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Abstract

Key message Here, we report potential transcripts

involved in the biosynthesis of therapeutic metabolites

in Swertia japonica, the first report of transcriptome

assembly, and characterization of the medicinal plant

from Swertia genus.

Abstract Swertia genus, representing over 170 plant spe-

cies including herbs such as S. chirata, S. hookeri, S.

longifolia, S. japonica, among others, have been used as

the traditional medicine in China, India, Korea, and Japan

for thousands of years. Due to the lack of genomic and

transcriptomic resources, little is known about the molec-

ular basis involved in the biosynthesis of characteristic key

bioactive metabolites. Here, we performed deep-transcrip-

tome sequencing for the aerial tissues and the roots of S.

japonica, generating over 2 billion raw reads with an

average length of 101 bps. Using a combined approach of

three popular assemblers, de novo transcriptome assembly

for S. japonica was obtained, yielding 81,729 unigenes

having an average length of 884 bps and N50 value of 1452

bps, of which 46,963 unigenes were annotated based on the

sequence similarity against NCBI-nr protein database.

Annotation of transcriptome assembly resulted in the

identification of putative genes encoding all enzymes from

the key therapeutic metabolite biosynthesis pathways.

Transcript abundance analysis, gene ontology enrichment

analysis, and KEGG pathway enrichment analysis revealed

metabolic processes being up-regulated in the aerial tissues

with respect to the roots of S. japonica. We also identified

37 unigenes as potential candidates involved in the gly-

cosylation of bioactive metabolites. Being the first report of

transcriptome assembly and annotation for any of the

Swertia species, this study will be a valuable resource for

future investigations on the biosynthetic pathways of

therapeutic metabolites and their regulations.

Keywords Swertia genus � S. japonica transcriptome

assembly � Secoiridoid metabolic pathways �
Swertiamarin � MEP biosynthesis pathways

Introduction

Plants are the rich source of bioactive metabolites, and

have been used for thousands of years for the treatment of

various diseases. According to the World Health Organi-

zation (WHO), the traditional medicines are used over

75 % of the world’s population as a primary treatment

regime, while up to 7000 chemical compounds used in the

phytotherapy are derived from the plant sources (Eddouks

et al. 2014; Licciardi and Underwood 2011; Pan et al.

2014; Veeresham 2012). Yet, a lack of genetic information

of participating processes that lead to their biosynthesis
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restricts our ability to increase their production by in vitro

or in vivo approaches (Weeks and Chang 2011). Avail-

ability of genome sequences, and knowledge of transcrip-

tome expression profile and accumulating phytochemicals

across different tissues provide a broad understanding of

different on-going metabolic processes, which may serve

as a basis to formulate strategies for increased biosynthesis

of metabolites of interest (Rai and Saito 2016). Since the

whole genome sequencing, assembly, and annotation have

its challenges, including the cost involved, complexity of

plant genome with redundancies, and computational

resources required, very few medicinal plant genome has

been sequenced so far. Recent advancements in the next-

generation sequencing (NGS) with reduced operational

cost, and development of computational resources to per-

form the de novo transcriptome assembly, annotation, and

subsequent analysis have revolutionized the field of phy-

tochemistry and natural medicine. It has gained a lot of

popularity for studies particularly involving non-model

plants with no genomic information available (Muranaka

and Saito 2013; Saito 2013). RNA-seq-based transcriptome

and transcripts abundance studies across different tissues

provide key insights on the gene structure, function, and

their role in the regulation of different associated active

metabolic processes (Rai and Saito 2016; Saito 2013).

Among medicinal plants, Swertia herbs, belonging to the

Gentianaceae family, hold an important position for being a

rich source of therapeutic metabolites (Brahmachari et al.

2004; Dutt et al. 1996; Neerja Pant and Jain 2000). Swertia

genus includes about 170 species distributed in the moun-

tainous regions of tropical Asia, Europe, America, and

Africa, and has been used as traditional medicine for thou-

sands of years in China, India, Japan, and Korea (Brah-

machari et al. 2004; Dutt et al. 1996; Khanal et al. 2015;

Liang 1984; Misra et al. 2010; Takei et al. 2001). Several

members from this genus, such as S. japonica, S. chirata, S.

hookeri, S. macrosperma, S. petiolate, and S. calycina have

received considerable attention, as their extracts are known

to possess numerous pharmacological properties (Brah-

machari et al. 2004; Dutt et al. 1996; Negi et al. 2011;

Kakiuchi et al. 2014; Peres et al. 2000). Extracts from these

herbs have been described to possess a characteristic bitter

taste, and have potential applications for febrifuge and

anthelmintic, tonic, anti-periodic, cathartic, stomachic,

asthma, leucorrhoea, analeptic, mitigate inflammation, and

relaxing the pregnant uterus (Basnet et al. 1994; Cao et al.

2013; Jiang et al. 2015; Khanal et al. 2015; Menkovic et al.

2002; Neerja Pant and Jain 2000; Zheng et al. 2014).

Among Swertia species, S. japonica, also known as

Senburi in Japanese, is a notable Japanese folk medicine

that stands with ‘‘Dokudami’’ and ‘‘Gennoshoko’’ as one of

the three major folk medicine (Kakiuchi et al. 2014). It is a

biennial plant with a characteristic straight dark violet-

tinged cuboidal cell morphology, reaching a height of

20-25 cm, and is native to Japan, Korean peninsula, and

China. Metabolite extracts from S. japonica have exhibited

various pharmacological activities, e.g., anti-depressant,

anti-tumour, anti-malaria, febrifuge, anthelmintic, cho-

leretic, diuretic, anti-microbial, anti-fungal, anti-inflam-

matory, hypoglycaemic, among others (Brahmachari et al.

2004; Dutt et al. 1996; Hiramatsu et al. 2004; Ikeshiro and

Tomita 1985; Kikuchi and Kikuchi 2005; Kimura and

Sumiyoshi 2011; Komatsu et al. 1969; Neerja Pant and Jain

2000; Yamahara et al. 1991).

The broad-spectrum biological activities of metabolite

extracts from S. japonica are attributed to the presence of

diverse pharmacologically active secondary metabolites

belonging to different classes, such as xanthones and their

derivative, iridoids, secoiridoids and their glycosides, fla-

vonoids, and terpenoids, among others (Basnet et al. 1994;

Hase et al. 1997; Ikeshiro and Tomita 1985, 1987; Kaki-

uchi et al. 2014; Kelly et al. 2010; Kikuchi and Kikuchi

2004, 2005; Komatsu et al. 1968; Phoboo et al. 2013;

Tomimori and Komatsu 1969; Yamahara et al. 1978).

