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ABSTRACT. Gleditsia sinensis is a Chinese native deciduous tree with a
high economic and medicinal value. However, there is limited knowledge
on the molecular processes responsible for the medical properties of this
species owing to lack of bioinformatic resources such as available whole-
genome sequences. In the present study, RNA sequencing data were used
to analyze the transcriptome of G. sinensis, and a series of bioinformatic
tools was used to explore the main genes involved in important molecular
processes. A total of 75.57 million paired-end reads, with a length of
101 bp, were acquired from G. sinensis. Using the assembly tool Trinity,
233,751 transcripts were discovered. Among these, 85,795 were identified
as unique transcripts and 59,326 unique transcripts were found to contain
coding regions. Gene ontology analysis identified 27,637 unique transcripts
that were clustered into 56 functional groups. Genes involved in flavonoid
and terpenoid backbone biosynthesis and those encoding transcription
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factors were further analyzed. Sequence analysis revealed four putative
G. sinensis chalcone isomerase genes (GsCHI) encoding the enzymes for
flavonoid biosynthesis. GsCHI1 was found to be phylogenetically related
to the chalcone isomerase of the family Leguminosae, and its transcript
levels in different tissues were higher than those of GsCHI2, GsCHI3, and
GsCHI4. Furthermore, 15,014 simple sequence repeat (SSR) markers
were discovered in the transcript library, and 5170 primers were generated
for the SSR loci. The genetic and genomic information presented in this
study will be helpful for future studies on gene discovery and molecular
processes in G. sinensis.

Key words: Chalcone isomerase; Gleditsia sinensis; Transcriptome assembly;
Unique transcripts; Gene identification; SSR mining

INTRODUCTION

Gleditsia sinensis Lam. is a leguminous tree native to China. It has high economic, medicinal,
and ecological value, and it has been used as a detergent in China for thousands of years (Tilstone et
al., 1998; Lan et al., 2004; Li et al., 2014). In Chinese traditional medicine, the thorns of G. sinensis
are used for the treatment of inflammatory diseases, including swelling, suppuration, carbuncle, and
skin diseases (Ahn, 2003; Ha et al., 2008; Seo et al., 2015). G. sinensis can survive in arid regions
and is tolerant to extreme temperature conditions. Therefore, this species is useful for landscaping
purposes and reforestation (Tilstone et al., 1998; Lan et al., 2004).

In the last twenty years, several antimicrobial compounds have been identified from natural
resources, including plants because of their superior structural diversity, unique bioactivity, and
environmental compatibility as compared to compounds derived from organic synthesis (Tang et
al., 2010). In fact, a variety of antimicrobial compounds including flavonoids, phenols, saponins,
and alkaloids, have been isolated from different leguminous plants. Three flavonoids isolated from
G. sinensis (dihydrokaempferol, quercetin, and 3,30,50,5,7-pentahydroflavanone) were shown to
have significant antibacterial activities (Zhou et al., 2007). Thus, G. sinensis could be an important
medicinal plant for modern natural medicine. However, studies on G. sinensis have been very limited,
and little is known about the main active ingredients and their biosynthesis in this species.

RNA sequencing (RNA-Seq) is a powerful technology for genome-wide analysis of RNA
transcripts, which can be used for all organisms including those with and without sequenced
genomes. In relation to other technologies, such as microarray, which is dependent on available
whole-genome sequences, RNA-Seq can be used to assemble short reads for gene annotation
and gene expression analysis in organisms without the use of reference genomes (Xu et al.,
2012). In addition, RNA-Seq can also be used for analysis of mMRNA splicing, discovery of single
nucleotide polymorphisms, and mining of expressed sequence tag-simple sequence repeat (EST-
SSR), among other methods (Torres et al., 2008). Zhu et al. (2014) analyzed the transcriptome of
G. sinensis using RNA-Seq; however, the assembled sequences are not available. In the present
study, we used the existing RNA-Seq data of G. sinensis and carried out transcriptome assembly,
gene annotation, and EST-SSR mining. Our results provide a reference for future research on
G. sinensis such as studies on gene cloning or on the biosynthesis and regulation of active
pharmaceutical compounds.
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MATERIAL AND METHODS
RNA-Seq data processing and sequence assembly

G. sinensis RNA-Seq data (accession No. SRX365131) was generated by Zhu et al.
(2014). The methodology used for tissue sampling, total RNA isolation, and lllumina sequencing is
explained in Zhu et al. (2014). The raw RNA-Seq reads of G. sinensis were processed using three
tools: 1) fastq-dump (from the NCBI SRA toolkit), used to convert data for downstream analysis
from the sequence read archive format to the FASTQ format (http://trace.ncbi.nlm.nih.gov/Traces/
sra/sra.cgi?view=software); 2) FastQC (v. 0.10.1), used to assess the quality of the reads (http:/
www.nipgr.res.in/ngsqctoolkit.html); and 3) Trimmomatic (v. 0.32), a flexible trimmer for lllumina
sequence data that was used to filter the high-quality sequence data for further processing and
assembly (http://www.usadellab.org/cms/index.php?page=trimmomatic).

