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Abstract

Swertia chirayita is a high-value medicinal herb exhibiting antidiabetic, hepatoprotective, anticancer, antiediematogenic and
antipyretic properties. Scarcity of its plant material has necessitated in vitro production of therapeutic metabolites; however,
their yields were low compared to field grown plants. Possible reasons for this could be differences in physiological and
biochemical processes between plants grown in photoautotrophic versus photoheterotrophic modes of nutrition. Comparative
transcriptomes of S. chirayita were generated to decipher the crucial molecular components associated with the secondary
metabolites biosynthesis. Illumina HiSeq sequencing yielded 57,460 and 43,702 transcripts for green house grown (SCFG)
and tissue cultured (SCTC) plants, respectively. Biological role analysis (GO and COG assignments) revealed major differ-
ences in SCFG and SCTC transcriptomes. KEGG orthology mapped 351 and 341 transcripts onto secondary metabolites
biosynthesis pathways for SCFG and SCTC transcriptomes, respectively. Nineteen out of 30 genes from primary metabolism
showed higher in silico expression (FPKM) in SCFG versus SCTC, possibly indicating their involvement in regulating the
central carbon pool. In silico data were validated by RT-qPCR using a set of 16 genes, wherein 10 genes showed similar
expression pattern across both the methods. Comparative transcriptomes identified differentially expressed transcription
factors and ABC-type transporters putatively associated with secondary metabolism in S. chirayita. Additionally, functional
classification was performed using NCBI Biosystems database. This study identified the molecular components implicated
in differential modes of nutrition (photoautotrophic vs. photoheterotrophic) in relation to secondary metabolites production
in S. chirayita.
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DAHPS 3-Deoxy-D-arabinoheptulosonate-7-phosphate ~ PGAM Phosphoglycerate mutase
synthase PGK Phosphoglycerate kinase
DHQD 3-Dehydroquinate dehydratase PHAT Phenylalanine (histidine) aminotransferase
DHQS 3-Dehydroquinate synthase PMK Phosphomevalonate kinase
DL7H 7-Deoxyloganic acid hydroxylase PRK 3-Epimerase phosphoribulokinase
DLD Dihydrolipoamide dehydrogenase (part of PVK Pyruvate kinase
oxoglutarate dehydrogenase complex) RPE Ribulose 5-phosphate 3-epimerase
DLST Dihydrolipoamide S-succinyl transferase (part RPI Ribose 5-phosphate isomerase
of oxoglutarate dehydrogenase complex) RuBisCO Ribulose-1,5-bisphosphate carboxylase/
DXR 1-Deoxy-D-xylulose 5-phosphate oxygenase
reductoisomerase SAK Shikimate kinase
DXS 1-Deoxy-D-xylulose 5-phosphate synthase SCFG Swertia chirayita green house grown plant
ENO Enolase SCTC Swertia chirayita tissue cultured plants
EPSPS 5-Enolpyruvylshikimate-3-phosphate synthase =~ SDH Shikimate dehydrogenase
FBA Fructose bisphosphate aldolase SLS Secologanin synthase
FBP Fructose bisphosphatase SUCLG  Succinate-CoA ligase
FUM Fumarate hydratase TAL Tyrosine ammonia-lyase
GI10H Geraniol 10-hydroxylase/8-oxidase TALD Transaldolase
G6PD Glucose 6-phosphate dehydrogenase TKT Transketolase
GAPDH  Glyceraldehyde 3-phosphate dehydrogenase TPI Triosephosphate isomerise
GDPS Geranyl diphosphate synthase
GES Geraniol synthase
GO Gene ontology
GPI Phosphoglucose isomerise Introduction
HMGR 3-Hydroxy-3-methylglutaryl-CoA reductase
HMGS 3-Hydroxy-3-methylglutaryl-CoA synthase Plant based medicines occupy roughly 25% of the current
HXK Hexokinase drug market, playing a significant role in the global health-
IDH Isocitrate dehydrogenase care sector [1-3]. The World Health Organization (WHO)
10 Iridoid oxidase estimated that the current demand for plant-based herbal
IPPI Isopentenyl diphosphate isomerase raw material is around US $14 billion/year [4], growing at
IS Iridoid synthase an annual rate of 15-25%, and expected to reach US $5 tril-
ISPD 2-C-Methyl-D-erythritol 4-phosphate lion by 2050 [5].
cytidylyltransferase Swertia chirayita (S. chirayita) commonly known as ‘Chi-
ISPE 4-(Cytidine-5'-diphospho)-2-C-methyl-D- rata’, belongs to family Gentianaceae. It is endemic to tem-
erythritol kinase perate Himalayas (Kashmir to Bhutan, and Kashia hills), and
ISPF 2-C-Methyl-D-erythritol 2,4-cyclodiphosphate  inhabited at an altitude of 1200-3000 m [6]. The pronounced
synthase medicinal importance of this medicinal herb has been
ISPG (E)-4-Hydroxy-3-methylbut-2-enyl diphos- described in Indian pharmaceutical codex, the American and
phate synthase the British pharmacopoeias, and in established medicinal
ISPH (E)-4-Hydroxy-3-methylbut-2-enyl diphos- systems of the East, such as Ayurveda, Siddha and Unani
phate reductase [7]. Extracts of S. chirayita possess antimalarial [8], anti-
KEGG Kyoto encyclopedia of genes and genomes diabetic [9, 10], hepatoprotective [11, 12], anticarcinogenic
LMT Loganic acid O-methyltransferase [13], anti-inflammatory [14, 15], antioxidant [16], antiviral
MEP 2-C-Methyl-D-erythritol 4-phosphate [17], antibacterial [16, 18] and antifungal [19] activities.
MQO Malate:quinone oxidoreductase These multifarious therapeutic values displayed by the plant
MVA Mevalonate are due to the presence of an array of pharmacologically
MVDD Mevalonate diphosphate decarboxylase important secondary metabolites such as xanthones, flavo-
MVK Mevalonate kinase noids, terpenoids, and their glycosides [20]. Increased mar-
OGDH Oxoglutarate dehydrogenase E1 subunit (part ket demand for usage in herbal drugs [21] and narrow geo-
of oxoglutarate dehydrogenase complex) graphic occurrence [22] have led to over exploitation of this
PAL Phenylalanine ammonia lyase plant species, and as a result it has been declared critically
PAT Aspartate—prephenate aminotransferase endangered by the New International Union for Conserva-
PFK1 Phosphofructokinase tion of Nature and Natural resources (IUCN) criteria [23].
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Phytochemical profiling of S. chirayita has shown the
presence of a large number of secondary metabolites
including swertiamarin, mangiferin and amarogentin,
which have been demonstrated to possess therapeutic val-
ues (Suppl. Table S1). Biomass is one of the significant
factors that determine the final yield of desirable phyto-
chemicals in target plant species. The endangered status
has limited the accessibility of S. chirayita raw material,
as well as therapeutic metabolites, thereby necessitating
the development of alternate routes of biomass production.
However, in vitro yield of secondary metabolites has been
very low in shoot/callus/cell suspension cultures as com-
pared to plants grown in natural habitat [24]. One of the
differences between these two types of plants is their mode
of nutrition. The green house grown plants exhibit photo-
autotrophic mode of nutrition, whilst the tissue cultured
plants use photoheterotrophic mode (depending solely on
the nutrient media) for their growth and development.

Various biochemical, physiological and molecular pro-
cesses influence the production of biomass yield in plants
[25]. The physio-biological processes, such as leaf senes-
cence, flower/fruit size, leaf size, stem diameter and shoot
biomass influence biomass yield [26, 27]. The molecular
components, including key gene phosphoribosyl pyroph-
osphate synthetase (PRS), Dof-class transcription fac-
tor- SOB1/0OBP3 and DNA-binding proteins-SOB3, ESC,
SOBS5, SOFL1 and SOFL2 are known to control plant
growth and biomass accumulation in Arabidopsis thaliana
and Nicotiana tabacum [26, 28].