Among secoiridoid class of metabolites, swertiamarin and

amarogentin are the two most prominent metabolites

derived from a common intermediate, sweroside, which

upon glycosylation provides rich diversity of bioactive

metabolites (Kimura and Sumiyoshi 2011; Kshirsagar et al.

2016; Padhan et al. 2015; Yamahara et al. 1978). Swer-

tiamarin and amarogentin have been reported to exhibit

anti-cancer (Kavimani and Manisenthlkumar 2000; Pal

et al. 2012), anti-diabetic (Phoboo et al. 2013; Vaidya et al.

2013), anti-arthritic (Saravanan et al. 2014), and

antileishmanial (Medda et al. 1999) activities, with swer-

tiamarin being an effective agent against hepatitis (Wang

et al. 2011). Xanthones derivatives, such as bellidifolin,

swertianin, among others, are one of the major constituents

of their metabolite extracts, and have been described to

have unique medicinal properties (Basnet et al. 1994).

Increased demand, over exploitation, and unregulated

cultivation of S. japonica as traditional medicine have

made it an endangered species. Despite being an important

medicinal plant, the genome and transcriptome data are

very limited, with only 904 sequences being reported for

Swertia genus, with only six sequences for S. japonica are

available in the NCBI database. A lack of genetic infor-

mation and molecular understanding of the biosynthesis

routes for the production of major chemical constituents

serve as an impediment for efforts to increase the pro-

duction of metabolites of interest and sustainable cultiva-

tion of the S. japonica.

Here, we present the first report on the de novo tran-

scriptome assembly and characterization of S. japonica.

RNA sequencing for aerial tissues (plant’s part above the

ground) and roots (Fig. 1a), and the pre-processing of the
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raw reads resulted in a total of over 2.2 Gbps high-quality

clean reads, which assembled de novo in 81,729 unigenes,

and were further annotated and characterized. Sequence-

similarity-based annotation assisted in the identification of

potential unigenes associated with all the known biochemical

steps for the synthesis of key metabolites. Transcript abun-

dance analysis for the unigenes associated with the key

metabolic pathways suggested higher expression levels in the

aerial tissues in comparison with the roots. We also identified

potential glycosyltransferases, which may play an important

role for generating characteristic metabolite diversity. To the

best of our knowledge, this is the first RNA-seq-based

transcriptome study on any Swertia species. Our findings

serve as a basis for future studies on this species, and will

assist in the functional characterization of potential candidate

genes involved in the key metabolic pathways.

Materials and methods

Plant materials, RNA isolation, and cDNA library

construction

Swertia japonica plants were grown in the natural condi-

tions at the Chiba University medicinal garden, Graduate

School of Medical and Pharmaceutical Sciences, Chiba

University, Chiba, Japan (located at 35�36017.700 N;

140�08006.900 E). Six-month-old plants were harvested on

ice (Fig. 1a), roots and aerial tissues were dissected, and

snap frozen in liquid N2 before storing samples at -80 �C
prior to RNA extraction.

The frozen samples were powdered using a Multi-beads

shocker (Yasui Kikai, Japan), and were used for the sub-

sequent RNA extraction. Total RNA for each tissue type

were isolated using RNeasy Plant Mini Kit (Qiagen, USA)

according to the manufacturer’s instructions. The extracted

RNA samples were treated with RNase-free DNase (Qia-

gen, USA), purified by column binding, and further puri-

fied through ethanol precipitation. RNA quality for each

sample was assessed by the Agilent Bioanalyzer 2100

(Agilent Technology, USA), and samples with RNA

integrity number (RIN) value above 8.0 were selected for

the cDNA library preparation.

For the cDNA library construction, mRNA of each

samples was isolated from the total RNA using oligo (dT)

beads. The obtained mRNA was sheared into small frag-

ments by adding fragmentation buffer, and then used as

templates for the first strand cDNA synthesis using random

hexamer primers. cDNA library was then prepared using

the SureSelect Strand Specific RNA library kit (Agilent

Fig. 1 Swertia japonica tissues and schematics of the de novo

transcriptome assembly and characterization. a Six-month-old S.

japonica plants were harvested, and dissected in two parts as roots

and aerial tissues, which were used for the RNA extraction, cDNA

library preparation, and RNA sequencing. b Experimental workflow

for the de novo transcriptome assembly and characterization
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Technology, USA) according to the manufacturer’s

instruction.

Illumina sequencing, and raw data pre-processing

Constructed cDNA libraries were sequenced using Illumina

HiSeqTM 2000 sequencer (Illumina Inc., USA), resulting in

the paired end reads for each library with an average length

of 101 bps. cDNA library preparation and sequencing were

performed at the Kazusa DNA Research Institute, Chiba,

Japan. The raw reads, transcriptome assembly sequences,

and annotation of the unigenes discussed in this study have

been deposited in the NCBI Gene Expression Omnibus

(GEO) (Edgar et al. 2002), and are accessible through GEO

series accession number GSE80057 (https://www.ncbi.nlm.

nih.gov/geo/query/acc.cgi?acc=GSE80057).

Raw read sequences thus obtained were pre-processed

using Trimmomatic program (Bolger et al. 2014) for the

removal of adaptor sequences, empty reads, reads with the

ambiguous ‘N’ bases[5 %, low quality raw reads (phred

score\30), and raw reads with an average length below 50

bps. Clean reads were obtained in the form of paired clean

reads, or unpaired clean reads (forward and reverse), and

were used to perform de novo transcriptome assembly.

De novo transcriptome assembly

De novo transcriptome assemblies were constructed using

three popular transcriptome assemblers, namely, SOAP-

denovo-Trans (Xie et al. 2014), Trinity v2.1 (Grabherr

et al. 2011), and CLC genomics workbench v8.0.3 (https://

www.qiagenbioinformatics.com/) (CLC bio, Aaarhus,

Denmark), and resulting assemblies were merged together

to give rise to the final transcriptome assembly. Using

SOAPdenovo-Trans, we obtained de novo transcriptome

assemblies using kmer sizes as 31, 41, 51, 63, 71, and 91,

resulting in the six different transcriptome assemblies.

Resulting assemblies were analysed using assem-

blathon_2.pl scripts (Bradnam et al. 2013), and corre-

sponding N50-values and other assembly characteristics

were obtained. On the basis of transcriptome assembly

characteristics, such as N50 value, number of incorporated

nucleotides, mean length, and median length, de novo

transcriptome assembly by SOAPdenovo-Trans program,

using kmer size as 31, emerged as the best among all the

six assemblies. For the Trinity and CLC genomics work-

bench, default kmer size and other parameters were used,

and resultant assemblies were analysed using assem-

blathon_2.pl scripts to obtain assembly characteristics.

