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Abstract

Key message The present study provides comparative transcriptome analysis, besides identifying functional sec-
ondary metabolite genes of Plumbago zeylanica with pharmacological potential for future functional genomics, and
metabolomic engineering of secondary metabolites from this plant towards diversified biomedical applications.
Abstract Plumbago zeylanica is a widely used medicinal plant of the traditional Indian system of medicine with wide
pharmacological potential to treat several disorders. The present study aimed to carry out comparative transcriptome analy-
sis in leaf and root tissue of P. zeylanica using Illumina paired end sequencing to identify tissue-specific functional genes
involved in the biosynthesis of secondary metabolites, contributing to its therapeutic efficacy. De novo sequencing assembly
resulted in the identification of 62,321 “Unigenes” transcripts with an average size of 1325 bp. Functional annotation using
BLAST2GO resulted in the identification of 50,301 annotated transcripts (80.71%) and GO assigned to 18,814 transcripts.
KEGG pathway annotation of the “Unigenes” revealed that 2465 transcripts could be assigned to 242 KEGG pathway maps
wherein the number of transcripts involved in secondary metabolism was distinct in root and leaf transcriptome. Among the
secondary metabolite biosynthesis pathways, the cluster of “Unigenes” encoding enzymes of ‘Phenylpropanoid biosynthesis
pathway’ represents the largest group (84 transcripts) followed by ‘Terpenoid Backbone biosynthesis’ (48 transcripts). The
transcript levels of the candidate unigenes encoding key enzymes of phenylpropanoid (PAL, TAL) and flavanoid biosynthesis
(CHS, ANS, FLS) pathways were up-regulated in root, while the expression levels of candidate “Unigenes” transcript for
monoterpenoid (DXS, ISPF), diterpenoid biosynthesis (SPS, SDS) and indole alkaloid pathways (STR) were significantly
higher in leaf of P. zeylanica. Interestingly, validation of differential gene expression profile by qRT-PCR also confirmed
that candidate “Unigenes” enzymes of phenylpropanoid and flavonoid biosynthesis were highly expressed in the root, while
the key regulatory enzymes of terpenoid and indole alkaloid compounds were up-regulated in the leaf, suggesting that (dif-
ferences in) the levels of these functional genes could be attributed to the (differential) pharmacological activity (between
root and leaf) in tissues of P. zeylanica.

Keywords Plumbago zeylanica - Secondary metabolites - Candidate unigenes - Transcriptome - Tissue-specific expression -
Pharmacological potential
Introduction

Plumbago zeylanica L. (family: Plumbaginaceae), com-
monly known as ‘Chitrak’, is a widely used medicinal herb
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known for its white flowers, also referred as “White lead-
wort”, that are prevalent in most parts of India and the rest
of Asia. The dried roots of this plant are largely used in
Ayurvedic formulations of the traditional Indian system of
medicine (Satyavati and Gupta 1987), for treatment of skin
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diseases, rheumatic fever, diarrhea, and leprosy (Singh et al.
2004; Mandavkar and Jalalpure 2011). Pharmacological
effects of P. zeylanica L. include antimicrobial, anticarcino-
genic and radio-modifying properties, anti-fertility, hepato-
protective, central nervous system stimulatory activity, anti-
inflammatory, anti-hyperglycemic, and anti-atherosclerotic
activity (Singh et al. 2011; Chauhan 2014; Roy et al. 2017).
Of all the parts of P. zeylanica, the root extract has been
credited with tremendous pharmacological potential includ-
ing anticancer (Ganesan and Gani 2013; Singh et al. 2016),
imparting anti-diabetic and anti-hyperlipidemic activities
(Sunil et al. 2012) and affording protection against Parkinson
disease (Ittiyavirah and Ruby 2014). On the contrary, thera-
peutic efficacy in the leaf extract of P. zeylanica includes,
anti-inflammatory (Vishnukanta and Rana 2008), anticancer
(Hiradeve et al. 2011), anti-fertility, and antioxidant proper-
ties (Nile and Khobragade 2010).