The clean reads were then de novo assembled with Trinity (Trinityrnaseq _r20131110)
(Grabherr et al., 2011), and the longest transcripts among the assembled transcripts were
selected. TransDecoder (http://sourceforge.jp/projects/sfnet_transdecoder/downloads/OLDER/
TransDecoder_r20131117.tar.gz) was used to identify coding regions within unique transcript
sequences. The deduced protein sequences were acquired using default parameters, with
exception of the -m parameter which was set to 50.

Gene annotation with the BLASTp algorithm

In order to annotate the protein sequences, these were subjected to BLASTp analysis
(E-value cut-off of 1 x 10?®) against several databases such as the NCBI non-redundant protein
database (NR) (http://www.ncbi.nim.nih.gov), SWISS-PROT (http://www.expasy.ch/sprot), eukaryotic
orthologous groups (KOG), and clusters of orthologous groups (COG) (Kanehisa et al., 2008). The
functional classification of the unique transcripts was analyzed using Blast2GO (http://blast2go.
com/webstart/blast2go1000.jnlp) based on gene ontology (GO) terms (Conesa et al., 2005; Gene
Ontology Consortium, 2008) and plotted using WEGO (Ye et al., 2006). To obtain the various
metabolic pathways, sequences and corresponding enzymes were extracted from Blast2GO and
mapped to the Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic pathway database
(Kanehisa and Goto 2000). To further enrich the pathway annotation and identify the BRITE functional
hierarchies, sequences were submitted to the KEGG automatic annotation server and the single-
directional best hit information method was selected (Moriya et al., 2007).

Gene validation and expression analysis

Fruits, stems, leaves, and rachises of G. sinensis were collected from trees cultivated
in the Wuhan University campus (Hubei, China) (30.539636°N, 114.358518°E). Total RNAs from
these tissues were extracted as described by Jaakola et al. (2001). G. sinensis mMRNA was reverse-
transcribed into double-stranded cDNA using a PrimeScript RT reagent kit with gDNA Eraser
(Perfect Real Time, TaKaRa, China) and a modified oligo(dT)18 primer. The expression level of
the chalcone isomerase gene in G. sinensis (GsCHI) relative to the actin gene was determined in
different tissues using quantitative polymerase chain reaction (QPCR). The gPCR was performed
with the SYBR Premix DimerEraser kit (TaKaRa, China), following manufacturer protocol, and
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using a Bio-Rad C1000 system (Bio-Rad, Hercules, CA, USA). Three biological replicates were
taken of each sample and each reaction was performed in triplicate. The cDNA sequences of
GsCHI genes were determined by Sanger sequencing.

Sequences of GsCHI homologous proteins were obtained from NCBI, and aligned using
Clustal X (Larkin et al., 2007). A phylogenetic tree based on the conserved amino acid sequences was
generated by the Neighbor-Joining method with Poisson model using the Mega 5.0 program (http:/
www.megasoftware.net/). Bootstrap values were derived from 1000 replicates (Tamura et al., 2011).

SSR mining and primer design

Microsatellite mining was conducted by using the MicroSAtellite (MISA, http://pgrc.ipk-
gate-rsleben.de/misa/) software. Default parameters (unit_size-min_repeats: 1-10, 2-6, 3-5, 4-5,
5-5, 6-5) were used. The primer pair for SSR was designed by Primer3 (v. 2.3.6, http://primer3.
sourceforge.net) considering default settings and a PCR product length ranging from 100 to 250
bp (Thiel et al., 2003).

RESULTS
De novo assembly and data analysis

lllumina sequencing generated a total of 75,570,488 paired-end raw reads with
7,632,619,288 bases. Pre-processing resulted in 70,928,068 clean reads and 6,944,576,794
bases. All bases had quality scores >Q30 (Eigure S1), indicating that sample size and read quality
were appropriate for further analysis (Xia et al., 2011; Long et al., 2014; Wu et al., 2015).