Transcriptome assemblies thus obtained using Trinity,

CLC genomics workbench, and SOAPdenovo-Trans (kmer

size-31) were pooled together into one merged assembly,

and were processed using CD-HIT-EST v4.6 program

(built on Mar 5, 2015) (Fu et al. 2012; Li and Godzik 2006)

with the parameters used as ‘‘-c 0.95 –n 8’’ for the removal

of sequence redundancy. Sequences with a length less than

200 bps were dropped, and de novo transcriptome assem-

bly for S. japonica thus obtained was used for the subse-

quent annotation and characterization.

For the transcripts expression analysis, clean paired end

reads for each tissues were aligned to the S. japonica

transcriptome assembly using Bowtie2.0 program (Lang-

mead et al. 2009), and transcripts abundance was estimated

using RSEM program (Li and Dewey 2011). To calculate

unigene expression, we used Fragments per Kilobase exon

per Million mapped fragments (FPKM) method. Differen-

tial expression analysis was performed by DESeq2 pro-

gram (Love et al. 2014), using input as count data obtained

from RSEM program for unigenes from each tissues. In the

differential transcripts expression analysis, we used a

negative binomial test implemented in the DESeq2. GC

content and basic statistics values for unigenes were cal-

culated as described previously (Fukushima et al. 2015).

Functional annotation and classification of unigenes

We performed Blastx program (Altschul et al. 1990) based

homology search for the S. japonica transcriptome

assembly against the NCBI-non-redundant (nr) protein

database (http://www.ncbi.nlm.nih.gov; formatted on Oct,

2015) using an E value cutoff as\10-5, and number of

maximum allowed hit for each query was set as 20. The

aligning sequences from NCBI with the smallest E value

were used to annotate the unigenes. InterProScan (Jones

et al. 2014) for the S. japonica transcriptome assembly was

performed using Blast2GO program (Conesa and Gotz

2008) with the default parameters against the InterPro

protein signature databases. Subsequently, using Blast2GO

program, and on the basis of blastx and InterProScan

results for the S. japonica transcriptome assembly, gene

ontology (GO) (Gene Ontology 2015), EC number, and

KEGG information (Kanehisa et al. 2014) to the unigenes

were assigned. Visualization of the E value distribution,

sequence similarity distribution, top-hit species distribu-

tion, and GO functional classification for S. japonica

transcriptome assembly was performed by the Blast2GO

program.

Simple sequence repeat (SSR) detection

Swertia japonica de novo transcriptome assembly was

searched to determine the composition, frequency, and

distribution of the Simple Sequence Repeats (SSRs) using

the microsatellite identification tool (MISA) (http://pgrc.

ipk-gatersleben.de/misa/) (Thiel et al. 2003). The search

parameters for the maximum motif length group were set to

Plant Cell Rep

123

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE80057
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE80057
https://www.qiagenbioinformatics.com/
https://www.qiagenbioinformatics.com/
http://www.ncbi.nlm.nih.gov
http://pgrc.ipk-gatersleben.de/misa/
http://pgrc.ipk-gatersleben.de/misa/


recognize hexamers for each SSRs length-based category

to have at least ten repeats.

Gene ontology and KEGG pathway enrichment

analysis

Differentially expressed unigenes (both up- and down-

regulated in the aerial tissues with respect to the roots)

were used as a test set, and compared against the whole

transcriptome background of S. japonica as a reference set

using Fisher exact test with a p value cutoff as 0.05 (hy-

pergeometric test with Benjamini and Hochberg false dis-

covery rate correction) as described previously (Rai et al.

2016). For the KEGG pathways enrichment analysis, dif-

ferentially expressed unigenes (both up- and down-regu-

lated) with assigned KEGG pathways were used as a test

set against all unigenes assigned with KEGG pathways in

the S. japonica transcriptome assembly as a reference set

using Fisher exact test with p value cutoff as 0.05.

Phylogenetic analysis

Unigenes from the S. japonica transcriptome assembly

with the sequence length above 500 bps, annotated as

UDP-glycosyltransferases, and expression abundance[1

FPKM value in either of aerial tissues or of roots were used

for the phylogenetic analysis together with 128 UDP-gly-

cosyltransferase coding genes from the Arabidopsis gen-

ome (obtained and classified from http://www.p450.kvl.dk/

UGT.shtml) (Paquette et al. 2009). Nucleotide sequences

were aligned using MUSCLE program, evolutionary dis-

tance was computated using the Jones–Taylor–Thornton

(JTT) method, and a Neighbor-Joining (NJ) tree was con-

structed with the bootstrap values obtained after 1000

replications using the MEGA6 software (Tamura et al.

2013).

Results and discussion

Sample preparation and Illumina sequencing

Traditionally, the whole plant or aerial tissues of S.

japonica is used for the extraction of therapeutic metabo-

lites. However, several studies have also identified bio-

logically active metabolites such as bellidifolin,

methylbellidifolin, swertianolin, amarogentin, amar-

oswerin, among others from the roots of S. japonica

(Brahmachari et al. 2004; Negi et al. 2011).

To elucidate transcriptome landscape of S. japonica, and

to identify candidate genes involved in the biosynthesis of

therapeutic metabolites, total RNA from the aerial tissues

and roots were isolated (Fig. 1a). Total RNA from

individual tissues with RIN (RNA integrity number) value

above 8.0 were used for mRNA preparation, fragmentation,

and library preparation. cDNA libraries thus prepared were

sequenced on the Illumina HiSeqTM 2000, resulting in

1,193,840,800 and 950,603,200 bps raw reads for the aerial

tissues and roots, respectively (Table S1). After the

removal of adaptor sequences, low quality and ambiguous

bases, and reads that were shorter than 50 base pairs (bps)

using the Trimmomatic software (Bolger et al. 2014), about

2.2 Gbps clean reads were used for the de novo tran-

scriptome assembly. The short reads with mean length of

101 bps showed mean quality scores of 36.5 and 38 % for

the aerial tissues and roots, respectively, indicating that our

RNA sequencing was adequate for the de novo transcrip-

tome assembly. The study overview is shown in Fig. 1b.

De novo assembly optimization

for the transcriptome of S. japonica

An important step for successful transcriptome-based

studies requires building of a high-quality assembly. The

completeness and quality of an assembled transcriptome

are affected by the choice of the assembler program and

different parameters in use, in particular the kmer size

(Duan et al. 2012; Gruenheit et al. 2012). Comparative

studies on the different assemblers using similar assembly

parameters have shown quite different output set of

reconstructed sequences, with no single assembler consis-

tently outperforming others when tested using different

input data sets (Steijger et al. 2013). Recent studies have

proposed use of multiple assemblers to generate de novo

transcriptome assembly (Kumar and Blaxter 2010; Naka-

sugi et al. 2014; Visser et al. 2015). To generate a more

complete S. japonica transcriptome assembly by maxi-

mizing diversity of the de novo assembled transcripts, we

used three popular assemblers, namely, SOAPdenovo-

Trans (Xie et al. 2014), Trinity (Grabherr et al. 2011), and

CLC genomic workbench (https://www.qiagenbioinfor

matics.com/).