Photosynthesis plays a pivotal role in maintaining the
carbon pool of photosynthetic organisms. The role of
carbon pool on the other hand, in determining second-
ary metabolite levels has been reported in Hypericum
perforatum [29]. The synthesis of primary and secondary
metabolites is also influenced by a multitude of intrin-
sic and extrinsic factors like light intensity, photoperiod,
temperature, O, and CO, concentration, humidity, more
importantly mode of nutrition (carbon sources and other
elements) and others. These factors vary in photoauto-
trophic and photoheterotrophic modes of nutrition in
different plant species [30, 31]. The influence of these
factors on secondary metabolites biosynthesis has been
studied extensively in plant species like Picrorhiza kur-
roa, Onosma paniculatum, Linum album and A. thaliana
[32-34]. The source of nutrients in tissue cultured plants
of S. chirayita (photoheterotrophs) solely depends upon
the supplemented Murashige and Skoog (MS) medium,
whereas in green house grown plants (photoautotrophs),
the soil mixture and the photosynthesis provide the neces-
sary nutritional requirements. We hypothesize that many
of the biological, physiological, biochemical and molecu-
lar processes are altered in photoautotrophic versus photo-
heterotrophic modes of nutrition. These alterations should

be reflected in the differences of types of biosynthetic
pathways, genes, proteins and their interactions associ-
ated with those processes.

Fundamental processes like glycolysis, tricarboxylic
acid cycle, pentose phosphate pathway, photosynthesis and
others, are involved in the biosynthesis, degradation and
interconversion of plant primary and secondary metabo-
lites [35]. Majority of the building blocks of secondary
metabolic pathways (shikimate, acetate, mevalonate, deox-
yxylulose pathways and others) are derived from important
intermediates such as acetyl Co-A, glucose 6-phosphate,
glyceraldehyde 3-phosphate, phosphoenolpyruvate, eryth-
rose 4-phosphate, shikimic acid, mevalonate (MVA) and
1-deoxyxylulose 5-phosphate (DXP). Therefore, it is logi-
cal to assume that the formation of these metabolites is
probably influenced by the state and efficiencies of these
fundamental processes which provide precursors to sec-
ondary metabolites biosynthesis. However, the contrast-
ing levels of phytochemicals in plants adapted to differ-
ential modes of nutrition affect the status of fundamental
processes, and hence the final levels of metabolites, need
to be investigated. Differences in modes of nutrition also
influence the types of transporters like ABC, MATE and
MDR and others, which transport minerals, metabolites
and photosynthetates as per the autotrophic or photohet-
erotrophic modes of nutrition [36].

The emergence of next generation sequencing (NGS)
technologies have enabled understanding the biological
processes through differential transcriptomics [37], phy-
logenomic analysis [38, 39], microRNA and piRNA detec-
tion [40]. In this study, we report de novo transcriptome
sequencing and characterization of S. chirayita plants
grown in photoautotrophic versus photoheterotrophic
modes of nutrition, and also varying for the contents of
three major secondary metabolites, swertiamarin, mangif-
erin and amarogentin using Illumina RNA-Seq method.
Majority of the transcripts demonstrated considerable
match with Solanum lycopersicum for both the transcrip-
tomes during species distribution. The transcriptomes
were analyzed for mevalonic acid (MVA)/methyleryth-
ritol phosphate (MEP) and phenylpropanoid pathway
genes, transcription factors (TFs) and ATP-binding cas-
sette (ABC) transporter genes, and contribution of various
biological pathways implicated in photoautotrophic and
photoheterotrophic modes of nutrition. The comparative
transcriptomes of S. chirayita have been explored to gain
insights into the underlying physio-biological processes
and biochemical pathways differing in modes of nutrition.
The study presented a repertoire of molecular components
contributing to differences in various physio-biological
processes under different modes of nutrition in S. chirayita
(http://14.139.240.55/NGS/download.php).
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Materials and methods
Plant material and tissue collection

Swertia chirayita plants were initially procured from
Dr. Yashwant Singh Parmar University of Horticulture
and Forestry, Nauni, Himachal Pradesh, India (30°86'N,
77°17'E). A voucher sample of the plant genotype having
high content of secondary metabolites [41] has been sub-
mitted to the National Bureau of Plant Genetic Resources
(New Delhi) with accession number IC-594053. Green
house grown plants of S. chirayita (SCFG) were raised and
maintained at the Jaypee University of Information tech-
nology, Waknaghat, Himachal Pradesh, India (1500 m alti-
tude; 31°01'N, 77°04'E) with controlled conditions [light
(intensity 1200-4800 W m~2), temperature (25 +2 °C),
relative humidity (= 75%) and photoperiod (14 h day/10 h
night). In vitro cultured S. chirayita plants (SCTC) were
maintained at the tissue culture facility of the University in
media supplemented with MS [42] salts, growth hormones
[Kinetin (2 mg 17"), Indole-3-butyric acid (2 mg 1~!) and
gibberellic acid (3 mg 171)], sucrose (30 g 17!), agar—agar
(8.5 g 17" pH 5.6-5.7 and environmentally controlled
conditions [light (intensity 5800 W m~?), temperature
(25 £2 °C), relative humidity (~75%) and photoperiod
(16 h day/8 h night)]. Tissue samples (roots and shoots)
were procured from plants raised in the green house
(1.5 years old) and in vitro (1.5 months old) condi-
tions, frozen immediately in liquid nitrogen and stored at
— 80 °C until further use.

Extraction and estimation of swertiamarin,
amarogentin and mangiferin

Contents of swertiamarin, mangiferin and amarogentin
were estimated using reverse phase high performance
liquid chromatography on Waters HPLC system (Waters
Corporation, USA) equipped with Waters 515 HPLC
pumps, Waters 717 autosampler, Waters 2996 photodiode
array detector and Empower software as per the method
described by Kumar et al. [41]. The plant materials were
homogenized in a mortar and pestle (pre-chilled) using lig-
uid nitrogen. The powdered samples (100 mg each) were
suspended in 80% methanol; vortexed and sonicated for
10 min at room temperature. The samples were then cen-
trifuged at 10,000 rpm for 15 min. The supernatants were
filtered through 0.22 pm filter, diluted fivefold with 80%
methanol and quantified for swertiamarin, amarogentin
and mangiferin levels. A gradient method was employed
to obtain the desired separation and baseline, where the
mobile phase A was composed of 0.1% TFA in water, and
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mobile phase B was a mixture of acetonitrile/water in a
ratio of 70:30. The linear gradient at a flow rate of 1.0 ml/
min was started with 15% B; 20% B in next 5 min, 70%
B in next 25 min, hold for 5 min; 15% B in next 5 min,
equilibrated for 5 min and detected at 240 nm UV wave-
length. The phytochemicals were separated and identified
on the basis of their retention time (RT) and UV-spectra
comparison with the authentic standards procured from
ChromaDex (Irvine, CA). The quantification was per-
formed in triplicate and the results were recorded in terms
of percentage (%) of fresh weight (fr. wt) of swertiamarin,
amarogentin and mangiferin. A pictorial representation of
the differences in the contents of secondary metabolites in
green house grown versus tissue cultured Swertia plants
has been given in Fig. 1.

lllumina HiSeq 2000-2 x 100 PE library preparation

RaFlex™ total RNA isolation kit (GeNei™, Bangalore,
India) was used to isolate total RNA from both tissue sam-
ples following manufacturer’s instructions. The quality
of RNA was assessed on 1% denaturing agarose gel and
quantity was determined using NanoDrop 8000 spectropho-
tometer (Thermo Scientific, USA). [llumina TruSeq RNA
Library Preparation Kit was used to prepare pair-end cDNA
sequencing libraries for both the samples. The steps included
for library preparation were mRNA fragmentation, reverse
transcription, second strand synthesis, pair-end adapter
ligation and concluded with the index PCR amplification
of adaptor-ligated library. The quantity and quality of the
library was assessed using HT DNA High Sensitivity Lab-
Chip® Kit on a Caliper LabChip GX alalyzer (PerkinElmer
Inc., Santa Clara, CA).