Earlier studies on phytochemical analysis in P. zeylanica
revealed various bioactive compounds including, alkaloids,
flavonoids, naphthoquinones, (Plumbagin, chitranone, chlo-
roplumbagin, elliptone), glycosides (Plumbagic acid glyco-
sides), tri-terpenoids, coumarins (seselin, 5-methoxy seselin,
xanthyletin, suberosin) and phenolic compounds (Roy and
Bharadvaja 2017). Plumbagin, a bio-active naphthoquinone
(5-hydroxy-2-methylnaphthalene-1,4-dione), is the poten-
tial compound in P. zeylanica that is attributed with wide
spectrum of pharmacological properties, especially due to
its anticancer potential (Chauhan 2014; Kawiak et al. 2017,
Rondeau et al. 2018). Nevertheless, earlier phytochemical
studies reported various secondary metabolite compounds
in P. zeylanica (Roy and Bharadvaja 2017), while pharma-
cological properties found in its leaf and root extracts have
not been analyzed to understand its therapeutic potential.
Our preliminary studies with a 2-year-old P. zeylanica plant
showed significant differences in the amount of plumbagin
(1.3% w/w) in the root extracts as compared to stem (0.2%
w/w) and leaf (0.00007% w/w) using HPTLC analysis
(Sundari et al. 2017). Indeed, the marked antioxidant and
cytotoxic potential observed in the leaf extract, with trace
amount of plumbagin, suggested that leaf could contain
other active phyto-constituents. Initial transcriptome analy-
sis in the root of P. zeylanica provided only transcripts of a
few secondary metabolite pathways, but did not bring out
tissue-specific bioactive candidate genes in the absence of
comparative transcriptome data (Sundari et al. 2017). There-
fore, the present study was undertaken to carry out a com-
parative transcriptome analysis in root and leaf that could
facilitate deciphering of bioactive novel genes involved in
tissue-specific biosynthesis of secondary metabolites in P.
zeylanica.

Transcriptomics approach involving next-generation
sequencing (NGS) technology is predominantly used in
medicinal plants for unraveling novel gene transcripts
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associated with the biosynthesis of secondary metabolites
and to identify their expression profiles (Upadhyay et al.
2014). In the present study, Illumina NGS platform was used
for RNA sequencing in leaf and root tissues of P. zeylanica,
to identify and profile transcripts involved in secondary
metabolite biosynthesis. The transcriptome assembly and
functional annotation of P. zeylanica transcriptome resulted
in the distinct identification of putative genes associated with
the biosynthesis of phenylpropanoid, flavonoid, terpenoid,
and indole alkaloid, both in leaf and root tissues. Further,
this study also focused on differential expression profiling
of the metabolic pathway genes to identify the candidate
regulatory gene transcripts responsible for the biosynthesis
of tissue-specific secondary metabolites, contributing to its
specific pharmacological activity in the leaf and root of P.
zeylanica.

Results

The present study focused on transcriptome sequencing only
in the root and leaf tissues of P. zeylanica since both these
tissue parts have been reported to exhibit tremendous phar-
macological potential (Jain et al. 2014; Sundari et al. 2017).
The type of secondary metabolite compounds synthesized
could vary with the extraction process and tissue parts of
medicinal plants, leading to huge differences in their phar-
macological potential (Anandan et al. 2012). Hence, RNA
sequencing in leaf and root tissue of P. zeylanica resulted
in the expression profiling of functional regulatory genes in
important metabolic pathways associated with the biosyn-
thesis of tissue-specific secondary metabolites.

Transcriptome data and assembly

An average of ~19.58 million reads was obtained per
cDNA library generating 96% reads with Phred quality
score of > Q20 analyzed using NGS QC Toolkit, while 93%
of reads were of high quality (> Q30). Further, the cDNA
libraries had an average of 45% GC content in both the
leaf and root transcriptomes. Following RNA sequencing
of both the tissues, reads having >70% of the bases with
a quality score of > Q30 were chosen to meet high strin-
gency criteria for better assembly of the transcriptome.
Transcriptome assembly was performed by transameliorate
pipeline comprising of Trinity assembler and CD-HIT EST
clustering resulted in an average of 70,000 transcripts in
both root and leaf transcriptomes individually (Table 1).
The total transcriptome accounted for an average of 68 Mb
with a minimum transcript length of 100 bp and maximum
of ~8000 bp, with N50 value of 1.3 kb, indicating an opti-
mized unfragmented transcriptome assembly of the cDNA
libraries. To have a single representative transcriptome for
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Table 1 Statistical summary of leaf and root transcriptome assembly

Parameter Values Values
Sample Leaf Root
Number of final transcripts 71,878 101,290
Final transcriptome length (bp) 65,521,679 (~65 71,519,022
Mbp) (~71
Mbp)
Minimum transcript length(bp) 201 201
Maximum transcript length(bp) 7600 8314
Average transcript length(bp) 911.57 706.08
N50 value 1540 1154
G+0O)% 43.47% 46.35%

both, the transcripts from their assemblies were merged and
CD-HIT EST clustering was performed. This resulted in
a total of 62,323 transcripts accounting for ~ 82 Mb, with-
out much change in the minimum and maximum transcript
length, and N50 value (Suppl. Fig. S2). The authenticity of
the merged transcript assembly was validated by aligning the
reads from the replicate cDNA libraries of both the tissues to
all 62,323 transcripts using Bowtie 2. The transcript length
distribution analysis of root and leaf libraries showed ~70%
of the transcripts having an average of 1 Kb length (Suppl.
Fig. S2). The raw data reads obtained from RNA sequencing
in both leaf and root of P. zeylanica were submitted to the
NCBI SRA database and an accession number was received
(SRA accession number: SRP144988).