The assembly of these clean reads generated 233,751 transcripts, of which 85,795 were
unique transcripts. Unique transcripts had an average length of 1648 bp and a N50 value of 2556
bp (GenBank accession No. GCKC01000000). The length of the assembled transcripts ranged
from 201 bp to 17,276 bp, among which approximately 41% were in the range of 201-1000 bp, and
80,507 transcripts (34%) were longer than 2.1 kb (Figure 1).
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Figure 1. Number of transcripts in relation to transcript length.
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Annotation and analysis of unique transcripts

From the 85,795 unique transcripts, 59,326 transcripts with coding regions were identified
and translated into protein sequences using TransDecoder. A total of 48,343 protein sequences were
annotated (Table 1). Among the 59,326 unique transcripts, 40,024 (67.46%) were matched to the
protein database NCBI NR with an E-value <1 x 103, 27,866 (46.97%) were aligned to SWISS-
PROT, 33,691 (56.79%) showed significant homology in the KOG database (Eigure S2), and 17,474

(29.45%) were annotated by COG database (Eigure S3). All the annotation details are shown in
Table S1. Atotal of 10,983 unique transcripts could not be annotated by any of the public databases.

Table 1. Annotations of G. sinensis assembled transcripts against public databases.

Database 59,326 transcripts with predicted coding regions
Percentage (%)

Annotated (N)
NR 40,024 67.46
KOG 33,691 56.79
COG 17,474 29.45
SWISS-PROT 27,866 46.97
KEGG 16,583 27.95
GO 27,636 46.58
Total 48,343 81.49
GO

Among the 59,326 unique transcripts with coding regions, 27,636 (46.58%) fell into at
least one functional group. Figure 2 summarizes the number of the deduced proteins in each of
the 56 GO functional groups, which were divided into three main categories: biological process
(17,892 genes), cellular component (12,909 genes), and molecular function (19,404 genes). The
most abundant proteins were found in the categories cellular processes (49.1%) and metabolic
processes (48.1%) of the biological process group, in the cell (46.0%) and cell part (45.5%) of
the cellular component group, and in the binding protein (44.2%) and catalytic activity (45.7%)

categories of the molecular function group (Figure 2).
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Figure 2. GO annotation results of the transcriptome of Gleditsia sinensis.
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Protein sequences within G. sinensis functional categories were used to identify top-hit
species using BLASTp (E-value cutoff of 1 x 10-%). Results suggest that G. sinensis is a close
relative to the leguminous plants Glycine max (28.97%), Phaseolus vulgaris (11.07%), Cicer
arietinum (9.81%), and Medicago truncatula (5.42%) (Figure 3). This result is consistent with the
general knowledge about the evolutionary history of G. sinensis in the plant kingdom. Interestingly,
the BLAST result also showed that 11.43% of the deduced proteins of G. sinensis are similar to the
proteins from Rhizophagus irregularis, a fungus that forms symbiotic relationships with plant roots
and contributes to the phosphorus cycle (Figure 3).

@ Glveine max (28.97%)

® Rhizophagus irregularis (11.43%)
O Phaseolus vulgaris (11.07%)

O Cicer arietinum (9.81)

M Medicago truncatula (5. 42%)

@Vitis vinifera (5.32%)
B Theobroma cacao (3.41%)
O Prunus persica (3.17%)
M Morus notabilis (2.12%)

B Lotus japonicus (2.08%)

O Populus trichocarpa (1. 98%)

O others (15.21%)

Figure 3. BLAST top-hit species distribution based on the transcripts of Gleditsia sinensis.

Secondary metabolic pathway analysis

To identify the enzymes and the involved secondary metabolic pathways, unique protein
sequences were annotated with Enzyme Commission (EC) numbers from BLASTP alignments
against the KEGG database (E-value <1 x 10%), and the assigned EC numbers were subsequently
mapped to the defined metabolic pathways. As a result, 921 unique open reading frames (ORFs)
involved in secondary metabolic pathways, possibly contributing to the biosynthesis of medicinal
ingredients, were identified in G. sinensis (Figure 4). Among these, 144 may be involved in the
biosynthesis of alkaloids, 2 of brassinosteroids, 33 of caffeine, 19 of carotenoids, 76 of diterpenoids,
24 of flavones and flavonols, 35 of limonene and pinene, 112 of flavonoids including isoflavonoids,
287 of phenylpropanoids, 156 of terpenoids, and 33 of zeatin. An example of 82 unique ORFs
classified into 12 groups based on key enzymes involved in the biosynthesis of flavonoids
is found in Table S2. The 12 groups of key enzymes [phenylalanine ammonia lyase, cinnamic
acid 4-hydroxylase, 4-coumarate-CoA ligase, chalcone synthase, chalcone isomerase (CHI),
flavanone 3-hydroxylase, flavonoid 3’-hydroxylase, flavonol synthase, NADPH-dihydromyricetin
reductase, anthocyanidin synthase, anthocyanidin reductase, and leucoanthocyanidin reductase]
encompassed almost all enzymes in the flavonoid biosynthetic pathway (Table $2) (Blount et al.,
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2000; Lacampagne et al., 2010; Yao et al., 2012; Dong and Shang 2013; Han et al., 2014; Morita
etal., 2014; Schwinn et al., 2014). In addition, 82 unique transcripts encoded proteins thought to be
involved in terpenoid backbone biosynthesis. These 82 proteins were classified into 24 classes of
key enzymes, which covered almost all processes involved in the metabolic pathways of terpenoid
backbone biosynthesis (Table S3). Results show that the assembled sequences are relatively
complete. Similar analysis was also done for cytochrome P450 superfamily, MYB, and bHLH
transcription factors (Table S4).