Cluster generation and de novo sequence assembly

A workflow diagram depicting de novo transcriptome assem-
bly, annotation and computational analysis of S. chirayita
transcriptomes is given in Fig. 2. The template fragment
was sequenced in both forward and reverse directions using
paired-end sequencing technology. For cluster generation,
template DNA molecules were hybridized onto the flow cell
surface coated with oligonucleotides. Bridge amplification
process was used to amplify immobilized DNA template so
as to generate clonal DNA clusters. TruSeq PE Cluster kit
v3-cBot-HS (Illumina, USA) was used in this process of
cluster generation. The binding of the sample to complemen-
tary adapter oligos on paired-end flow cells was carried out
through kit reagents. The adapters were designed in a man-
ner to permit selective cleavage of the forward DNA strand
soon after the reverse strand gets resynthesized. In order
to sequence each cluster DNA on a flow cell, TruSeq SBS
v3-HS kit (Illumina, USA) was used employing sequencing
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Fig. 1 Contents of major secondary metabolites in Swertia chirayita plants grown in green house conditions (photoautotrophic, SCFG) and tis-

sue culture (photoheterotrophic, SCTC)

by synthesis technology on the HiSeq 2000. After cluster
generation, adaptor trimming was performed followed by
quality filteration (mean quality score >?20) using Trimmo-
matic tool to remove low quality/trash reads. The repeated
reads were removed and the high quality sequences were
also processed for rRNA sequences. After quality filtration
(mean quality score >?20) and adaptor trimming, the high
quality (HQ) reads for both samples were assembled with
Velvet pipeline for different k-mer length (k-mer 43, 45, 47,
49, 51, 53, 55). At last, based on the N50 and covered tran-
scriptome length, one best k-mer assembly was chosen for
all sample and its respective transcript contigs were used for
further analysis.

Functional annotation, GO mapping and COG
analysis

For functional annotation analysis, similarity search was per-
formed using BLASTx program against the non-redundant
(nr) NCBI nucleotide database (E-value of 107°). These
assembled transcripts were also checked against UniProtKB/
Swiss-Prot database for sequence annotation [43]. Blast2GO
program was used for identification and high-throughput
functional annotation of assembled transcripts [44]. It clas-
sified transcripts using BLAST program and represented
them into cellular component, molecular function and bio-
logical processes ontologies (http://www.geneontology.

org/). Furthermore, the transcripts were ligned up to clus-
ters of orthologous groups (COGs) database to predict and
classify putative functions according to COG functional
annotation. Top BLAST hits for the transcript sequences
(E-value < 107°) against COGs database were selected and
mapped onto their respective COG IDs.

Read mapping and transcript abundance prediction

In silico expression level of all the assembled transcripts was
measured using RSEMv1.2.5 software package. RSEM esti-
mates transcript abundance based on the mapping of RNA-
Seq reads to the assembled transcriptome. RSEM calculates
maximum likelihood abundance estimates, posterior mean
estimates and 95% credibility intervals for genes/isoforms
[45]. RSEM generated FPKM (Fragments per Kilobase per
Million) values measure expression of even poorly expressed
transcripts. This output was automated by running two pro-
grams of RSEM (rsem-prepare-reference and rsem-calcu-
late-expression) together with bowtie read aligner.

Domain identification using Pfam database
Domains are basic building blocks of proteins which can

be used for functional class prediction [46]. Conserved
protein domains were identified using Hmmer tool for
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Fig.2 Work flow for de novo
whole transcriptome sequenc-
ing, assembly, annotation and
analyses in SCFG and SCTC

transcriptomes of S. chirayita
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erin in S. chirayita follows the common MVA/MEP/phenyl-
propanoid route (Fig. 3). S. chirayita transcriptomes were
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Fig.3 Schematic representation of swertiamarin, amarogentin a and mangiferin b biosynthesis pathways in S. chirayita. The picture is adapted
with modification from [24]. The differentially expressed transcripts in SCFG versus SCTC conditions are given in a tabular form

mined for potential MVA/MEP/phenylpropanoid pathway
genes using in-house developed perl scripts. The assem-
bled transcripts from both the transcriptomes (SCFG and
SCTC) were scanned against NR protein database available
at NCBI by using BLASTx algorithm (E-value of 1075).
Fifteen genes, coding for AACT, HMGS, HMGR, MVK,
PMK, MVDD, DXS, DXR, ISPD, ISPE, ISPF, ISPG, ISPH,
IPPI and GDPS from MVA/MEP/pathways, and 13 genes,
encoding DAHPS, DHQS, DHQD, SAK, EPSPS, CS, CM,
PAT, ADH, ADT, PHAT, PAL and C4H from phenylpro-
panoid pathway were identified. Further, in silico transcript
abundance was quantified for these genes for both the pho-
toautotrophic and photoheterotrophic modes of nutrition to
assess the contribution and relevance of MVA/MEP/phe-
nylpropanoid pathways in the biosynthesis of secondary
metabolites in S. chirayita.

Expression analysis of fundamental pathway genes
through RT-qPCR

Verso cDNA synthesis kit (Thermo Scientific, Wilmington,
DE) containing anchored oligo(dT) primers and Verso RT
Enhancer was used to synthesize first strand cDNA from
total RNA (1 pg) following the manufacturer’s protocol.
BLAST similarity search program (http://www.ncbi.nlm.
nih.gov/BLAST) was employed to retrieve gene sequences
of the fundamental processes such as glycolysis, TCA cycle,
oxidative pentose phosphate pathway and Calvin cycle of

photosynthesis from the whole transcriptome data of S. chi-
rayita. Primer3 [47] was used to design gene specific prim-
ers from the retrieved gene sequences. The expression status
of genes was analysed through quantitative RT-PCR (RT-
gPCR). RT-qPCR reactions were run on a CFX96 system
(Bio-Rad; Hercules, CA) with the iScript one step RT PCR
kit (Bio-Rad; Hercules, CA). The cycling conditions com-
prised denaturation (5 min, 94 °C), followed by 40 cycles
each of denaturation (20 s, 94 °C), annealing (30 s, at dif-
ferent temperatures), followed by elongation (20 s, 72 °C).
All reactions were run in triplicate. The expression data
were normalized using multiple internal control genes as
described previously [48]. To start with, a set of six candi-
date reference genes encoding actin, eEF1a, f-tubulin, his-
tone H3, 26s rRNA and GAPDH were taken into considera-
tion for their expression across different tissues under study
and their suitability as reference genes were analyzed using
BestKeeper [49]. BestKeeper analysis identified eEF1a,
B-tubulin and Actin genes to be considered further for our
analysis based on their score (data not provided). Finally,
for normalisation and relative quantification, geometric
average of all the three reference genes was done as per the
method described previously [48]. Comparative C (AACt)
method [50] was used to determine relative fold changes
from the Quantification cycle (Cq) values. Additionally, a
melt curve analysis, comprising melting curve ramping from
65 to 95 °C with an increasing temperature of 0.5 °C for 5 s
(1 cycle) was performed in order to evaluate the specificity
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of RT-qPCR assay. A list of primer sequences used in RT-
gPCR analysis is given in Suppl. Table S2.