Functional annotation and biological classification

The merged transcriptome of leaf and root contained 62, 323
clustered transcripts, of which 50,253 (80.5%) transcripts
could be annotated to at least one database. BLAST2GO
analysis (e valuele —05) against Plant NR database revealed
that 50,301 (80.71%) transcripts showed significant homol-
ogy (< 60%) against the reference sequences, but a few of
them, 5072 (10%), were hypothetical proteins and 10,556
(21%) were predicted proteins, which might be due to
the lack of reference of P. zeylanica genome and protein
sequence information for annotation. BLASTX similarity
search for P. zeylanica transcripts showed highly significant
homology with some of the known functional proteins in
other plant species, including 60—70% match with glycosyl
transferases (Populus trichocarpa and Vitis vinifera), 96%
identity with NADPH cytochrome P450 reductase 2 fam-
ily (Arabidopsis thaliana), and 100% identity with NAD(P)
H-quinone oxidoreductase subunit H (Plumbago auriculata).
Earlier studies have indeed found that glycosyl transferases,
cytochrome P450 reductase family, and NAD(P)H-quinone
oxidoreductase subunit H have a crucial role in plant second-
ary metabolism including flavonoid biosynthesis, defense

mechanism and further involved in the detoxification and
bioactivation of certain quinones (Bowles et al. 2005; Zhang
et al. 2018), suggesting that P. zeylanica transcripts share
huge similarity with genes involved in the biosynthesis of
secondary metabolites of related plant species.

GO annotation

Gene Ontology (GO) assignment is a widely used stand-
ard to classify the function of unigene transcripts based on
sequence homology. GO annotation assigned for 18,814
transcripts were functionally categorized, based on their
sequence homology, into three GO classification including
biological process (BP), molecular function (MF), and cel-
lular component (CC). The top 10 GO annotation classi-
fications under three functional categories are represented
in Fig. la. Under these functional classification ontology,
ATP binding (GO: 0005524, 7.66%), metal ion binding (GO:
0046872, 3.93%), and nucleotide binding (GO: 0000166,
3.67%) were highly represented in the molecular function.
Under biological process ontology, oxidation-reduction
process (GO: 0055114, 7.97%), protein phosphorylation
(GO: 0006468, 6.06%), and regulation of transcription
(GO: 0006355, 5.37%) were the most enriched categories.
However, among the cellular component category of GO,
sequences related to the integral component of membrane
(GO: 0016021, 16.64%), nucleus (GO: 0005634, 3.98%),
and cytoplasm (GO: 0005737, 2.95%) were found to be
highly significant.

KEGG functional classification

The assembled transcripts of P. zeylanica annotated with
GO terms were mapped to the reference KEGG pathways
in KAAS database and ECs were generated (Kanehisa et al.
2017). KEGG annotation of the unigenes revealed that 2465
transcripts could be assigned to 242 KEGG pathway maps
with 412 Enzyme Commissions, while 35, 205 transcripts
were annotated using the PlantCyc database. Within the
KEGG pathway maps, ‘Metabolism’ category showed the
highest number of mapped entry in transcriptome of P. zey-
lanica and highly represented KEGG pathways with maxi-
mum “Unigenes” transcripts among them being thiamine
metabolism (646 transcripts) followed by aminobenzoate
degradation (190), starch and sucrose metabolism (84)
pyrimidine and purine metabolism (67) and oxidative phos-
phorylation (56). These significantly represented pathways
are the major essential pathways for nucleotide, carbohy-
drate, and energy metabolism, necessary for basic growth of
all plant species, indicating the effectiveness of annotation
and assembly of our P. zeylanica de novo transcriptome.
The comparative analysis of top 10 KEGG pathway clas-
sifications identified with distinct number of transcripts in
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Fig.1 a Functional classification of genes in Plumbago zeylanica
based on gene ontology classification. Figure shows the top ten highly
represented functional categories of unigenes grouped under three
main categories of GO annotation: biological process (BP), cellular

leaf and root transcriptome are illustrated in Fig. 1b. Indeed,
the highly represented pathways necessary for plant growth
and metabolism were similar in both the leaf and root tran-
scriptome of P. zeylanica as expected, but the number of
transcripts involved in regulating secondary metabolic path-
ways were distinct (for example, terpenoid biosynthesis: 16
transcripts in leaf and 20 transcripts in root).