320 1 287

Nnumber of
unique transcripts

Figure 4. Unique transcripts from Gleditsia sinensis related to secondary metabolic pathways.
Verification and phylogenetic analysis of chalcone isomerase CHI

CHI(EC5.5.1.6) is a key enzyme for flavonoid biosynthesis that catalyzes the stereospecific
isomerization of chalcones into their corresponding (2S)-flavanones (Jez et al., 2000). Sequence
analysis suggested four unique ORFs encoding chalcone isomerase in G. sinensis. In order to
verify the accuracy of the RNA-Seq assembly results and understand the role of this key enzyme
in the flavonoid biosynthesis, the four unique ORFs of CHI (Gs48559 c0_seq1, Gs42647_c0_
seql, Gs19260_c0_seq1, and Gs13596_c1_seq1) were confirmed by Sanger sequencing. For
convenience, the related sequences were named as GsCHI1, GsCHI2, GsCHI3, and GsCHI4,
respectively (Table S5). The four cloned sequences showed 99% (896/906), 100% (627/627),
100% (832/832), and 100% (633/633) identity to the assembled sequences (Eigure S4). Therefore,
Gs48559 c0_seql, Gs42647_c0_seql, Gs19260 c0_seql, and Gs13596_c1_seql identified
from the RNA-Seq data analysis were indeed from G. sinensis.

Phylogenetic analysis provides the evolutionary relationship between genes of different
species (Durbin et al., 2000). The genetic relationship among the CHI genes of different plant
species, including GsCHI1, is shown in Figure 5. Phylogenetic analysis revealed that the GsCHI1
gene was closely related to CHI genes from leguminous plants (Figure S5). In addition, gPCR
showed that GsCHI genes were expressed in rachises, leaves, fruits, and young stems, and that
GsCHI1 exhibited much higher expression levels than other GsCHI genes (Figure 6).

SSR mining in G. sinensis transcriptome

SSR markers supply useful information for molecular breeding in plants. In this study,
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Glycine max (ref[NP_001236782.1)
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01

Figure 5. Phylogenetic tree based on the deduced amino acid sequences of various CHI open reading frames (ORFs).
Amino acid sequences were generated by the Neighbor-Joining method with Poisson model. Bootstrap values were
derived from 1000 replicates.

60 -
55 I Fruits
50 [ Leaves
45 I stem

T [ rachises

Relative expression of GsCHIs mRNA

GsCHI1 GsCHI2 GsCHI3 GsCHI4
Genes

Figure 6. Expression of the GsCHI1 gene in different tissues of Gleditsia sinensis.

15,788 SSR markers were identified in 13,122 unique transcript sequences, of which 2169
sequences had more than one SSR marker. Among all the identified SSR markers, 15,014 were
shown to be mono-, di-, tri-, tetra-, penta-, or hexa-nucleotide repeats. Among these, dinucleotide
repeats were most abundant (63.02%), followed by trinucleotide repeats (34.42%), while other
types were very low (Figure 7A). The most abundant motif was AG/CT, followed by AT/AT, AC/
GT, AAG/CTT, ATC/ATG, AAT/ATT, AGC/CTG, AGG/CCT, AAC/GTT, ACC/GGT, and ACG/CGT,
respectively (Figure 7B). Among all the detected SSR markers, 5170 primer pairs were designed
by Primer3 (Table S6).
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Figure 7. Characterization of SSR markers. A. Frequency of the different nucleotide repeat types; B. frequency of the
classified repeat motifs.