Pathway mapping using KEGG

The pathway annotation was performed using KEGG Auto-
matic Annotation Server (KAAS) ([51]; http://www.genome.
jp/tools/kaas/). KAAS assigned “KEGG orthology (KO)
identifiers” to transcripts, which were mapped onto enzyme
commission (EC) number with default bit score threshold
of 60. The BRITE functional hierarchies categorized tran-
scripts into genetic and environmental information process-
ing, and cellular processes.

Functional classification by NCBI biosystems

NCBI Biosystems database provides access and updated
records from KEGG, Pathway Interaction Database, Gene
Ontology, BioCyc and Wikipathways [52]. To functionally
classify assembled transcripts, these were mapped onto
known molecules that interact in a biological system using
in-house developed scripts. Computational mining was per-
formed on the annotated file for the transcripts and their
respective gene IDs. These mined gene IDs were mapped
onto their respective biological processes using an unique
bsid identifier. Duplicate entries of similar biological pro-
cess for different gene Ids were clubbed together.

Mining for common and unique genes in S. chirayita
transcriptomes

The comparative analysis between SCTC and SCFG tran-
scriptomes was performed to identify common and unique
genes in green house versus tissue cultured plants of S. chi-
rayita through BLAST similarity search approach (E-value
of 107). For mining of common and unique genes, all
the assembeled transcripts from one transcriptome were
searched for sequence simalarity against the other (i.e.
SCFG vs. SCTC). If the significant hit from the first (SCFG)
is observed for at least a transcript in the second transcrip-
tome (SCTC), it is refered to as a common transcript/gene.
On the contrary, in case of “no hit” scenario, the transcript
is referred being unique.

Identification of transcription factors families
and ABC transporters involved in the biosynthesis
and transport of metabolites

The final level of phytochemicals in plant cells is con-
troled by the coordinated transcriptional regulation of the
biosynthetic pathway genes [53]. For the annotation of
plant transcription factors (TFs), transcriptional regulators
(TRs) and chromatin regulators (CRs) in SCFG and SCTC
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transcriptomes, PlantTFcat [54], a high-performance web-
based tool was used. A comparative analysis of TFs obtained
from both the data sets (SCFG and SCTC) was done in order
to reveal unique and common TFs for further assessment. A
systematic literature search for transcription factor families
identified eight classes (AP2-EREBP, bHLH, bZIP, DOF,
MYB, NAC, WRKY and Zinc-finger) of TF families asso-
ciated with the biosynthesis of secondary metabolites [55].
A master list was prepared containing transcripts belonging
to these eight classes of transcription factor families. Pfam
keyword search with ‘ABC transporters’ was performed in
the Pfam database [56] to mine all possible candidate ABC
transporter genes in the transcriptomes of S. chirayita. The
resulting hits were also checked manually for their role as
transporters in plants. Functionally characterized, ABC
transporters in Arabidopsis [57] were retrieved from litera-
ture and mined in SCFG and SCTC transcriptomes to dissect
their possible role in S. chirayita.

Website development and platform used

Related material and detailed results for S. chirayita tran-
scriptome datasets have been uploaded on our previously
developed next generation sequencing and analysis website
[58]. The website is hosted on a DELL PowerEdge™ T410
server with 16 cores 2.67 GHz Intel R Xenon processors
and loaded with 64-bit CentOS linux distribution operating
system.

Results and discussion

The transcriptome data provide a valuable resource for rapid
elucidation of pathways and their mapping through graphi-
cal connectivity diagrams along with the identification and
subsequent characterization of biosynthesis pathway genes,
transcription factors (TFs), microRNAs (miRNAs), trans-
porters and others [59, 60]. In the current study, we have
made an attempt to assemble and characterize transcrip-
tomes of S. chirayita using paired-end sequencing method
(Illumina), an initiative taken towards exploring molecular
biology of this plant species.

HPLC quantification

Swertiamarin content in the green house grown Swertia
plant (SCFG) was observed to be ~ 8.2 folds higher than
that of the tissue cultured plants, whereas amarogentin and
mangiferin contents were found to be 5 and 2.5 folds higher,
respectively in the former (Fig. 1). The difference in levels
of these secondary metabolits may be attributed to the dif-
ferential nutitional modes (photoautotrophic vs. photohet-
erotrophic) of the plants.
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Paired-end sequencing and de novo sequence
assembly

Despite recent development of many bioinformatics tools
for NGS data assembly and analysis, a challenge in de novo
assembly of short reads in the absence of a reference genome
still remains [59, 61]. Paired-end (PE) Illumina sequenc-
ing generated a total of 43,306,144 and 23,075,416 raw
reads of 8661 and 4615 MB data for green house and tis-
sue cultured S. chirayita samples, respectively. Subsequent
filtering of the raw PE-reads produced a total of 41,031,326
and 21,859,688 high quality (HQ) reads which were further
assembled using Velvet pipeline. k-mer 51 and k-mer 47
emerged as best k-mers for performing assembly of the HQ
reads for green house and tissue cultured tissue samples,
respectively. A total of 57,460 assembled transcripts with
an average length of 1143.47 bp and average GC content
of 41% were obtained for green house S. chirayita sample
(SCFG) (Table 1). The maximum size of transcript amongst
the assembled transcript was 10,838 bp while the minimum
transcript size obtained was 200 bp long. Similarly, for tis-
sue cultured S. chirayita sample (SCTC), a total of 43,702
transcripts with an average length of 1085.47 bp and average
GC content of 41% were obtained. The maximum and mini-
mum transcript sizes for the assembled transcripts for the
tissue cultured sample were 7803 and 200 bp, respectively.
Differential growth conditions may have accounted for the
difference in the number of transcripts generated for green
house and tissue cultured S. chirayita samples.

Functional annotation of transcripts
The functional annotation of S. chirayita transcriptomes

was carried out using non-redundant (nr) database and Uni-
ProtKB/Swiss-Prot protein database at NCBI by BLASTx

algorithm (E-value of 107). BLASTX resulted in the anno-
tation of 50,795 transcripts with significant BLAST hits,
while no hits were observed for 6665 transcripts out of total
57,460 assembled high quality transcripts for SCFG. Sig-
nificant BLAST hits with nr database were found for 39,150
sequences of SCTC, whereas no hits were found for 4552
transcripts out of 43,702 assembled high quality sequences.
For both the samples, maximum number of transcripts
showed significant similarity with Solanum lycopersicum,
followed by Vitis vinifera, and so forth (Figs. 4, 5). GenS-
can prediction tool, based on the Arabidopsis model matrix
parameter, yielded 35,493 CDS (33,024 with significant
BLAST hits and 2469 without BLAST hits), 44,277 exons
and 34,493 peptides for SCFG, and 26,349 CDS (25,634
with significant BLAST hits and 715 without BLAST hits),
31,757 exons and 31,757 peptides for SCTC (Table 2).
Annotation against UniProtKB/Swiss-Prot database yielded
significant annotation of 30,903 from 57,460 assembled
sequences in SCFG and 23,563 from 43,702 assembled
sequences in SCTC transcriptomes, respectively, represent-
ing best possible hits (Suppl. Table S3).