Prediction of bioactive unigenes involved
in secondary metabolite biosynthesis of P. zeylanica

Interestingly, we could also identify a number of P. zeylanica
unique sequences with 254 transcripts that were found to
be involved in the biosynthesis of a wide range of second-
ary metabolites (Suppl. Table S2). Among the secondary
metabolite biosynthesis pathways, the cluster of unigene
encoding enzymes of ‘Phenylpropanoid biosynthesis path-
way’ represents the largest group (84 transcripts) followed
by ‘Terpenoid Backbone biosynthesis’ (48 transcripts). Ear-
lier pathway analysis in medicinal plants of Polygonaceae
family, one of the closest families of Plumbaginanceae, have
also suggested a higher representation of phenylpropanoid
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component (CC) and molecular function (MF). b KEGG pathway
annotation for assembled unigenes in P. zeylanica transcriptome. The
top 10 most significantly enriched KEGG pathway categories’ identi-
fied in (i) leaf and (ii) root transcriptome are represented

biosynthesis pathway in KEGG annotation of transcripts for
Fagopyrum dibotrys (Chen and Li 2016) and Polygonum
minus (Rahnamaie-Tajadod et al. 2017). Out of the annotated
19 metabolic pathways, five major pathways including fla-
vonoid, phenylpropanoid, terpenoid backbone biosynthesis,
isoquinoline indole alkaloid, ubiquinone, and other terpe-
noid—quinone biosynthesis related to the biosynthesis of sec-
ondary metabolite compounds were well represented in our
transcriptome datasets, which have already been reported as
the major secondary metabolites in P. zeylanica (Roy and
Bharadvaja 2017). The candidate unigenes in leaf and root
transcriptome of P. zeylanica were identified from each of
these secondary metabolite biosynthesis pathways through
differential expression profiles.

Identification of candidate “Unigenes” involved
in the phenylpropanoid biosynthesis

From the KEGG pathway and PlantCyc annotation of P.
zeylanica transcriptome, it was found that 84 transcripts
encoding unigene enzymes were assigned to the phenyl-
propanoid biosynthesis pathway. To decipher the key genes
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involved in total phenolic compound biosynthesis, differen-
tially expressed unigenes involved in the phenylpropanoid
pathway were identified. Among these unigenes, transcripts
coding for ‘Lactoperoxidase’ (LPO) were well represented in
transcriptome leading to the phenylpropanoid biosynthesis
pathway, of which 3 LPO unigenes were root-specific tran-
scripts and 10 unigenes showed tissue-specific differential

expression in P. zeylanica. From the digital gene expression
profiling using DeSeq2, it was found that seven unigenes of
lactoperoxidase [EC 1.11.1.7, LPO], gentiobiase [betaglu-
cosidase, EC: 3.2.1.21], phenyl ammonia lyase [EC 4.3.1.24,
PAL], and tyrosine ammonia lyase [EC 4.3.1.25, TAL]
were all up-regulated in the root of P. zeylanica (Table 2) as
shown in Fig. 2. On the contrary, three unigene transcripts

Table 2 Candidate “Unigenes”

‘ . Pathway Name Description KO no. EC no. Total no. of
encoding enzymes involved unigenes
in the phenylpropanoid and
flavonoid biosynthesis identified  ppenylpropa- LPO Lactoperoxidase K12550  EC1.11.1.7 10
from P. zeylanica transcriptome d bi L. .

Y p noid biosyn-  p:y, Gentiobiase (betaglucosidase) KO1188 EC:3.2.1.21 10
thesis . .
PAL Phenylalanine ammonia lyase K10775 EC.43.15 10
TAL Tyrosine ammonia lyase K10774 EC4.3.1.25 10
Flavanoid/ FLS Flavonol synthase K05278 EC.1.1.1.219 1
polyketide  cpg Chalcone synthase K00660  EC2.3.1.74 9
biosynthesis .
Y CHI Chalcone isomerase K01859 EC.5.5.1.6 9
ANS Anthocyanidin synthase K05277 EC.1.14.11.19 9
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Fig.2 KEGG pathway map showing metabolites and differentially
expressed key unigenes assigned to “Phenylpropanoid biosynthesis”
pathway. The fully shaded red boxes represent gene transcripts with
high expression in roots of P. zeylanica. The red colored column also