Using SOAPdenovo-Trans program, we performed de

novo transcriptome assemblies using kmer size as 31, 41,

51, 63, 71, and 91, resulting in six different sets of tran-

scriptome assemblies. Several output parameters, such as

total number of contigs, total bases assembled, N50 length,

longest contig length, average contig length, and median

contig length were analysed to compare transcriptome

assemblies generated by SOAPdenovo-Trans using differ-

ent kmer values (Table 1). Assembly from kmer size 31

emerged as the best among all six, with 38.76e6 nucleo-

tides assembled in 46,384 contigs with N50 value as 1422

bps. De novo transcriptome assemblies using Trinity and

CLC were performed using their default kmer sizes.

Trinity-based transcriptome assembly incorporated
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107.9e6 bases in 124,912 contigs with N50 value as 1319

bps, while CLC assembled 40.25e6 nucleotides into 50,208

contigs with N50 value as 1300 bps (Table 1). Transcrip-

tome assemblies thus obtained using Trinity, CLC geno-

mics workbench, and SOAPdenovo-Trans (kmer 31) were

pooled together, and redundancies were removed using

CD-HIT-EST program (Fu et al. 2012; Li and Godzik

2006), resulting in 72.06e6 nucleotides being assembled in

81,729 unigenes with N50 value as 1452 bps (Table 1), and

length and %GC distribution, as shown in Fig. 2a and b,

respectively. Resulting transcriptome assembly showed

gain in the N50 value, average length, and median length of

the sequences compared with individual assemblers, and

was used for further annotation and characterization.

Functional annotation and classification

of S. japonica transcriptome

Sequence homology-based functional annotation is usually

the first step for studying the role and biological functions of

gene products and its characterization. Unigenes from S.

japonica transcriptome assembly were subjected to Blastx

program (Altschul et al. 1990)-based homology search

against NCBI non-redundant (nr) protein database (http://

www.ncbi.nlm.nih.gov; formatted on October 2015) using a

cut-off E value\10-5 with maximum number of hits

allowed for each query as 20, and the best aligning results

were used to annotate the unigenes. Overall, 46,963

(57.5 %) unigenes transcriptome received at least one hit

against NCBI-nr database (Table S2). Over 80 % of the

aligned sequences showed significant homology against

NCBI-nr database with 24,729 unigenes (52.6 % of unige-

nes with a blast hit) showing more than 85 % of sequence

similarity against corresponding top hit (Fig. 3a, b).

InterPro is a database of protein functional sites, fami-

lies, and domains, and InterProScan (IPS) allows functional

characterization of a transcriptome assembly by its

comparison with identifiable features found in known

proteins (Jones et al. 2014; Mulder and Apweiler 2007). To

perform functional characterization of unigenes based on

protein functional sites and protein domains, we performed

IPS using Blast2GO program (Conesa and Gotz 2008;

Conesa et al. 2005), resulting in 46,332 unigenes with an

IPS hit (Table S3). IPS family distribution analysis showed

cytochrome P450 (IPR001128), UDP-glucosyltransferase

(IPR002213), and glycoside hydrolase (IPR001360) being

top three protein families being enriched (Fig. S1a). IPS

domain distribution, IPS repeat distribution, and IPS IDs

distribution (based on pfam and panther database) are

summarized in Fig. S1b–d. Blast2GO program was used to

perform annotation based on Blastx and IPS results, and is

summarized in Fig. 3c, while the highest scoring pair

(HSP) distributions over the corresponding hits and query

sequences are shown in Fig. 3d and e, respectively. Top-hit

species distribution analysis based on the Blastx results

showed over 70 % of the unigenes with a blast hit sharing

high sequence similarity with sequences from Coffea

canephora, Nicotiana sylvestris, Nicotiana tomentosi-

formis, Vitis vinifera, Erythranthe guttata, and Solanum

tuberosum (Fig. 3f).

Using Blast2GO program, and based on the NCBI-nr

database annotation and IPS results, gene ontology (GO)

(Gene Ontology 2015) categories were assigned to 45,898

unigenes being grouped into 98 GO terms, classified into

three major GO categories: biological process (45),

molecular function (26), and cellular component (27). Top

20 GO terms (at GO level 3) and GO-level distribution for

the biological process, molecular function, and cellular

component categories are shown in Fig. 4a and b, respec-

tively. Metabolic processes, such as organic substance

metabolic process, cellular metabolic process, primary

metabolic process, single-organism metabolic process,

nitrogen compound metabolic process, and secondary

metabolic process, were among top ten highly abundant

Table 1 Summary of sequence assembly

Assembler Kmer No. of contigs Average length Median length Max length N50 Total (bps)

Trinity 25 124,912 864.57 566 9347 1319 107.9e6

CLC-work bench 25 50,208 802 512 11,755 1300 40.25e6

SOAPdenovo-Trans 31 46,384 838 550 12,286 1422 38.76e6

41 45,359 833 550 11,273 1423 37.68e6

51 44,927 794 513 9888 1356 35.57e6

63 43,082 734 451 7581 1240 31.5e6

71 37,442 713 425 7310 1151 26.55e6

91 4876 637 395 4609 770 3.08e6

Trinity ? CLC ? SOAPdenovo-Trans

(kmer-31)

NA 81,648 884 617 12,286 1452 72.06e6

Summary of de novo transcriptome assembly statistics of Swertia japonica resulting from the three different assemblers and their combination
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GO terms enriched under biological process category. For

the molecular function category, GO terms corresponding

to the organic cyclic compound binding, heterocyclic

compound binding, transferase activity, hydrolase activity,

oxidoreductase activity, and transmembrane transporter

were assigned to majority of the unigenes. For the cellular

component category, most unigenes were assigned to GO

terms corresponding to the cell part, membrane-bounded

organelle, organelle part, membrane part, and protein

complex. First eight GO terms from biological process

category being associated with various metabolic processes

further indicates that S. japonica transcriptome assembly

and annotation successfully captured the on-going meta-

bolic processes associated with the key metabolites

biosynthesis. Unigenes with assigned functional annota-

tions, IPS annotation, top-hit accession id, description of

annotation, GO terms, and EC numbers are provided in

Table S4.

Functional classification of S. japonica

transcriptome by KEGG pathways

The KEGG pathway database (Kanehisa et al. 2014) con-

tains information on the intra-cellular components and their

interactions within a metabolic network, and allows func-

tional annotation of gene products and their assignment to

various biological pathways. Such pathway-based annota-

tion for a transcriptome assembly provides an overview of

active metabolic processes within an organism and an

additional layer of information to the unigenes. Blast2GO

program was used for assigning KEGG pathway annota-

tions to the unigenes, resulting in 14,550 unigenes being

grouped in 144 KEGG pathways (Table S5). Top 50

KEGG pathways based on the number of assigned unigenes

in S. japonica transcriptome assembly are shown in Fig. 5.