Functional classification by GO and COG

GO classification is based on orthology and direct experi-
mental evidence with more detailed functional annotation
and analysis of gene products (42,988 terms). On the other
hand, COGs classification is based on orthology only, where
genes are assigned to broad categories (24) corresponding to
their ancient conserved domain. Therefore, to unify gene and
gene product the annotated transcripts were mapped onto
GO database. The assembled transcripts, 57,460 for SCFG
and 43,702 for SCTC were subjected to Blast2GO program
[44], which yielded 18,090 and 2102 functional terms for
SCFG and SCTC, respectively. These transcripts were

Table 1 Raw data and assembly

. . Description
statistics for transcriptomes

SCFG transcriptome SCTC transcriptome

from greenhouse and tissue
cultured samples (SCFG and

Raw data statistics

SCTC) of S. chirayita Total number of raw reads 43,306,144 23,075,416
Total data in MB 8661 4615
Total number of high quality (HQ) reads 41,031,326 21,859,688

Assembly statistics

Best Kmer Kmer-51 Kmer-47
Number of transcripts 57,460 43,702
Total transcript length (bp) 65,703,614 47,437,214
Transcript N50 1700 1629
Max transcript size (bp) 10,838 7803
Min transcript size (bp) 200 200
GC content (%) 41 41
Transcripts with significant BLAST hits 50,795 39,150
Transcripts without significant BLAST hits 6665 4552
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Fig.4 Species distribution of
the top Blastx hits of SCFG
transcripts. (Color figure online)

Fig.5 Species distribution of
the top Blastx hits of SCTC
transcripts. (Color figure online)

further classified into three major categories, the majority of
the assignments belonged to molecular function (8277 and
45.75% for SCFG; 1105 and 52.56% for SCTC), followed
by the biological process (6221 and 34.38% for SCFG; 559
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and 26.59% for SCTC) and cellular component (3589 and
19.83% for SCFG; 435 and 20.69% for SCTC) (Figs. 6,
7; Suppl. Table S4). Among all categories, cell, catalytic
and metabolic process were the most abundant classes in
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Table 2 Prediction summary of CDS, exons and peptides in SCFG
and SCTC transcriptomes of S. chirayita

Description SCFG tran- SCTC
scriptome transcrip-
tome

Number of CDS 35,493 26,349
CDS with significant BLAST hits 33,024 25,634
CDS without significant BLAST hits 2469 715

Number of exons 44277 31,757
Number of peptides 35,493 31,757

cellular component, molecular function and biological pro-
cesses, respectively. These observations were in agreement
with previously assigned GO terms in A. thaliana, P. kurroa,
Medicago truncatula and Cicer arietinum [59, 62].

To categorize and predict potential function, the tran-
scripts were were ligned up against COG database using
the BLASTx program. The transcripts showing significant
similarity (E-value of 10~°) with those in the database were
classified into the respective functional classes. COG assign-
ments were given to 12,826 and 9565 transcripts of SCFG
and SCTC, respectively. COG analysis revealed that SCFG
contained higher number of transcripts representing different
functional classes compared to the SCTC sample (Figs. 8,
9). The higher number of transcripts in SCFG compared to
SCTC might be due to differential environmental conditions
encountered by S. chirayita plants.

On further analysis, we categorized transcripts into 25
functional classes, where the most frequent functional
category was observed to be “general function prediction
(symbol R)” for both tissue samples (2405 in SCFG and

1820 in SCTC) followed by “post-translational modification,
protein turnover, chaperones (symbol O)” (1624 in SCFG
and 1164 in SCTC), “translation, ribosomal structure and
biogenesis (symbol J)” (1184 in SCFG and 907 in SCTC),
“carbohydrate transport and metabolism (symbol G)” (783
in SCFG and 622 in SCTC) and others, which was similar
to the study done on Taxodium [63]. Furthermore, 528 and
313 transcripts of SCFG and SCTC, respectively were clas-
sified into “secondary metabolites biosynthesis, transport
and catabolism (category symbol Q)” in S. chirayita.

Pathway mapping using KEGG

KEGG automatic annotation server (KAAS) was employed
to map transcripts onto their biological pathways. Bi-direc-
tional best hit scheme was employed for KEGG orthology
(KO) assignments with defalult BHR (> 0.95). EC number
was assigned to 4510 and 3541 transcripts from SCFG
and SCTC sample, using KAAS (Suppl. Table S5). From
a total of 57,460 transcripts in SCFG, 8690 KO assigned
transcripts were mapped onto 342 KEGG pathways. Out of
8690 transcripts, 830 (12.65%) were related to metabolic
pathways, 351 (5.35%) to the biosynthesis of secondary
metabolites, 20 (0.30%) to citrate cycle (TCA cycle), 20
(0.30%) to pentose phosphate pathway and 35 (0.53%)
to glycolysis/gluconeogenesis. Similarly, in SCTC, out
of 43,702 assembled transcripts, 6991 transcripts were
assigned KO, which were mapped to 341 KEGG path-
ways. Out of 6991 transcripts, 796 (12.86%) were related
to metabolic pathways, 341 (5.50%) to the biosynthesis of
secondary metabolites, 22 (0.355%) to tricarboxylic acid
(TCA) cycle, 17 (0.274%) to pentose phosphate pathway
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Fig. 8 Distribution of COG classified transcripts of SCFG transcriptome of S. chirayita

and 32 (0.51%) to glycolysis/gluconeogenesis (Suppl.
Table S6). The BRITE functional hierarchy categorized
the transcripts hierarchically thereby linking them with
biological systems such as metabolism, genetic informa-
tion processing and cellular processes in S. chirayita.
KEGG analysis results will immensely help to explore the
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biological information (metabolic pathways, biochemical
reactions, cellular processes, pathway interactions and
others) hidden in the mass of data and will assist in gain-
ing insight into the biology of this species. Moreover,
the comparative KEGG analysis for both the transcrip-
tome datasets will help to unravel the major enzymes and
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pathways encoding for important secondary metabolites
in S. chirayita.

Functional classification using NCBI biosystems

All the transcripts from both the transcriptomes were fur-
ther analyzed using NCBI BioSystems database (Suppl.
Table S7). These transcripts were categorised into five
major classes, namely; genetic information processing,
metabolism, cellular processes, organismal systems and
environmental information processing. Highest number
of transcripts belonged to the metabolism category (349,
46.65%), followed by genetic information processing (341,
45.58%), cellular processes (33, 4.41%), organismal sys-
tems (15, 2.00%) and environmental information process-
ing (10, 1.33%) in SCFG transcriptome. On the other hand
for SCTC, genetic information processing formed the big-
gest category SCTC (280, 47.61%), followed by metabolism
(268, 45.57%), cellular processes (20, 3.40%), organismal
systems (13, 2.21%) and environmental information process-
ing (7, 1.25%).

These major five categories were further subcatego-
rized to gain insight into their biological roles. For SCFG
sample, metabolism category included 99 transcripts in
carbohydrate metabolism, 64 transcripts in energy metab-
olism, 42 transcripts in lipid metabolism, 29 transcripts
in nucleotide metabolism, 48 transcripts in amino acid
metabolism, 25 transcripts in metabolism of other amino
acids, 10 transcripts in glycan biosynthesis and metabo-
lism, 22 transcripts in metabolism of cofactors and vita-
mins, 10 transcripts in metabolism of terpenoids and

polyketides, 7 transcripts in biosynthesis of other second-
ary metabolites. Genetic information processing included
71 transcripts in transcription, 190 transcripts in transla-
tion, 80 transcripts in folding, sorting and degradation,
28 transcripts in replication and repair. Further, environ-
mental information processing included 4 transcripts in
membrane transport and 6 transcripts in signal transduc-
tion, whereas cellular processes included 33 transcripts in
transport and catabolism. Organismal systems included 4
transcripts in immune system and 11 transcripts in envi-
ronmental adaptation. For SCTC sample, metabolism
category included 61 transcripts in carbohydrate metabo-
lism, 58 transcripts energy metabolism, 27 transcripts lipid
metabolism, 26 transcripts in nucleotide metabolism, 36
transcripts in amino acid metabolism, 10 transcripts in
metabolism of other amino acids, 8 transcripts in glycan
biosynthesis and metabolism, 26 transcripts in metabolism
of cofactors and vitamins, 7 transcripts in metabolism of
terpenoids and polyketides and 9 transcripts in biosyn-
thesis of other secondary metabolites. Genetic informa-
tion processing included 61 transcripts in transcription,
137 transcripts in translation, 57 transcripts in folding,
sorting and degradation, and 25 transcripts in replication
and repair. Again, environmental information processing
included 4 transcripts in membrane transport, 3 transcripts
in signal transduction, whereas cellular processes included
20 transcripts in transport and catabolism. Organismal sys-
tems included 3 transcripts in immune system and 10 tran-
scripts in environmental adaptation. Functional classifica-
tion using biosystems yielded significant results depicting
ongoing important processes such as genetic information

