guangxi, was clustered into the North-Central group. Considering the fruit of R.
tomentosa was one of the food for some birds, the dispersal of this plant could not only be geographical (Aslan and Rejmánek,
2010). In general, the 13 markers were able to distinguish R. tomentosa individuals broadly according to their geographical origin.
Therefore, these newly developed EST-SSRs primers can be useful for genetic variability analysis in R. tomentosa.

Conclusion
In this study, we used transcriptome sequencing to mine the expressed sequences of R. tomentosa. A total of 51,486 unigenes
were obtained, of which 36,979 unigenes were annotated. Based on the unigene sequences, 18,879 EST-SSRs were identified and
classified. A total of 11,726 pairs of EST-SSRs primer were developed. One hundred pairs of primer were randomly selected to
validate the efficiency and polymorphism of these markers. 50% of the primers produced were proved effective, and 23 pairs of
primer were polymorphic. Using 13 pairs of polymorphic primer, 16 natural R. tomentosa individuals were distinguished according
to their geographical origin. These results presented a valuable sequence resource and provided a powerful tool for genetic
relationship analysis in R. tomentosa.
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Longitude Latitude
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CZ-1 Ningming, Chongzuo 106.95 21.93 Southwest

CZ-2 Ningming, Chongzuo 106.98 21.96 Southwest

BH-1 Shankou, Beihai 109.73 21.63 South

BH-2 Guantou hill, Beihai 109.09 21.38 South

BH-3 Guantou hill,Beihai 109.06 21.45 South

BH-4 Donghuan, Beihai 109.26 21.62 South

BH-5 Donghuan, Beihai 109.22 21.64 South

QZ Nali, Qinzhou 108.84 21.84 South

BS Forest Institute, Basise 106.62 23.97 West

NN Wumin, Nanning 107.99 23.25 West

LB Jinxiu, Laibin 110.20 24.14 Central

GL Lingchuan, Guilin 110.43 25.52 North

GG Pingnan, Guigang 110.18 23.69 Central

WZ-1 Changzhou, Wuzhou 111.20 23.50 East

WZ-2 Cangwu, Wuzhou 111.07 23.56 East

Table 2 The polymorphic primers used to analyze the natural R. tomentosa samples
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Locus SSR Motif Primer sequence Tm Size
(bp)

