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Abstract
Background Chimonanthus praecox, belongs to the Calycanthaceae, is a unique traditional famous flower and special economic tree species in
China. There are numerous varieties but only a few cultivars were named. At present, EST-SSR markers are widely used to identify different species
and varieties, as researchers can identify a large number of microsatellites from transcriptome databases.

Result A total of 162,638 unigenes were assembled by using RNA-seq, and 82,778 unigenes was annotated by Nr, Nt, Swiss-Prot, Pfam, GO, KOG and
KEGG databases. A total of 13,556 SSR loci were detected from 11,691 unigenes, with trinucleotide repeat motifs being the most abundant among
the six types of repeat motifs. In order to develop markers, 64,440 pairs of SSR primers with polymorphism potential were designed, and 75 pairs of
primers were randomly selected for amplification. Among them, seven pairs amplified fragments of the expected size with high polymorphism, and
twelve C.praecoxvarieties were clustered into two monophyletic clades by the seven EST-SSR markers.

Conclusion The microsatellites in the transcriptome of C.preacox have the advantages of rich types, strong specificity, and great polymorphism
potential. These EST-SSR markers can provide molecular technical methods for identifying different varieties of C.preacox, and can also explore a
large number of candidate genes associated to traits.

Background
Chimonanthus praecox commonly known as wintersweet (2n = 22), which is one of most popular perennial ornamental plants in China because of
unique flowering time and long blooming period (from November to March) and has over a thousand-year history of cultivation [1, 2]. It is native to
China and widely used for cut flowers and as a garden plant, and also has been introduced to the United States, Japan, South Korea and other
countries [3, 4]. In traditional Chinese medicine research, it has been found that C.praecox can not only detoxify but also be used to treat diseases
such as cough, dizziness, nausea, fever and rheumatoid arthritis [3, 5, 6]. C.praecox has multiple cultivated species, many of which are named and
identified based on morphological characteristics such as petal color or morphology [7-9]. However, due to the limited number of morphological
features and their susceptibility to environmental influences, using morphological features to study genetic relationships and identify phylogenetic
relationships may be limited [9].

Molecular markers can reveal genetic relationships at the level of genetic material which have advantages such as being unaffected by the
environment, high heritability, and easy detection [10]. A variety of molecular markers have extensively been used in C.praecox source conservation
and genetic breeding, including random amplified of polymorphic DNA (RAPD) [11, 12], amplified restriction fragment length polymorphism
(AFLP) [13, 14], sequence-related amplified polymorphism (SRAP), inter simple sequence repeat (ISSR), and simple sequence repeat (SSR), etc [4, 9,
11-19]. SSR markers belong to co dominant markers, mainly using tandem repeat sequences of 2 to 5 nucleotides as basic repeating units. They
can distinguish homozygotes and heterozygotes, detect multiple alleles, and have advantages such as rich polymorphism, easy operation, reliable
results, and good repeatability. Therefore, they are usually considered as the preferred marker [20]. SSR markers, also known as microsatellites, can
be developed from genomic and transcriptome databases, so they are divided into gSSR and EST-SSR based on the type of data used for
development. The cost of gSSR is relatively high, EST-SSR markers are relatively cheap, and EST-SSR has higher cross species transferability due to
being developed from more conservative coding regions. [21]. And compared to using traditional methods to develop SSR markers, researchers
using high-throughput sequencing technology can develop a large number of microsatellites with lower cost and effort [22]. As a consequence,
using the SSR markers will be an efficient way for the identification of each C.praecox germplasms from the molecular DNA levels to genotype
C.praecox cultivars. 

In this study, we sequenced the transcriptome of C.praecox using BGIseq500 platform and assembled 162,638 unigenes, then identified SSR loci,
designed primer pairs based on these data and seven novel EST-SSR markers were developed and characterized in the end. This study developed
effective EST-SSR markers from transcriptome sequences to investigate the diversity of different varieties of C. praecox and applied them to variety
classification.