@ Springer



90 Molecular Biology Reports (2018) 45:77-98

G

-
SCTC - .
@35) 0.0 5.0631866 &.680184

SCFG 3026
(3589)

&
=4
Q
R

SCTC

Cellular component (GO) AACT

HMGS
HMGR
MVK
PMK
MVDD
DXS
DXR
ISPD
ISPE
ISPF
ISPG
ISPH
IPPI
GDPS
DAHPS
DHOQS
DHOQOD
SAK
EPSPS
CS

CcM
PAT

SCFG
(8277)

86 SCTC
(1105)

Molecular function (GO)

C

SCFG 5423 48 | SCTC
(6221) | (559)

Biological process (GO)

SCFG 95

| scTC
(891) :

(713)

Cellular processes (KEGG)

E

SCFG 192
(1061)

SCTC
(764)

Genes of secondary metabolism (KEGG)

SCFG 117
970)

SCTC
(794)

Genes of signaling pathways (KEGG)

@ Springer



Molecular Biology Reports (2018) 45:77-98

91

«Fig. 10 Differentially expressed genes of various processes between
SCFG and SCTC transcriptomes: a—¢ Venn diagram of shared GO
terms; d—f Venn diagram of shared KEGG processes; g heatmap of
the differentially expressed genes (log normalised FPKM values) of
primary and secondary metabolic pathway genes in SCFG and SCTC.
Common transcripts of SCFG and SCTC represented in Venn dia-
grams have one or more than one transcripts in common and vice
versa. (Color figure online)

processing and various metabolic processes implicated in
SCFG versus SCTC transcriptomes.

Due to non-availability of reference genome, estimation
of the number of genes and the level of transcript coverage is
difficult. However, BLAST similarity search provides a plat-
form to functionally annotate the transcripts obtained from
lesser explored species by comparing them against unique
known proteins available in different public databases. All
the above ways of annotating unknown transcripts assigned
functions to major fraction of the transcripts in S. chirayita.

Comparative analysis between SCTC and SCFG
transcriptomes to unravel unique/common genes

Comparative analysis of SCTC and SCFG transcriptomes
was performed to find out the common and unique genes
in tissue cultured versus green house grown plants of S.
chirayita. This analysis was performed in order to pull
out information related to genes those are specifically
correlated with secondary metabolites biosynthesis in
S. chirayita influenced by differential mode of nutrition.
Out of the total transcripts (57,460), 47,464 transcripts
(82.60%) in SCFG were common to SCTC transcrip-
tome, whereas 9996 transcripts were uniquely present in
SCFG transcriptome (Suppl. Table S8). Further analy-
sis evaluated the transcriptomes abundance for common
and unique genes across the SCFG and SCTC transcrip-
tomes. Transcript abundance, ranged from 0 to 2244.45
for common genes and O to 322.47 for uniquely present
genes in SCFG transcriptomes. In case of SCTC tran-
scriptome, transcript_1599 showed the highest transcript
abundance (2244.45 FPKM), whereas its corresponding
transcript_956 in SCTC showed 582.38 FPKM value.
The presence of common genes in SCTC and SCFG
transcriptomes infers the common function of genes in
various physio-biological processes in S. chirayita. The
unique genes present in SCTC (and/or SCFG) transcrip-
tomes might be because of differential modes of nutrition
between the two sample types. A graphical representa-
tion of the differentially expressed genes in various pro-
cesses in SCFG and SCTC transcriptomes has been given
in Fig. 10. The figure illustrates the distribution of genes
of various processes as analysed through GO annotation
(Fig. 10a—c), KEGG annotation (Fig. 10d—f) and heatmap
of the differentially expressed transcripts of primary and

secondary metabolic pathways in SCFG and SCTC tran-
scriptomes (Fig. 10g). The heatmap was generated using
using Multiple Experiment Viewer (MEV v4.9.0). In the
common tranceipts region of the Venn diagram, a tran-
script of SCFG may have one or more than one common
transcripts in SCTC and vice versa. The common iden-
tified genes from SCTC and SCFG transcriptomes may
be responsible for fundamental processes as well as con-
served defense responses against environmental regimes.

Unique and common genes have been identified in plant
species such as A. thaliana, Jatropha curcas, Ricinus com-
munis and others, for their role in plant defense mecha-
nisms [64, 65]. The common genes present in SCTC and
SCFG transcriptomes also support the fact of duplication
events occurring in plant species [66].

Mining secondary metabolite pathway genes in S.
chirayita transcriptomes

The swertiamarin, mangiferin and amarogentin are the
major secondary metabolites in S. chirayita biosynthe-
sized through MVA/MEP and the phenylpropanoid route
of terpenoids biosynthesis (Fig. 3; [24]). The SCFG and
SCTC transcriptomes were mined for genes involved in
the secondary metabolites biosynthesis pathways in S. chi-
rayita using in-house perl scripts. Fifteen genes of MVA/
MEP pathways, coding for AACT, HMGS, HMGR, MVK,
PMK, MVDD, DXS, DXR, ISPD, ISPE, ISPF, ISPG,
ISPH, IPPI and GDPS and 13 genes, encoding DAHPS,
DHQS, DHQD, SAK, EPSPS, CS, CM, PAT, ADH, ADT,
PHAT, PAL and C4H of phenylpropanoid pathway were
identified in SCFG and SCTC transcriptomes. The tran-
scriptomes of several plant species, such as P. kurroa, Aco-
nitum heterophyllum, Podophyllum hexandrum and oth-
ers, have been mined to decipher metabolic pathway genes
involved in the biosynthesis of secondary metabolites [59,
67-69]. The transcript abundance was also checked for
these pathways genes by FPKM method using RSEM. The
transcript abundance analysis of MVA/MEP/phenylpropa-
noid pathways revealed that most of the genes (17 genes)
showed higher transcript abundance in SCFG compared to
SCTC transcriptomes, thereby suggesting their significant
contribution in secondary metabolites production in S. chi-
rayita (Suppl. Table S9). Moreover, genes showing higher
transcript abundance could be suitable targets for imple-
mentation of genetic intervention strategies aimed towards
enhancement of metabolite contents in S. chirayita. The
FPKM based transcript abundance method has already
been used in many plant species, including P. hexandrum,
P. kurroa, Malus domestica, Camellia sinensis and oth-
ers, for determining the relative contribution of pathways
genes in secondary metabolite production [59, 67, 70, 71].
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Experimental validation of FPKM data for genes
of fundamental processes using RT-qPCR

Expression analysis of primary metabolic pathway genes
belonging to glycolysis, TCA cycle, oxidative pentose
phosphate pathway and Calvin cycle were performed
by RT-qPCR to further validate the expression pattern
observed through in silico transcript abundance analysis
(FPKM). Sixteen genes (coding for IDH, G6PD, PRK,
OGDH, DLD, DLST, HXK, PFK1, PGK, FBP, RUBISCO,
ENO, FUM, GPI, SUCLG and RPE) involved in various
fundamental processes were selected for experimental
validation on the basis of higher in silico transcript abun-
dance values (Suppl. Table S10). Their relative expres-
sion across the SCFG and SCTC samples were assessed
through RT-qPCR. Quantitative real-time PCR analysis
revealed that 10 genes (encoding G6PD, OGDH, DLD,
HXK, PFK1, FBP, RUBISCO, FUM, SUCLG and RPE)
out of 16 showed elevated expression levels (> twofold)
in SCFG as compared to SCTC (Fig. 11), which is in
agreement with the RNA-seq data. Thus, gene expres-
sion observed through different platforms i.e. FPKM and
gRT-PCR based was found in tune with each other. Previ-
ously, these two methods have been used to validate the
expression pattern of genes in plant species such as P.
hexandrum, C. sinensis, Solanum tubersoum, M. domes-
tica and others [67, 70-72]. Our results are in agreement
with the previous studies, where the expression pattern of
biosynthesis pathway genes varied in tune with metabolite
contents such as shikonin in Arnebia euchroma, picro-
sides in P. kurroa, and catechins in C. sinensis, podophyl-
lotoxin in P. hexandrum, and aconites in A. heterophyllum
[59, 66—-69].