Naa Hob Hec Fstd Ie

c4073_g1_i0 (GTTCG)5 GTCATCCCCTCCTCCTCCTT 60.03 246-
253

2 0.188 0.417 0.800 0.594

GCCGACTCGATGCTCATACA 59.97

c4296_g0_i0 (CTCA)6 GCAACGCAGAAACAAGGAGG 60.04 246-
266

2 0.438 0.498 0.316 0.676

GTGATAGTGACGGCGAGAGG 59.97

c7589_g0_i0 (CAAGCA)5 AGGGAAATACGTGAAGCGGG 60.11 197-
209

2 0.000 0.508 0.630 0.685

TTTCCTCATTCCTCGGCGAC 60.11

c7023_g1_i0 (TCGGC)5 GCGGACAATCTGATTTGGGC 59.90 192-
217

3 0.188 0.417 0.586 0.728

CTCTCACGTCCCTATGTGGC 59.90

c7600_g0_i0 (CTGGGT)5 GGAATCAGCCGAGATGGAGG 59.97 169-
187

3 0.375 0.613 0.331 0.974

TACGCGATTCCAAAACCCCT 59.67

c11558_g0_i2 (AGTTG)5 AGATGTGAGCAGCTGGAACC 60.04 126-
141

2 0.438 0.466 0.390 0.644

TGACCTCCACCACTTCATGC 59.96

c13120_g0_i0 (TTAGT)5 GCATCAGGGAGCGATTCTCA 59.89 278-
293

2 0.188 0.353 0.716 0.525

TCAGTCAGTACAAGCGTGGC 60.32

c23286_g0_i0 (GGA)7 GCAAGAGGCGATCTCGTACA 59.90 213-
222

3 0.563 0.667 0.145 1.066

ACCACTATGAGCGCGTTCTC 60.18

c23457_g0_i1 (CCAACG)6 GGACTGAAAAAGGACGCTGC 59.76 232-
250

3 0.250 0.325 0.312 0.567

TGGCACCGGAATCTTCTGAC 60.04

c26367_g14_i0 (TTC)7 CCTCCTCTCAGTCTCTGCCT 60.03 144-
153

3 0.125 0.179 0.164 0.371

GGTTGATCTAGAGCGTCCGG 59.97

c36092_g0_i0 (TCA)7 AGCAAACAACAAGTGTCGTGT 59.19 157-
169

3 0.250 0.331 0.105 0.602

CGAGCTTCATTGCCTGCATC 59.97

c38567_g0_i2 (CGC)7 GTCCTCTCTCGCTCTGCATC 59.97 248-
257

2 0.125 0.484 0.520 0.662

GAGCGATGTTCTTCACGTGC 59.91

c43257_g0_i0 (ATAC)6 TGGTGCTTCTCTCAAAATGGT 57.77 256-
260

2 0.000 0.121 0.138 0.234

TGTACTTCTTGGTCGTCGCC 60.04

Mean         2.462 0.240 0.414 0.413 0.641

a, Na, number of alleles; b, Ho, observed heterozygosity; c, He, expected heterozygosity; d, I, Shannon's diversity index; e, Fst,
fixation index.

 

Table 3 The summary of transcriptome sequencing
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Category Parameter Value

Raw data No. of total raw reads 94,289,248

  No. of total clean reads 94,152,862

  No. of nucleotides of clean data 14.12 G

  Q20 percentage 98.6%

  Q30 percentage 95.67%

  GC content 48.73%

Assemblies Number of transcripts 137,256

  Total length of transcripts (bp) 153,737,542

  Mean length of transcripts (bp) 1,120

  Median length of transcripts (bp) 623

  Max length of transcripts (bp) 15,869

  N50 value of transcripts  2,040

Unigenes Number of unigenes 51,486

  Total length of unigenes (bp) 60,393,577

  Mean length of unigenes (bp) 1,173

  Median length of unigenes (bp) 769

  Max length of unigenes (bp) 15,869

  N50 value of unigenes 1,783

 

Table 4 The summary of functional annotation of unigenes

Database Number of annotated genes Percentage of annotated genes (%)

Nr 31,635 61.44

Nt 27,273 52.97

PFAM 23,896 46.41

Swiss-Prot 25,254 49.05

GO 27,492 53.39

KEGG 12,223 23.74

KOG 10,014 19.44

Annotated in all databases 4,571 8.87

Annotated in at least one database 36,979 71.82

Total unigenes 51,486 100

 

Table 5 The distribution of the SSRs based on repeat and tandem number



Page 15/18

Number of repeats Mono- Di- Tri- Quad- Penta- Hexa- Total Percentage (%)

5 - - 2556 189 37 7 2789 14.77%

6 - 1713 1361 32 1 7 3114 16.49%

7 - 1235 661 1 - 3 1900 10.06%

8 - 1079 28 - - 1 1108 5.87%

9 - 1131 1 - - - 1132 6.00%

10 2943 605 1 - - - 3549 18.80%

11 1434 99 1 - - - 1534 8.13%

12 942 1 1 - - 1 945 5.01%

13 683 - - - - - 683 3.62%

14 594 - - - - - 594 3.15%

15 483 - - - - - 483 2.56%

16 375 - - - - - 375 1.99%

17 237 - - - - - 237 1.26%

18 170 - - - - - 170 0.90%

19 112 - - - - - 112 0.59%

20 86 - - - - - 86 0.46%

21 44 - - - - - 44 0.23%

22 18 - - - - - 18 0.10%

23 5 - - - - - 5 0.03%

26 - 1 - - - - 1 0.01%

Total 8126 5864 4610 222 38 19 18879  

Percentage (%) 43.04% 31.06% 24.42% 1.18% 0.20% 0.10%    

Figures
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Figure 1

Length distribution of all unigene sequences in R. tomentosa.

The x-axis represents the length of unigenes, and the y-axis represents the number of unigenes with a certain length.

Figure 2

KOG assignment and GO annotation of the unigene sequences of R. tomentosa.

a The functional classification of the R. tomentosa unigenes according to KOG criteria. b The distribution of R. tomentosa
unigenes among the GO functional annotation classes. The x-axis indicates the number of unigenes in a specific functional
cluster. The y-axis indicates the function class.
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Figure 3

KEGG classification of the unigene sequences of R. tomentosa.

The x-axis represents the KEGG pathway classifications of unigenes. The five main categories were appeared in different colors.
The y-axis represents the number of unigenes with a certain pathway.
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Figure 4

UPGMA dendrogram of 16 R. tomentosa individuals based on similarity coefficient using 13 SSR loci. 
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