Methods
Plant materials and DNA/RNA extraction

The 12 varieties plant materials of C.praecox for transcriptome sequencing and identifying polymorphisms were collected from the resource nursery
which belong to the Key Laboratory of Agricultural Biosafety and Green Production of Upper Yangtze River (Ministry of Education) of Southwest
University in Beibei District, Chongqing in 2023 (Table S1). Fresh leaf tissues were cleaned and immediately preserved in liquid nitrogen until DNA
and RNA extraction. Extract total genomic DNA from leaves using CTAB method [23]. Select two varieties for RNA extraction and use the RNArep
Pure kit (Tiangen Biotechnology, Beijing, China) to extract total RNA. To ensure the quality and quantity of DNA/RNA, 1% agarose gel electrophoresis
was used to observe the DNA/RNA extract, and Nano Drop ND-1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, MA, USA) was used
for quantitative detection.

Transcriptome sequencing and assembly
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Total RNA samples of acceptable purity and concentration were obtained, and library construction was then performed, mRNA was enriched by
oligo (dT) -attached magnetic beads, and the purified mRNA was fragmented. First-strand cDNA was synthesized by using reverse transcriptase,
and double-stranded cDNA was synthesized using the first-strand cDNA as a template. Then subjected to end-repair the double-stranded cDNA
fragments, and added a single ‘A’ nucleotide to the 3’ ends of the blunt fragments, adaptor ligation is subsequently configured and set up to ligate
adaptors with the cDNAs. Obtain total RNA samples with acceptable purity and concentration, then construct the library, enrich messenger RNA with
oligo (dT) -attached magnetic beads, and fragment the purified messenger RNA. Using reverse transcriptase method to synthesize first-stranded
cDNA, and using first stranded cDNA as a template to synthesize double-stranded cDNA. Amplify the final library using phi29 to create DNA
nanoballs (DNBs) with over 300 copies of molecules, and check the quality of library construction. Load DNBs into a patterned nanoarray and
generate a counter terminal 100 base reading on the BGIseq500 platform (BGIseq500, Shenzhen, China). Measure in triplicate.

Raw data analysis and function annotation

The raw data was filtered with SOAPnuke (v1.5.2) [24] by Removing reads containing adapters (adapter contamination) first, and then remove reads
with an unknown base ('N 'base) ratio greater than 10%, remove reads with a low-quality base ratio (base mass less than or equal to 15) greater than
50%, and obtain clean reads stored in fasta format. Gene Annotation: Annotating assembled unigenes with seven major functional databases
including KEGG (Kyoto Encyclopedia of Genes and Genomes), GO (Gene Ontology), NR (National Center for Biotechnology Information
nonredundant protein sequences), NT (Nucleotide Sequence Database), SwissProt (Swiss-Prot Sequence Database), Pfam (Protein Families
Database), and KOG (EuKaryotic Orthologous Groups of proteins), and predicting the transcription factors [25-31].

Microsatellites identification and data analysis

Use MISA [32] to detect microsatellite loci according to the following criteria: mono nucleotide repeat motif repeat count greater than or equal to 20,
di nucleotide repeat motif repeat count greater than or equal to 10, and other types of repeat motif repeat count greater than or equal to 5. By using
Primer3 [33] software to design primers, 75 pairs of primers with target product sizes between 100-300bp were randomly selected.
Twelve C.praecox varieties were amplified to survey the polymorphism of the SSR loci. PCR products were visualized via electrophoresis in 8%
polyacrylamide gels electrophoresis, and selected SSR to amplify the expected size product to evaluate polymorphism. Put the products into gel in
1×TBE (Tris-borate-EDTA) buffer solution, and run it for 1.5 hours at 200V, while using a 2000bp molecular size ladder (Tiangen Biotech Co., Ltd.,
Beijing, China), then observe the bands using silver staining.

For SSR data analysis, manually scoring based on allele size follows the principle that if there are no bands, the data is interpreted as "0", and if there
are bands, it is interpreted as "1". The genetic information such as the number of alleles (Na), the effective number of alleles (Ne), Shannon’s
information index (I), and the Fixed index (F) of each locus were calculated in GenALEX 6.5 [34]. UPMGA cluster analysis was conducted using the
NTSYSpc program [35].