Multiple pathways contribute to autophototrophic
and photoheterotrophic modes of nutrition

20

FOLDS EXPRESSION

4

0-.-.-_ N

OGDH DLD DLST HXK PFK1

IDH G6PD PRK

in relation to secondary metabolite biosynthesis
in S. chirayita

The contribution of various metabolic pathways pertaining
to metabolites biosynthesis can be better understood through
mining of transcriptomes. In S. chirayita, the differentially
regulated multiple pathways encountered in differential
growth regimes (SCFG and SCTC) are suggested to be
contributing towards growth and biosynthesis of secondary
metabolites. The primary metabolic pathways such as glyco-
lysis, TCA cycle, oxidative pentose phosphate pathway and
the light independent Calvin cycle of photosynthesis provide
necessary precursors for the biosynthesis of building blocks
of secondary metabolism in plant systems. As a matter of
fact, if the biosynthesis of secondary metabolites is directly
influenced by the levels of precursors and intermediates of
primary metabolism, it should get reflected in the abundance
of transcripts encoding those pathway enzymatic steps. In
our study, the contents of major secondary metabolites were
higher in SCFG samples compared to SCTC, which was
in tune with the expression patterns of primary metabolic
pathways.

In silico transcript abundance revealed that nineteen
genes from primary metabolic pathways (Fig. 12), including
7 genes of glycolysis (encoding HXK, GPI, PFK1, GAPDH,
PGK, ENO and PVK), 6 genes of TCA cycle (coding for
IDH, OGDH, DLD, DLST, FUM and SUCLG), 3 genes of
pentose phosphate pathway (encoding G6PD, 6PGL and
RPE) and 3 genes of Calvin cycle (coding for RuBisCO, FBP
and PRK) showed elevated levels of transcripts abundance
in SCFG. Similarly, 17 genes from secondary metabolic
pathways (Fig. 13), that include 9 genes (coding for HMGS,
MVK, PMK, ISPD, ISPE, ISPF, IPPI, GDPS and MVDD)
from MVA/MEP pathways and 8 genes (encoding DAHPS,
DHQS, EPSPS, SAK, CS, ADH, PAL and C4H) from
phenylpropanoid pathway showed higher transcript abun-
dance in SCFG compared to SCTC transcriptomes, thereby
suggesting their major contribution in the biosynthesis of

SUCLG RPE

- EN —_ .
PGK  FBP RUBISCO ENO FUM  GPI

Fig. 11 Relative fold changes in the expression pattern of fundamental pathway genes in SCFG with respect to SCTC. Error bars correspond to

percentage error (5%)
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metabolites (Suppl. Tables S9 and S10). The contribution
of primary and secondary metabolic pathway genes was
further validated through RT-qPCR to infer their role in
the biosynthesis of metabolites in S. chirayita. Expression
patterns of most of the genes of the metabolic pathways,
observed through two different approaches (FPKM based
and RT-qPCR), showed higher gene expression levels in
tissues with higher secondary metabolites content and vice
versa. Our results are in agreement with previous reports
which highlighted the contribution of MVA, MEP and
phenylpropanoid pathways genes, where genes coding for
HMGR, MVK, PMK, ISPD, ISPE, IPPI, GDPS, CS, ADH,
PAL and C4H showed enhanced expression in relation to the
biosynthesis and accumulation of target metabolites such as
podophyllotoxin, aconites, picrosides, withanolides, phytos-
terols and terpenoids in P. hexandrum, A. heterophyllum, P.
kurroa, Salvia miltiorrhiza, Croton sulyratus and Catharan-
thus roseus, respectively [59, 67-69, 73-76] (Figs. 11, 12,
13). However, the outcomes of current study need functional
validation to correlate the final enzyme levels in relation to
transcripts amounts with the contents of target metabolites.

Identification of transcription factors families
and ABC transporters in transcriptomes

Transcription factors (TFs) and transporters regulate various
functions of cells, such as growth, development, transpor-
tation, nutrition, response to external and internal stimuli,
and various primary and secondary metabolism acting in
spatiotemporal manner. In this study, PlantTFcat identified
several TF/TR/CR genes (4100 in SCFG and 3210 in SCTC)
belonging to 108 TF families. In SCFG, out of the 872 TF-
coding transcripts, 108 were unique to SCFG. Similarly,
BLAST hits for TFs involved in secondary metabolites in
SCTC were 614, out of which 28 transcripts were found to
be unique to SCTC. Overall 21.26% transcripts contributed
to the biosynthesis of secondary metabolites in SCFG com-
pared to only 19.12% transcripts in SCTC. All these TFs
associated with secondary metabolites biosynthesis belong
to eight classes (AP2-EREBP, bHLH, bZIP, DOF, MYB,
NAC, WRKY and Zinc-finger) of transcription factor fami-
lies. Regulatory surveillance by these transcription factors
can be assessed for their role in the biosynthesis of major
phytochemicals in S. chirayita as demonstrated earlier in
terpene biosynthesis in S. lycopersicum [77] and artemisinin
biosynthesis in Artemisia annua [78].

ATP-binding cassette (ABC) transporters are one of the
largest families in plants known for their role in transport-
ing various macro- and micromolecules across biological
membranes [79-81]. ABC transporters in plant cells act as
importers of sugars and other carbohydrates, amino acids,
peptides, polyamines, metal ions and others, whereas export-
ers of polysaccharides, proteins, lipids and hydrophobic
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drugs including toxins such as hemolysin [82, 83]. Pfam
domain database identified a total of 39,376 domain/family
in SCFG transcriptome, whereas 28,261 in SCTC transc-
tiptome. A total of 3166 and 3075 unique domain/family
classes were observed in SCFG and SCTC transcriptomes,
respectively. The diffrerential statistics revealed 158 domain/
family unique to SCFG transcriptome, 67 domain /family
unique to SCTC transcriptome and 3008 doamin/family
common to both the transcriptomes (Suppl. Table S11).
Pfam domain database revelaed 299 and 207 ABC-type
transporters domains (including PDR_associated, ABC_
membrane_2 domains and Cytochrom_C_asm family)
from 144 SCFG and 129 SCTC transcripts, respectively. A
list of ABC transporter families identified in S. chirayita
transcriptomes is given in Table 3. On further analysis, 125
transcripts were identified as common transcripts in both
the transcriptomes, 19 transcripts were uniquely present in
SCFG transcriptome, whereas 4 transcripts were unique to
SCTC transcriptome. No clan was found from a total of 39
and 25 peptide sequences in SCFG and SCTC, respectively
(Suppl. Table S12).