Based on the number of unigenes assigned, purine meta-

bolism, thiamine metabolism, aminobenzoate degradation,

starch and sucrose metabolism, and phenylpropanoid

biosynthesis were the first five metabolic pathways. Tran-

scripts associated with metabolic pathways, such as flavo-

noid biosynthesis (137 Unigenes), flavone and flavonol

biosynthesis (30 Unigenes), isoflavonoid biosynthesis (15

Unigenes), anthocyanin biosynthesis (27 Unigenes), ter-

penoid backbone biosynthesis (124 Unigenes), monoter-

penoid biosynthesis (55 Unigenes), and diterpenoid

biosynthesis (52 Unigenes), which are key for the biosyn-

thesis of therapeutic metabolites, such as swertiamarin,

swertianin, mangiferin, amarogentin, among others, were

also identified (Table S5).

Identification of simple sequence repeats (SSRs) of S.

japonica using its de novo assembled transcriptome

SSRs are simple motifs of 1–6 nucleotides, repeated over

two to a few dozen times at a locus and ubiquitously dis-

tributed within genome of a species (Hancock 1996).

Several studies have implicated SSRs in affecting gene

expression, and have suggested polymorphism of SSRs

tracts as key event in the evolution of genetic regulation

(Jarvis et al. 2008; Varshney et al. 2002, 2005). SSRs are

the indel mutational hotspots in the genome, and serve as

an important marker for the determination of functional

genetic variations, including paternity determination, pop-

ulation genetics studies, genetic diversity assessments, and

for the development of genetic map (Senthilvel et al. 2008).
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Fig. 2 Overview of the de novo transcriptome assembly of S.

japonica. a Length distribution of the unigenes of the S. japonica

transcriptome assembly. b Percentage GC distribution of the unigenes

of the S. japonica transcriptome assembly
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To identify SSRs for S. japonica, we used de novo tran-

scriptome assembly, and searched all unigenes for mono-

to hexa-nucleotide motifs with a minimum of ten repeti-

tions using the MISA software (Thiel et al. 2003). Our

analysis detected a total of 17,992 SSRs in 14,702 unige-

nes, of which 2615 unigenes had more than one SSRs

(Table 2). Among repeat type classes, mono-nucleotide

represented the largest fraction (67 %) of all identified

SSRs, followed by tri-nucleotide (18 %) and di-nucleotides

(11.6 %). Although only a small fraction of tetra-nu-

cleotide (219), penta-nucleotide (116), and hexa-nucleotide

(166) were identified in the S. japonica transcriptome, their

numbers were significant. All identified SSRs are shown in

Table S6. SSRs identified in this study may provide

potential genetic markers, which will be useful to conduct

population genetics and comparative genomics studies

across various Swertia species.

Functional classification and comparison

of differentially expressed unigenes between aerial

tissues and roots of S. japonica

Transcriptome profiling and differential expression analy-

sis provide a global picture of different active processes

across various conditions. To analyse transcript expression

levels, clean paired short reads from aerial tissues and roots

were aligned to the de novo transcriptome assembly using

Bowtie2.0 program (Langmead et al. 2009), and FPKM

values and count-read data for transcripts expression for

each tissue type were obtained using RSEM program (Li

and Dewey 2011). Distribution of number of sequences

based on FPKM values for the aerial tissues and roots is

shown in Fig. S2. Overall, 71,025 (87 %) unigenes showed

FPKM values over 1 for at least one sample, while 42,349

unigenes had FPKM value over 1 in both aerial tissues and

root tissues (Table S7). We used count-read data for the

tissues, and performed differential expression analysis

using DESeq2 program (Love et al. 2014), resulting into

1695 unigenes being up-regulated and 730 unigenes being

down-regulated [false discovery rate (FDR)\0.05] in the

aerial tissues with respect to the roots of S. japonica.

To identify functional groups enriched within these

differentially expressed unigenes, we performed GO

enrichment analysis through Fisher exact test with a

p value cutoff\0.05. Up-regulated or down-regulated set

of unigenes in the aerial tissues were used with respect to

the roots as test set, while transcriptome assembly was used

as a reference set (Fig. 6a, b). GO enrichment analysis

identified 59 GO categories being significantly enriched in

the up-regulated unigenes list, with mostly being associated

with different metabolic processes (17 processes) or

developmental processes (12 processes). GO terms corre-

sponding to plastid, thylakoid, photosynthesis, generation

of precursor metabolites and energy, cytoplasmic part, lipid

metabolic process, and single-organism metabolic pro-

cesses were within the top ten over-enriched processes in

the up-regulated unigenes. Moreover, metabolic process-

associated GO terms, including biosynthetic process,

metabolic process, secondary metabolic process, cellular

aromatic compound metabolic process, carbohydrate

metabolic process, nitrogen compound metabolic process,

among others, were significantly enriched. Several devel-

opmental process-associated GO terms, including flower

development, shoot system development, developmental

process involved in the reproduction, reproductive shoot

system development, reproductive structure development,

among others, were also significantly enriched in up-reg-

ulated unigene list. For the down-regulated unigenes, we

identified 11 GO categories associated with processes, such

as catalytic activity, extracellular space, oxygen binding,

extracellular region, among others, to be significantly

enriched. GO enrichment analysis for differentially

expressed unigenes revealed active metabolic processes

being enriched mainly in the aerial tissues, which corrob-

orates with the traditional use of aerial tissues in different

medicinal applications.