Results
Transcriptome sequencing and assembly

A total of 114.73 Gb of clean data were obtained, and a total of 162,638 unigenes were assembled. The total length of unigenes is 170,847,856 bp,
the average length of unigenes is 1,050 bp, the GC contents were 40.98%, and the N50 of the unigenes was 2,059 bp, indicating a high-quality
assembly (Table 1). Among them, there were 80,351 (58.74%) unigenes with a length of 200-1000 bp, 29,042 (21.2%) unigenes with a length of 1-
2kb, 16,654 (12.2%) unigenes with a length of 2-3kb, and 5,449 (4.0%) unigenes with a length exceeding 3kb (Fig. 1).

Table 1 Overall data quality and assembly information

Item Number

Total clean data (Gb) 114.73

Total unigenes 162,638

Total length of unigenes (bp) 170,847,856

Average length of unigenes (bp) 1,050

N50 of unigenes (bp) 2,059

GC contents 40.98%

Functional annotation

In order to annotate the unigenes of C.praecox, 162638 single gene sequences were searched in different universal databases. 77,914 (47.91%)
unigenes were aligned to sequences in the Nr database (Fig. 3B), 55,460 (34.10%) in the Nt database, 55,465 (34.10%) in the Swiss-Prot database,
and 57,638 (35.44%) in the Pfam database. The annotation of 82,778 (50.90%) unigenes was achieved in at least one database, and the annotation
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of 24,879 (15.30%) unigenes was achieved in all database (Table 2 and Fig. 2). A total of 62,480 (38.42%) unigenes were aligned to sequences in the
GO database, which could be divided to three functional categories: biological processes, cellular components and molecular functions (Fig. 3A). In
“biological process”, the largest classes were “cellular process” (41,021, 25.22%) followed by “metabolic process” (32,947, 20.26%) and “biological
regulation” (9,619, 5.91%). The largest class in biological processes is "cellular processes"(41,021, 25.22%), followed by "metabolic processes"
(32,947, 20.26%) and "biological regulation"(9,619, 5.91%). The categories of “cellular component” only include "cellular anatomical entity"(60,574,
37.24%) and "protein-containing complex"(7,534, 4.63%). Among the molecular functional categories, the largest category is "binding"(46,184,
28.40%), followed by "catalytic activity"(40,653, 25.00%) and "transporter activity"(4,150, 2.55%). A total of 47,180 (29.01%) unigenes were aligned to
sequences in the KOG database, which were categorized into 25 functional groups (Fig. 3C), among them, 12,024 (7.39%) were annotated as
“general function prediction only”, followed by “signal transduction mechanisms” (5,297, 3.26%), and “posttranslational modification, protein
turnover, chaperones” (4,421, 2.72%). A total of 56,185 (34.55%) unigenes were aligned to sequences in the KEGG database, which could be
categorized into five groups including cellular processes, environmental information processing, genetic information processing, metabolism, and
organismal systems (Fig. 3D). Among the 19 biological pathways, the most frequently observed functional pathways were “Global and overview
maps” (14,053, 8.64%), followed by “Carbohydrate metabolism” (5,259, 3.23%), and “Folding, sorting and degradation” (4,330, 2.66%). 

Table 2 Unigenes annotation of C.praecox 

Annotation database Number of unigenes  Percentage(%)