DISCUSSION

G. sinensis is a species of deciduous tree belonging to the family Leguminosae, which
has high economic and medicinal value. G. sinensis can be used in medical, cosmetic, and health
products, as well as in natural raw materials used in cleaning products (Lian and Zhang, 2013). Guar
gum, an important vegetable gum present in the seeds of G. sinensis, can be used to make food more
appetizing (Jian et al., 2013), whereas the thorns of G. sinensis have an economic and medicinal
value because they contain flavonoid glycosides, amino acids, and phenols (Yi et al., 2012). Thus,
G. sinensis could be used as natural medicine and as an environment-friendly industrial material.

Traditional Chinese medicine has been practiced for thousands of years, yet the active
ingredients in most medicinal plants are still largely unknown. In recent years, studies focusing
on the genetic diversity of Chinese herbs and the production of secondary metabolites have been
considered important for a better effectiveness of the treatment (Zheng et al., 2015). However, only a
small number of reports suggested that secondary metabolites such as alkaloids, brassinosteroids,
caffeine, and flavonoids are the active ingredients in medicinal plants (Zhang et al., 1999; Zhou
et al., 2007). In this study, 921 unique transcripts were considered to be involved in secondary
metabolic pathways important for the production of active ingredients in G. sinensis (Figure 4).
The transcripts encoding putative enzymes for flavonoid and terpenoid biosynthesis covered
almost all the pathways, suggesting that the transcriptome assembled in this study represents
genes expressed in the whole genome of G. sinensis. The analysis of secondary metabolic
pathways is useful for studying the genes involved in the production of active ingredients and
their expression patterns. In this study, CHI, an important enzyme in the flavonoid biosynthesis
pathway, was studied based on the assembled transcripts and their annotation (following Morita
et al., 2014). Four putative CHI genes (GsCHI1, GsCHI2, GsCHI3, and GsCHI4) were cloned and
their expression levels were determined in different tissues. The expression level of GsCHI1 was
high in fruits and leaves. The fruits of G. sinensis have been used for a long time in traditional
Chinese medicine in the treatment of various diseases. Triterpenoid saponins present in the
fruit of G. sinensis have been considered potential antitumor agents (Lu et al., 2014), but little
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is known about the enzymes and biochemical pathways involved in saponin biosynthesis in this
species. The present study provided candidate genes for key enzymes involved in the terpenoid
backbone biosynthesis pathway that are, therefore, helpful for the identification of key enzymes
involved in the biosynthesis of triterpenoid saponins. Results support the use of RNA-Seq in the
discovery and cloning of novel genes in species without a known whole-genome sequence. Using
this strategy, transcription factors such as MYB and bHLH that are known to be involved in the
regulation of metabolite synthesis (Broun et al., 2006; Mizutani and Sato, 2011; Patra et al., 2013),
have also been identified (Table S4). These results will help elucidate the mechanisms controlling
or regulating the metabolic pathways in G. sinensis.

Overall, 233,751 transcripts and 85,795 unique transcripts were assembled from the RNA-
Seq data. Among them, 41.22% were in the size range of 201-1000 bp and 80,507 transcripts
were longer than 2.1 kb. The average transcript length and the calculated N50 value suggest that
the results in this study provide additional information to the previous reports by Zhu et al. (2014).
Among the 85,795 unique transcripts, 59,326 transcripts with coding regions were deduced to
protein sequences and 81.49% (48,343) of the deduced protein sequences were annotated based
on a similarity search against public databases. A total of 10,983 unique transcripts could not
be annotated. These transcripts might encode proteins that are specific to G. sinensis or other
related plant species, and should be included in a future study. A total of 15,788 SSR markers
were identified in 13,122 unique transcripts and 5170 primer pairs were designed based on the
sequence library. These results are important for future genetic studies in G. sinensis (Morgante et
al., 2002; Zhang et al., 2015). Overall, the results of this study, especially the assembled transcript
sequences, are useful for future molecular studies of this important medicinal plant.

To conclude, this study provided 233,751 transcripts to NCBI, among them 59,326 unique
transcripts were annotated to contain coding regions and 48,343 unique transcripts had at least one
hit with a sequence in public databases. In addition, this study provides the most comprehensive
transcriptome assembly for G. sinensis. A total of 921 unique ORFs involved in secondary metabolic
pathways, possibly contributing to the biosynthesis of medicinal ingredients, were identified.
Furthermore, four GsCHI genes were cloned for the first time. Additionally, a large number of SSR
markers were identified and 5170 primer pairs were designed. This work will be useful for future
studies on genetics, genomics, molecular evolution, and biotechnological improvementin G. sinensis.
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