KEGG pathway enrichment analysis

for the differentially expressed unigenes in the aerial

tissues with respect to the roots of S. japonica

KEGG pathway enrichment analysis using differentially

expressed unigenes provides an overview of active meta-

bolic processes under test conditions or tissues as compared

with the entire background of all KEGG pathway-associ-

ated unigenes within a transcriptome assembly. Differen-

tially expressed unigenes in aerial tissues with respect to

roots as a test set and transcriptome as a reference set were

used to perform KEGG pathway enrichment analysis by

Fisher exact test with a p value cutoff\0.05. We identified

a total of 40 KEGG pathways to be statistically significant

and enriched in either of the aerial tissues or of the roots of

S. japonica (Fig. 7). Anthocyanin biosynthesis,

lipopolysaccharides biosynthesis, isoflavonoid

bFig. 3 Characterization of the S. japonica transcriptome assembly

using blastx program against NCBI-non-redundant (nr) protein

database search. a E value distribution plot associated with the blast

hit unigenes of the S. japonica transcriptome assembly with E value

cutoff\10-5. b Sequence similarity distribution plot of the S.

japonica assembled transcriptome using top-hits blastx search data.

c Data distribution based on blastx and InterProScan results, and

subsequent mapping and annotation using Blast2GO program.

d Highest scoring pairs (HSP) distribution for the top-hit sequences

of the unigenes. e Highest scoring pairs (HSP) distribution for the

unigenes of the S. japonica transcriptome assembly. f Species

distribution plot for the top-hit sequences associated with unigenes of

S. japonica transcriptome assembly
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biosynthesis, and indole alkaloid biosynthesis were the top

four most statistically significantly enriched KEGG path-

ways in the aerial tissues and roots. The majority of uni-

genes associated with the enriched KEGG pathways were

up-regulated in the aerial tissues with respect to the roots of

S. japonica (Fig. S3). Key metabolic pathways, such as

anthocyanin biosynthesis, phenylpropanoid biosynthesis,

isoflavonoid biosynthesis, terpenoid backbone biosynthe-

sis, indole alkaloid biosynthesis, and monoterpenoid

biosynthesis, which provide precursors for the biosynthesis

of swertiamarin, its sugar conjugation, and other thera-

peutic metabolites, were all up-regulated in the aerial tis-

sues of S. japonica. KEGG pathway enrichment analysis

and GO enrichment analysis for differentially expressed

unigenes showed metabolic pathways involved in the

synthesis of therapeutic metabolites being enriched in the

aerial tissues of S. japonica.

bFig. 4 Gene ontology (GO) distribution for the assembled unigenes

of S. japonica. a Top 20 GO terms based on the number of unigenes

assigned for three major GO categories, namely, biological process,

molecular function, and cellular component. GO terms for all

unigenes were assigned based on the blastx and InterProScan results

using Blast2GO program at GO annotation level 3. b GO-level

distribution in the S. japonica assembly for the three major GO

categories

Fig. 5 Functional annotation of

the S. japonica transcriptome

assembly by KEGG pathways

database. First 50 KEGG

pathways on the basis of

number of assigned unigenes of

the S. japonica are represented

here
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Gene expression analysis of unigenes associated

with swertiamarin, amarogentin, and mangiferin

biosynthetic pathways

The major phytochemicals of the bitter tasting plant S.

japonica includes swertiamarin, amarogentin, and their

derivative along with other bioactive metabolite classes,

such as xanthones (Brahmachari et al. 2004; Jagmohan S.

Negi et al. 2011). Swertiamarin and amarogentin biosyn-

thesis take the classical mevalonate (MVA) pathway or

methylerythritol phosphate (MEP) pathway route of ter-

pene biosynthesis that leads to the synthesis of isopentenyl

diphosphate (IPPI) and dimethylallyl diphosphate

(DMAPP). These intermediates serve as substrates for

geranyl diphosphate synthase leading to the synthesis of

geranyl diphosphate (Fig. 8). Geranyl diphosphate then

undergoes a cascade of chemical conversions along with

the formation of metabolite intermediates, such as geraniol,

iridodial, iridotrial, loganic acid, secologanin, among oth-

ers, through secoiridoid biosynthesis pathway (Fig. 9).

Sweroside, a common intermediate for the biosynthesis of

swertiamarin and amarogentin, is synthesized from sec-

ologanin through uncharacterized set of biochemical

reactions. Hydroxylation of sweroside leads to the

biosynthesis of swertiamarin, while amarogentin is the

biphenylcarboxylic acid derivative of sweroside. In S.

japonica, biphenylcarboxylic acid precursor is synthesized

from m-hydroxybenzoyl-CoA by a polyketide-type path-

way from phenylalanine via cinnamic acid and benzoic

acid.

Based on our Blastx results and annotation of tran-

scriptome assembly, we identified 15 and 17 unigenes with

a minimum length of 800 bps, and over 85 % sequence

similarity with the top-hit sequence, annotated as different

enzyme coding genes from the MEP and MVA pathways,

respectively. Among unigenes annotated in the enzyme

coding genes associated with MEP pathway, one unigene

each was annotated as isopentenyl diphosphate isomerase

(IPPI), (E)-4-hydroxy-3-methylbut-2-enyl diphosphate

reductase (ISPH), (E)-4-hydroxy-3-methylbut-2-enyl

diphosphate synthase (ISPG), 4-(cytidine-50-diphospho)-2-
C-methyl-D-erythritol kinase (ISPE), and 1-deoxy-D-xylu-

lose 5-phosphate reductoisomerase (DXR), while two or

more candidate unigenes were identified for 1-deoxy-D-

xylulose 5-phosphate synthase (DXS), 2-C-methyl-D-ery-

thritol 4-phosphate cytidylyltransferase (ISPD), and 2-C-

methyl-D-erythritol 2,4-cyclodiphosphate synthase (ISPF)

(Data set. S1). Moreover, their expression levels were

significantly up-regulated in the aerial tissues (Fig. 8). For

the MVA pathways, one unigene each was annotated as

mevalonate kinase (MVK), phosphomevalonate kinase

(PMK), and isopentenyl diphosphate isomerase (IPPI),

while two or more unigenes were annotated as acetoacetyl-

CoA-thiolase (AACT), 3-hydroxy-3-methylglutaryl-CoA

synthase (HMGS), 3-hydroxy-3-methylglutaryl-CoA

reductase (HMGR), and mevalonate diphosphate decar-

boxylase (MVDD) (Data set. S2). Expression levels of

unigenes annotated as MVK, MVDD, and PMK were

down-regulated, while unigenes annotated as IPPI, AACT,

HMGS, and HMGR were up-regulated in the aerial tissues

(Fig. 8). Therefore, unlike MEP pathways associated uni-

genes, the expression of unigenes associated with MVA

pathways showed mix expression trend between the aerial

tissues and the roots.

All the ten enzyme coding genes known to be involved

and reported in the secoiridoid biosynthesis pathways

(Miettinen et al. 2014) were identified based on the

sequence similarity search. In total, 32 unigenes were

annotated as different enzyme coding genes with each

unigenes having a minimum sequence length of 800 bps

and above 85 % of sequence similarity against its top-hit

sequence. Among these, one unigene each were annotated

as iridoid oxidase (IO) and loganic acid O-methyltrans-

ferase (LAMT), while more than one unigenes were

assigned to the remaining enzyme coding genes from

secoiridoid biosynthesis pathways (Data set. S3). Overall,

expression of unigenes from the secoiridoid pathways was

significantly up-regulated in the aerial tissues (Fig. 9).