NR 77,914 47.91%

NT 55,460 34.10%

Swissprot 55,465 34.10%

KEGG 57,525 35.37%

KOG 47,180 29.01%

Pfam 57,638 35.44%

GO 62,480 38.42%

Intersection 24,879 15.30%

Overall 82,778 50.90%

Total 162,638 100.00%

Frequency and distribution of SSRs in the transcriptome

Using the MISA software, 13,556 unigenes which the total length is 170,847,856 bp were selected from 162,638 Unigenes, 1,515 unigenes
containing more than 1 SSR, and 11,691 SSR loci were detected in the end (Table 3). Six types of microsatellites were identified from transcriptome
data, including mono-, di-, tri-, tetra-, penta-, and hexanucleotide repeat motifs, with significant differences observed among different types of repeat
motifs, which the trinucleotide repeats exhibited the highest frequency of occurrence (7,984, 58.90%), followed by dinucleotides (4,613, 34.03%),
tetranucleotides (355, 2.62%), hexanucleotides (260, 1.92%), mononucleotides (222, 1.64%), and pentanucleotides (122, 0.90%) (Table 3). The most
frequent dinucleotide repeats were AG/CT (4,053), accounting for 29.90% of the total SSRs. Of the trinucleotide repeats, AAG/CTT (3,117, 22.99%)
was the most abundant motif, followed by ATC/ATG (1,446, 10.67%) and AGC/CTG (1,021, 7.53%). The most abundant mononucleotide,
tetranucleotide, pentanucleotide and hexanucleotide repeats were A/T (222, 1.64%), AAAT/ATTT (91, 0.67%), AAAGG/CCTTT or AGCCC/CTGGG
(29,0.21%), and AAGAGG/CCTCTT (33, 0.24%) respectively. The quantities of different types of dinucleotides and trinucleotides are shown in Fig.4.

Table 3 Prediction of SSRs out of the transcript datasets of C.praecox
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Item Number

Total number of sequences examined 162,638

Total size of examined sequences (bp) 170,847,856

Total number of identified SSRs 13,556

Number of SSR containing sequences 11,691

Number of sequences containing more than 1 SSR 1,515

Number of SSRs present in compound formation 667

Mono nucleotide 222

Di nucleotide 4,613

Tri nucleotide 7,984

Tetra nucleotide 355

Penta nucleotide 122

Hexa nucleotide 260

Development of polymorphic EST-SSR markers

Seventy-five potential EST-SSR markers primers were selected designed and tested to validate polymorphism of EST-SSR markers in C. praecox, but
twenty of them were not amplified, while 55 were successfully amplified, producing amplicons of the expected size. Out of 55 EST-SSR markers,
seven showed high levels of polymorphism and good transferability in different varieties. The genetic variation analysis of seven loci showed total of
28 alleles, ranging from 2 to 6, with an average of 4 alleles per locus. Ne ranged from 1.492 to 4.235 and total was 20.61 with average was 2.944. I
ranged from 0.512 to 1.585 with average was 1.122. Ho ranged from 0.250 to 1.000. He ranged from 0.330 to 0.764 with average was 0.603. The
above results indicated that the seven EST-SSR markers had relatively high levels of genetic polymorphism (Table 4). 

UPGMA cluster analysis different varieties of C.praecox based on the EST-SSR markers

A topology tree based on the unweighted pair-group method analysis (UPMGA) was used to display the relationship between 12 different varieties
of C.praecox (Fig. 5). The r-value of the matrix correlation of the topology tree is 0.808, and the approximate value of the Mantel t-test is 6.13.
According to the UPGMA cluster analysis, 12 varieties of C.praecox were clustered into two monophyletic clades, S1, S6, S5, S15, S14, S7, SHA were
clustered in clade I, and S12, S17, SX, S16, S24 were clustered in clade II, indicating close genetic relationships. 

Table 4 Sequence and genetic diversity information of seven SSR markers

Locus Motif Forward primer  (5’‐ 3’)  Reverse primer  (5’‐ 3’) GenBank
accession
number