Additionally, we also checked the status of 22 function-
ally characterized ABC transporters of A. thaliana against
SCFG and SCTC transcriptomes to decipher their roles in
S. chirayita. The in silico transcript abundance analysis
revealed that out of 22, 13 ABC transporters genes showed
higher transcript abundance in SCTC compared to SCFG
suggesting their major contribution in different physio-
biological processes in SCTC. AtABCGI11, AtABCG13,
AtABCG32 and AtABCG26 have been characterized in
flower for their role in cutin formation and pollen exine for-
mation. AtABCCS and AtABCI13/14/15 were found in seeds
playing a role in insP6 loading to the seeds in addition to
cutin and plastid lipid formation. AtABCB1/19, AtABCDI,
AtABCG11/12/32 and AtABCI13/14/15 were characterized
in shoot for their role in fatty acyl-CoA import to peroxi-
some, auxin transport, cuticle and plastid lipid formation.
AtABCBI4, AtABCCS5, AtABCG11/12/32, AtABCG40 in leaf
were assessed for stomatal regulation, insP6 transport, cuti-
cle formation and ABA import. AtABCB1/4/19, AtABCG1 1,
AtABCG25 and AtABCI16/17 in the root have been found
to be associated with auxin transport, suberin formation,

Table 3 Identification of ABC transporter families in transcriptomes
of S. chirayita

Serial ABC transporters family Pfam IDs
number

1 ATP-binding domain of ABC transporters PF00005
2 Transmembrane domain of ABC transporters ~ PF06472
3 Cytochrome ¢ assembly protein family PF01578
4 Plant PDR ABC transporter associated PF08370
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ABA import and aluminum tolerance, whereas AtABCCI,
AtABCC2, AtABCG19 and AtABCG36 genes were validated
for their ubiquitous role in folate and chlorophyll catabolite
transport, kanamycin tolerance, metal/metalloid tolerance,
biotic and abiotic stress tolerance (Table 4).

The identified common transcripts between SCFG and
SCTC transcriptomes suggested their role in transportation
of various essential macro- and micromolecules under dif-
ferential modes of nutrition in S. chirayita. Uniquely pre-
sent transcripts in SCFG and SCTC transcriptomes could
be associated with the transport of specific nutrients impli-
cated in the biosynthesis and accumulation of primary and
secondary metabolites in S. chirayita. To further filter out
the important ABC transporters in SCFG and SCTC tran-
scriptomes, the transcript abundance based on FPKM value
was calculated using RSEM. Results revealed that in silico
transcript abundance of ABC transporters genes was higher
in SCTC compared to SCFG which suggest their major con-
tribution in the transport of nutrients in SCTC. The tran-
script abundance ranged from 0.04 to 156.03 FPKM value
in SCFG and ranged from 0.05 to 147.92 in SCTC tran-
scriptome (Suppl. Table S13). Previously, the possible roles
of molecular components (pathway genes, TFs and ABC
transporters) implicated in various physio-biological pro-
cesses such as growth and development, seed germination,
secondary metabolism, responses to stress and others, has

been reported on the basis of in silico transcript abundance
in plant species like A. heterophyllum [58], A. euchroma [84]
and P. hexandrum [67].

Several studies have demonstrated photoautotrophy as a
physiological adaptation that is achieved through a change
in environment such as depletion of sucrose and controlled
condition of light and CO, [85]. These factors are highly
compromised in tissue cultured plants of S. chirayita
accounting for its photoheterotrophic behaviour. A decline
in the photosynthetic activity is seen when sucrose is pre-
sent in the medium as the plants preferentially utilize this
carbon source. Depletion of sucrose results in reestablish-
ment of photosynthetic carbon fixation along with increase
in chlorophyll content of the system [85]. CO, concentra-
tion is an essential component required for photosynthesis
and a transition from photomixotrophy to photoautotrophy
has been established by feeding CO, as illustrated in hairy
root cultures of Acmella oppositifolia [86]. CO, fixation
in plants operates through two carboxylating enzyme sys-
tems. Ribulose-1,5-bisphosphate carboxylase/oxygenase
(RuBisCO) enzyme involved in carbon dioxide fixation in
plants, that adds CO, to ribulose-1,5-bisphosphate to form
two molecules of 3-phosphoglycerate. In the other system,
phosphoenolpyruvate carboxylase (PEPCase) plays a key
role in binding CO, to phosphoenolpyruvate, a glycolytic
intermediate, to create oxaloacetate. This oxaloacetate is

Table 4 Role of ABC Serial Num-  Tissue
transporters in different tissues/ ber
organs in Arabidopsis thaliana

Arabidopsis ABC transport-

ers characterized

Function

1 Flower

2 Seed

3 Shoot

4 Leaf

5 Root

6 Ubiquitous
expression

AtABCGI11/13/32 Cutin formation

AtABCG26 Pollen exine formation

AtABCCS5 InsP 6 loading into seeds

AtABCGI11 Cutin formation

AtABCI13/14/15 Plastid lipid formation

AtABCBI1/19 Auxin transport

AtABCDI1 Fatty acyl-CoA import to peroxisome

AtABCGI11/12/32 Cuticle formation

AtABCI13/14/15 Plastid lipid formation

AtABCB14 Stomatal regulation

AtABCCS5 InsP transport

AtABCG11/12/32 Cuticle formation

AtABCG40 ABA import

AtABCB1/4119 Auxin transport

AtABCG11 Suberin formation

AtABCG25 ABA import

AtABCL16/17 Aluminum tolerance

AtABCC1 Metal/metalloid tolerance, folate transport

AtABCC2 Metal/metalloid tolerance, chlorophyll
catabolite transport

AtABCG19 Kanamycin tolerance

AtABCG36 Biotic and abiotic stress tolerance
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then converted back to puruvate with the release of CO,
which is ultimately utilised in carbon fixation by RuBisCO
and the Calvin cycle. A lower RuBisCO:PEPCase transcript
abundance ratio was observed in tissue cultured S. chirayita
compared to the photoautotrophic field grown plants possi-
bly accounting for the difference in their net photosynthetic
rate (data not shown). However, what needs to be investi-
gated is this difference also being reflected at enzyme level.

Concluding remarks

The detailed analysis of two transcriptomes of S. chirayita
grown under differential mode of nutrition revealed crucial
molecular components differing in various physio-biologi-
cal processes. The study provided deep refinements into the
existing knowledge of biosynthesis of major phytochemicals
in S. chirayita, and the molecular dynamics associated with
it through identification and comparative analysis of MVA/
MEP and phenylpropanoid pathways genes, transcription
factors (TFs) and genes of ABC transporters. Through this
study, we have made an attempt to link the contribution of
important, yet much less explored fundamental processes
to secondary metabolites biosynthesis in plant systems by
comparing transcriptomes from differentially grown plant
samples. De novo transcriptomes characterization identified
30 genes belonging to various fundamental processes like
glycolysis, TCA cycle, oxidative pentose phosphate pathway
and light independent Calvin cycle of photosynthesis and 28
genes of secondary metabolic pathways (M VA/MEP/phenyl-
propanoid pathways). A similar expression pattern observed
through FPKM and RT-qPCR data in relation to metabolites
content validated the sequencing and assembly procedures
employed. This in turn supports our idea of the roles played
by differentially regulated pathways (primary and second-
ary) in plants differing in their modes of nutrition (photoau-
totrophic vs. photoheterotrophic) those ultimately decide the
final metabolite levels. The transcriptomics data generated in
the present work has immense value and opens new window
for exploring and designing genetic intervention strategies
such as marker discovery for conservation as well as improv-
ing the metabolites contents in an endangered medicinal
herb, S. chirayita. Further experimental validation needs to
be done in order to assess the exact biological functions for
the data sets generated through computational annotations
procedures. Our study provides a new bench mark for future
endeavors by providing the transcriptome resource to scien-
tific community in the open website http://14.139.240.55/
NGS/download.php.
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