Unigenes, such as unigene 63350 [geranyl diphosphate

synthase (GPPS)], unigene 51905 [geraniol-10-hydroxy-

lase (G10H)], unigene 57164 [8-hydroxygeraniol oxidore-

ductase (8HGO)], and unigene 07368 [iridoid synthase

(IS)] were the exceptions, showing higher expression in the

roots, but were not statistically significant (Fig. 9). These

unigenes may represent isoforms of corresponding genes

within S. japonica. Expression level of unigenes associated

with the secoiridoid biosynthesis pathways showed similar

expression trends as that of unigenes associated with MEP

Table 2 Statistics of SSR detected in Swertia japonica

Results of SSR searches

Total number of sequences examined 81,729

Total size of examined sequences (bp) 72,197,224

Total number of identified SSRs 17,992

Number of SSR containing sequences 14,702

Number of sequences containing more than 1 SSR 2615

Number of SSRs present in compound formation 1003

Distribution to different repeat type classes

Mono-nucleotides 12,166

Di-nucleotides 2095

Tri-nucleotides 3230

Tetra-nucleotides 219

Penta-nucleotides 116

Hexa-nucleotides 166
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biosynthesis pathways (Fig. 8), and were all up-regulated

in the aerial tissues of S. japonica. As MEP pathways

provide precursor for the secoiridoid pathway, similar

expression trends for unigenes associate with MEP and

secoiridoid metabolic pathways, and their high expression

in the aerial parts compared to the roots suggests that aerial

parts are the major contributor of therapeutic metabolites.

This may serve as an ecological advantage to the plant, as

these metabolites are bitter in taste, and therefore, higher

expression in the aerial tissues may serve as a line of

defence against the predators. Furthermore, the previous

report using an in silico and in vivo tracer study from 13C

glucose in the hairy roots of O. pumila showed that the

monoterpene-secologanin moiety was synthesized via the

MEP pathways, and not via MVA pathways (Yamazaki

bFig. 6 Gene ontology (GO) enrichment analysis for the differentially

expressed unigenes in the aerial tissues compared to roots of the S.

japonica. Unigenes up- or down-regulated by twofold in the aerial

tissues of the S. japonica were used as a test set, S. japonica

transcriptome assembly as a reference set, and gene ontology

enrichment analysis was performed using Fisher exact test with

p value cut-off set as\0.05. GO terms enriched and in the

differentially expressed unigene list, and statistically significant with

respect to the reference transcriptome assembly is shown here
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Fig. 7 KEGG pathways enrichment analysis for the differentially

expressed unigenes in the aerial tissues compared to the roots of S.

japonica. Differentially expressed unigenes (up- or down-regulated)

in the aerial tissues compared to the roots of S. japonica assigned with

a KEGG pathway annotation as a test set against entire transcriptome

assembly of S. japonica with assigned KEGG pathway as a reference

set, KEGG pathway enrichment analysis was performed using Fisher

exact test with a p value cutoff as\0.05, and are arranged in the

increasing order of p value
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et al. 2004). While our results are certainly not enough and

conclusive to make the similar statement for S. japonica,

we are tempted to propose that MEP pathways could

potentially be the major pathway contributing to the

biosynthesis of secoiridoids and other associated metabo-

lites. It will be interesting to test this hypothesis in future

studies.

Mangiferin, a xanthone-C-glucoside, is an important

constituent of metabolic extracts from several Swertia

species. Mangiferin is biosynthesized through coumaric

acid derived from the phenylalanine, which then converts

into caffeic acid or to the benzophenone intermediates,

such as iriflophenone, and combined with malonyl-CoA

results to the final product (Fig. S4). While there are no

reports on the extraction or identification of mangiferin or

its derivatives from S. japonica, we investigated transcripts

expression of unigenes annotated as different biosynthetic

enzymes from mangiferin biosynthesis pathways. Out of 16

enzyme coding genes known to be involved in the man-

giferin biosynthesis, sequence-similarity-based annotation

resulted in the identification of all genes with the exception

of the 3-dehydroquinate dehydratase (DHQD) annotated

unigene (Data set. S4). Expression levels of unigenes

showed no specific trend, with unigenes annotated as

3-deoxy-D-arabinoheptulosonate-7-phosphate synthase

(DAHPS), 3-dehydroquinate synthase (DHQS), shikimate

kinase (SAK), tyrosine ammonia lyase (TAL), and aro-

genate dehydrogenase (ADH) being effectively up-regu-

lated, while unigenes annotated as chorismate mutase

(CM), p-coumarate-3-hydroxylase (C3H), trans-cinnamate-

4-hydroxylase (C4H), 5-enolpyruvylshikimate-3-phosphate

synthase (EPSPS), and phenylalanine ammonia lyase

(PAL) being effectively down-regulated in the aerial tis-

sues with respect to the roots (Fig. S4). Unigenes annotated

as prephenate dehydratase (ADT), chorismate synthase

(CS), and aspartate–prephenate aminotransferase (PAT)

showed mixed expression trend, with equal number of

assigned unigenes showing higher or reduced expression

levels in the aerial tissues with respect to the roots. Unlike

metabolic pathways leading to the biosynthesis of swer-

tiamarin and amarogentin, showing significant higher

transcript abundance in the aerial tissues when compared

with the roots, no such trends were observed for the

mangiferin biosynthetic pathways. Furthermore, unigenes

annotated as 3-dehydroquinate dehydratase using 3-dehy-

droquinate as a substrate for the synthesis of 3-hy-

droshikimate, an important step for the biosynthesis of

mangiferin, were not identified in the S. japonica tran-

scriptome assembly. While mangiferin is considered as an

important constituent of extracts derived from several

Swertia species, such as S. chirata, S. punicea, S. perfoli-

ata, S. mussotii, S. macrosperma, among others, it has not

been identified in S. japonica. It is not clear if mangiferin is

synthesized in S. japonica at all or at a very low level.

Furthermore, inability to identify DHQD coding unigenes

could be due to low expression levels of this transcript,

which, therefore, were not captured in the de novo tran-

scriptome assembly. It would be interesting to investigate if

at all mangiferin is synthesized in S. japonica, and if not,

what caused this deviation from other mangiferin produc-

ing Swertia species.