Na Ne I Ho He

CP14 (CTT)7 CGCTCTCTCCTTAACGCGAT ACTTCTTGCTTTTGCCGCTG PP532794 2.000 1.492 0.512 0.417 0.330

CP20 (TC)25 CCATCTGCGACTGTCCCTTT CGGATCTCTCCCGGATTTCG PP532795 4.000 3.646 1.332 0.500 0.726

CP22 (CT)18 AGAACATGTCCAATTCCCATGGA GCATGCTCGCTCTCTCTCTC PP532796 6.000 4.235 1.585 0.333 0.764

CP33 (AT)10 CAGTCAGGTCCACGTGTTGA ATCTCGATCTGCTGCCACTG PP532797 6.000 3.176 1.426 0.444 0.685

CP43 (GA)14 TGCCCAGTTGCCTCTTTTCA CGACTTCTTCTCCTTCGCCA PP532798 2.000 1.492 0.512 0.250 0.330

CP44 (TCG)7 CCGGAAGTAGCCATCGGATC GCATGGAGAGTCCTCGCTAC PP532799 3.000 2.969 1.093 0.750 0.663

CP67 (AG)22 CACGAAGCCCTCCAGAAAGT CTTGCAGGGGAGCATGTACA PP532800 5.000 3.600 1.393 1.000 0.722

Discussion
C.praecox as an ornamental plant has been cultivated for over a thousand years, it originated in China and introduced to South Korea around the
17th century, followed by Japan, Europe, the United States, and Australia [3, 4]. After a long history of cultivation, numerous C.praecox varieties were
developed but only a few cultivars were named, and there are some homonymy and synonymy exist [8, 36]. During the cultivation, wrong naming of
cultivars has led to difficult to distinguish the cultivars [37]. Molecular markers have been proved to be powerful tools for identifying and
characterizing varieties, and some molecular markers have been used for variety identification. SSRs also known as microsatellites are one of the
most important marker systems for plant genetic analysis, gene mapping, quantitative trait locus (QTL) mapping, and marker-assisted selection
(MAS) breeding based on their high rates of mutation, universal distribution and high density in a multitude of genomes [38, 39]. Due to their
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homology among related species in DNA coding regions and adequate polymorphisms provide large variations in DNA non-coding regions [38, 40],
SSR markers have been specifically applied in a variety of identification procedures that includes the cultivars of a number of plants, such as Prunus
persica [41], Morella rubra [42], Punica granatum [43], sympodial bamboo [44] and so more. Traditional SSR development method is a difficult, costly
and labour intensively process, but the next-generation sequencing technology can effectively identify a large number of SSRs at a small cost and
effort compared to traditional methods. Its main advantage is the ability to generate a large amount of sequence data, from which a large number of
whole genome and gene-based SSR loci can be isolated and developed [39, 45]. As NGS techniques have become more advanced, different new
methods of SSR marker development have been reported that can be grouped into genomic SSRs (gSSRs) distributed throughout the entire whole
genome sequence and expression sequence tags SSRs (EST ssr) embedded in transcriptional sequences [46, 47]. Compared to gSSRs, EST-SSRs
are more economical with efficiently amplification and highly transferable among plant species, and less susceptible to invalid alleles [10, 48].
Transcriptome sequencing is updated and efficient which not only helps to discovering new genes, expression pattern identification, but also helps
to development of molecular markers [49]. In this study, a total of 162,638 unigenes were assembled，which the average length of unigenes is 1,050
bp, the N50 of the unigenes was 2,059 bp, indicating a high-quality assembly of transcriptome sequencing. The transcriptome data provide
abundant resources of the SSR sites, which would be contribute to the identification and characterization of C.praecox varieties. And both in
C.praecox business and research, our newly developed microsatellite markers will be useful in C.praecox species and cultivars discrimination and
identification.

EST-SSRs have many known or putative functions and may be associated with the targeted trait which are useful for directing allele selection,
detecting functional variation and analyzing gene associated genetic [50]. There are numerous evidence indicating that any changes including
replication slippage and other mutational mechanisms of SSR repeats may lead to gaining and losing function or gene silencing and inducing novel
protein, bacterial pathogenesis or virulence [51]. To obtain comprehensive function classification of unigenes in the C.praecox transcriptome data,
we performed gene function annotations using the public databases Nr, Nt, Swiss-Prot, Pfam, GO, KOG and KEGG, results indicate that 50.90%
unigenes was achieved functionally annotated in at least one database, and 15.30% unigenes was achieved functionally annotated in all database.
And 62,480 (38.42%), 47,180 (29.01%), 56,185 (34.55%) unigenes were classified into GO, KOG and KEGG categories, the largest categories in GO,
KOG, and KEGG are “cellular process”, “general function prediction only” and “Global and overview maps” which will be useful for development of
functional EST–SSR markers. As next-generation DNA sequencing becomes faster and cheaper, a large amount of sequence data from different
plant species is being generated exponentially, and more researcher are using transcriptome data to develop EST–SSR markers [52]. 