Phylogenetic analysis of unigenes annotated

as glycosyl transferase and up-regulated in the aerial

tissues of the Swertia japonica

Swertiamarin, amarogentin, along with other xanthones,

and secoiridoids, synthesized in the S. japonica, undergo

metabolic conjugation processes, such as glycosylation,

resulting in the increased metabolic diversity with novel

bioactivity. Several glycosylated forms of swertiamarin,

swertianin, bellidifolia, isoswertianin, norswertianin

among others have been extracted and characterized in the

S. japonica, yet none of the involved UDP-glucosyltrans-

ferases in these reactions are known. In the S. japonica

transcriptome assembly, we identified 103 unigenes anno-

tated as UDP-glycosyltransferases with a minimum length

of 500 bps, and transcripts abundance over 1 FPKM in

either of the root or of aerial tissues. Among these, 37 of

the unigenes were up-regulated (Table S8, Data set. S5),

while 66 unigenes were down-regulated (Table S9, Data

set. S6) in the aerial tissues with respect to the roots. Since

MEP and secoiridoid biosynthesis pathways were up-reg-

ulated in the aerial tissues, we considered up-regulated

UDP-glycosyltransferase-annotated unigenes in the aerial

tissues as potential candidates to be involved in the gly-

cosylation of key bioactive metabolites. Phylogenetic

bFig. 8 Detailed pathways and candidate unigenes involved in the

mevalonate (MVA) pathway or methylerythritol phosphate (MEP)

pathway route of terpene biosynthesis. Biochemical reactions and

enzyme coding genes involved in the MVA or MEP pathways, and

the candidate unigenes of S. japonica for the corresponding enzyme

coding genes at different biochemical reactions and their expression

values are shown. Red or green colour represents high or low

expression levels, respectively, of a specific unigenes across aerial

tissues and roots of S. japonica, while asterisks identify the false

discovery rate, (FDR)\0.05, with the DESeq2 package. AACT

acetoacetyl-CoA thiolase, HMGR 3-hydroxy-3-methylglutaryl-CoA

reductase, HMGS 3-hydroxy-3-methylglutaryl-CoA synthase, MVK

mevalonate kinase, PMK phosphomevalonate kinase, MVDD meval-

onate diphosphate decarboxylase, DXS 1-deoxy-D-xylulose 5-phos-

phate synthase, DXR 1-deoxy-D-xylulose 5-phosphate

reductoisomerase, ISPD 2-C-methyl-D-erythritol 4-phosphate cytidy-

lyltransferase, ISPE 4-(cytidine-50-diphospho)-2-C-methyl-d-erythri-

tol kinase, ISPF 2-C-methyl-D-erythritol 2,4-cyclodiphosphate

synthase, ISPG (E)-4-hydroxy-3-methylbut-2-enyl diphosphate syn-

thase, ISPH (E)-4-hydroxy-3-methylbut-2-enyl diphosphate reduc-

tase, and IPPI isopentenyl diphosphate isomerase
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Fig. 9 Proposed swertiamarin and amarogentin biosynthetic path-

ways, and expression level of associated unigenes across the aerial

tissues and the roots of S. japonica. Biosynthetic pathways and

candidate unigenes of S. japonica annotated as the enzyme coding

genes at different biochemical reactions, and their expression levels

are shown here. Red or green colour represents high or low

expression levels, respectively, for a specific unigenes across the

aerial tissues and the roots of S. japonica, while asterisks identify the

false discovery rate (FDR)\0.05 with the DESeq2 package.

Biochemical reactions with unknown enzyme coding genes involved

or sequences of uncharacterized reactions are shown through dis-

continued arrows. GPPS geranyl diphosphate synthase, GES geraniol

synthase, G10H geraniol 10-hydroxylase, 8HGO 8-hydroxygeraniol

oxidoreductase, IS iridoid synthase, IO iridoid oxidase, 7DLGT

7-deoxyloganetic acid glucosyl transferase, 7DLH 7-deoxyloganic

acid hydroxylase, LAMT loganic acid O-methyltransferase, and SLS

secologanin synthase
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analysis of these 37 unigenes was performed together with

all UDP-glycosyltransferase encoding genes from Ara-

bidopsis genome, 128 genes in total, obtained and classi-

fied from http://www.p450.kvl.dk/UGT.shtml (Bertrand

1926). The majority of the unigenes were grouped in the

UGT91 family (nine unigenes), followed by UGT79 family

(four unigenes), while three unigenes each were grouped in

the UGT85, UGT81, UGT76, UGT74, and UGT71 family

(Fig. 10). Several the Arabidopsis genes from these GT

families, such as UGT85A1 (Hou et al. 2004), UGT81A1

(Benning and Ohta 2005), UGT71B2 (Zhao et al. 2007),

UGT71B6 (Priest et al. 2005), UGT71C1 (Lim et al. 2008),

UGT78D1 (Jones et al. 2003), UGT79B1 (Bogs et al.

2007), UGT76C1 (Hou et al. 2004), UGT76C2, among

others, have been characterized to add sugar moieties to the

different classes of metabolites with varying specificity.

These UGTs’ families have been discussed to be important

for greater metabolite diversity (Yonekura-Sakakibara and

Hanada 2011), and therefore, unigenes up-regulated in the

aerial tissues and grouped within these UDP-glycosyl-

transferase families most likely play an important role in

the biosynthesis of diverse bioactive metabolites, and,

therefore, represent important candidates for the further

functional characterization.
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Fig. 10 Phylogenetic analysis of UDP-glycosyltransferase-annotated

unigenes with genes annotated as UDP-glycosyltransferase from

Arabidopsis genome. Nucleotide sequences of the unigenes, anno-

tated as UDP-glycosyltransferase and up-regulated in the aerial

tissues with respect to the roots of S. japonica, 37 in total, were

aligned with sequences of 128 UDP-glycosyltransferase-annotated

genes from the Arabidopsis genome using MUSCLE program, and

evolutionary distance was computated using the Jones–Taylor–

Thornton (JTT) method. Neighbor-Joining (NJ) tree was then

constructed with the bootstrap values obtained with applying 10,000

replications using MEGA6 program
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Conclusion

Our study is the first attempt of de novo transcriptome

assembly and annotation of any of the plants from the

Swertia genus, and represents comprehensive resources for

S. japonica plant. The de novo transcriptome assembly was

obtained by merging assemblies from three individual

assemblers. Our results showed an advantage to the use of

multi-assembler approach over individual assemblers to

obtain de novo transcriptome assembly. The transcriptome

assembly annotation and characterization identified puta-

tive candidate unigenes involved in the major secondary

metabolic pathways, including secoiridoids, iridoid glyco-

sides, xanthones, and flavonoids biosynthesis pathways.

Transcript expression analysis showed key metabolic

pathways leading to the biosynthesis of therapeutic

metabolites being enriched to the aerial tissues. Our data-

sets are an integrated genomic resource for molecular

cloning and further functional characterization of genes of

interest associated with key bioactive metabolite biosyn-

thesis pathways. Identified sequences for enzyme coding

genes potentially involved in the biosynthesis of key

therapeutic metabolites may serve as a basis to understand

medicinal properties of S. japonica, and may be extended

to other Swertia species. Given the incomplete knowledge

on the molecular basis for the biosynthesis of key thera-

peutic metabolites in the Swertia species, our transcriptome

analysis provides useful information regarding the spe-

cialized metabolism of Swertia species in general, and S.

japonica in particular.
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