In this study, EST–SSR markers of C.praecox were developed using NGS technology, and we detected 13,556 EST-SSR loci distributed among 11,691
of a total of 162,638 unigenes. Among these EST-SSR loci, trinucleotide repeat motifs were the most abundant type, followed by dinucleotide repeat
motifs, is different from the results of previous research [9, 53], which reported that the dinucleotide repeat motifs were the most abundant type,
followed by the trinucleotide repeat motifs. But the situation of different results appear in C.praecox is same as in Allium sativum. Li et
al. [21] reported the dinucleotide repeat motifs was the most abundant type was different from the results of Liu et al. [54] who reported that the
trinucleotide repeat motifs were the most abundant type. And in many other plant studies have been found the same patterns, which the
trinucleotide repeat is the most common motif of SSR motif abundance, like in Elymus sibiricus [55], Pueraria thomsonii [56]，Dolichos bean [57],
Elymus breviaristatus [47] and 14 tree species [58].The differences in the previous finding may have been due to the SSR search criteria, the size of
the dataset, and the database-mining tools [21].

Microsatellite markers have been widely used in species and cultivars identification, to check the effectiveness of newly developed EST-SSR
markers, 75 pairs of SSR primers were randomly selected to genotype 12 C.praecox varieties, in which 66.7% markers successfully amplified target
bands with 9.3% markers show highly polymorphic. And 33.7% markers did not amplify any fragments, possibly because the primers were designed
across splice sites or large introns were present within the target amplicon [59]. Using cluster analysis, 12 varieties of C.praecox were clustered into
two monophyletic clades, 7 varieties were clustered in clade I, and 5 varieties were clustered in clade II. In most cases the C.praecox cultivars are
divided into three groups base on the color of inner tepals, including the Patens Group , the Intermedius Group, and the Concolor Group [2, 7, 60].
Two varieties of Intermedius Group and two varieties of Patens Group both could be classified into one group, the relationship between two
concolor varieties is also relatively close in clade I. Two concolor varieties and one Intermedius varieties classified into one group in clade II,
indicated a close relationship with them. The results show that EST-SSR markers distinguishes different varieties by inner tepals color to some
extent. It means that these EST-SSR markers may be related to phenotype of flower color. Previous research has shown that SSR may be related to
targeted traits and play important roles in development, gene regulation, evolution, and other aspects [61]. The results of this study demonstrated
that phylogenetic analysis based on EST-SSR markers not only can provide valuable reference used in varieties identification, but also revealed a
potential connection with the color of inner tepals, and this provides a theoretical basis for the breeding of new varieties of C.praecox.

Conclusions
A large number of SSR loci were identified using transcriptome data, and highly polymorphic microsatellite markers were developed and applied in
the differentiation of C.praecox varieties, 12 varieties were detected into two monophyletic clades. The molecular markers developed in this study
will contribute to the identification of C. praecox varieties, and these results also provide theoretical basis for conducting functional genomics,
population genetics, and phylogenetic analysis of C.praecox.
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Figure 1

Information of unigenes length distribution

Figure 2

Unigenes annotation of C.praecox
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Figure 3

Unigenes annotation based on GO, NR, KOG, and KEGG databases. A. GO annotations of C.praecox. B. NR annotations of C.praecox. C. KOG
annotations of C.praecox. D. KEGG annotations of C.praecox.
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Figure 4

Microsatellite loci distribution in the transcriptome data of C.praecox
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Figure 5

Phylogenetic tree of 12 C.praecoxvarieties
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