indicates the biosynthesis of specific metabolic compounds at high
level. This color-coded map corresponds to map00940 in the KEGG
database
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of all these enzymes were found to be downregulated in
the leaf of P. zeylanica. PAL [EC 4.3.1.24] and TAL [EC
4.3.1.25] are the two major key enzymes of the the phenyl-
propanoid pathway, wherein the upregulation of both PAL
and TAL are known to enhance the biosynthesis of cinnamic
acid along with its derivatives and coumarins (Shivashankar
et al. 2015), which are known to stimulate insulin secre-
tion necessary for exerting anti-diabetic potential (Adisak-
wattana 2017). Earlier reports have shown that the enzyme
LPO plays an important role in the biosynthesis of lignin-
derived compounds, while high expression of gentiobiase
[EC: 3.2.1.21] could result in enhanced content of coumarin
(Rahnamaie-Tajadod et al. 2017) that leads to scavenging of
the reactive oxygen species (ROS) necessary for antioxidant
and anticancer activities (Singh et al. 2016; Liu et al. 2018).

Identification of candidate unigenes involved
in the flavonoid biosynthesis

Flavonoid biosynthesis is a vital part of secondary metabo-
lisms synthesized through the phenylpropanoid pathway and
is responsible for the cytotoxicity and antioxidant potential
through scavenging of free radicals (Ferreyra et al. 2012).
From the KEGG and PlantCyc pathway annotation, unigene
transcripts encoding the key enzymes involved in the flavo-
noid biosynthesis pathway (map00941) could be identified
in P. zeylanica transcriptome (Table 2). Pathway annotation
suggested that one of the unigenes encoding a key enzyme
dihydroflavonol-4-reductase (DFR, EC 1.1.1.219) was found
to be a root-specific transcript, which is known to play a
role in the biosynthesis of anthocyanidins (Ferreyra et al.
2012). Further, differential gene expression analysis using
FPKM revealed that the expression of five of the key uni-
gene encoding enzymes including chalcone synthase (CHS,
EC 2.3.1.74), chalcone isomerase (CHI, EC 5.5.1.6), antho-
cyanidin synthase (ANS, EC: 1.14.11.19), flavonol synthase
(FLS, EC.1.14.11.23), and dihydroflavonol-4-Reductase
(DFR, EC 1.1.1.219) were altered in the flavonoid biosyn-
thesis pathway as shown in Fig. 3.

CHS is a key enzyme of the flavonoid/isoflavonoid
biosynthesis pathway, of which nine unigene transcripts
mapped to flavonoid biosynthesis pathway, wherein three
transcripts were expressed at high level in root (threefold).
The validation of DEGs using qRT-PCR also confirmed
that CHS is highly up-regulated in root (14-fold), while it
was found to be downregulated in leaf (> -onefold). Indeed,
Chalcone synthases have been shown to be the Plant type
III polyketide synthase (PKSs) for producing polyketides
essential for plant metabolism and defense (Dao et al. 2011;
Stewart et al. 2013). Polyketides and their derivatives are
also reported as vital compounds for human health, acting
as antifungal agents, immunosuppressants, insecticides, anti-
cancer drugs, and antibiotics (Ferreyra et al. 2012; Jiang
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et al. 2016). Similarly, comparative transcriptome analysis
in Bacopa monnieri revealed that the expression of CHS
enzymes was found to be highly up-regulated in root tis-
sue, leading to the biosynthesis of flavonoids, anthocyanins,
and isoflavonoids (Jeena et al. 2017). The up-regulation of
other unigene transcripts encoding key enzymes, CHI, ANS,
FLS and DFR were also found in the root as compared to
leaf of P. zeylanica, which have been reported as the key
regulatory enzymes in flavonoid biosynthesis responsible for
the formation of flavanones, flavanols and anthocyanidins,
and are known to be responsible for hepato-protective, anti-
inflammatory and anticancer activities (Ferreyra et al. 2012;
Kumar and Pandey 2013).

Prediction of the key unigene transcripts involved
in terpenoid backbone biosynthesis pathway

Terpenoids, also known as isoprenoids, are synthesized
through two biosynthetic pathways, including the meva-
lonate pathway [MD:MO00095] leading to the synthesis
of the precursors of sesquiterpenoids (C15) and the non-
mevalonate or the MEP/DOXP pathway [MD:M00096]
resulting in the synthesis of monoterpenoids (C10) and
diterpenoids (C20) (Tholl 2015). KEGG and PlantCyc
annotation mapped a total of 55 transcripts encoding five
key differentially expressed unigene enzymes related to the
terpenoid backbone biosynthesis pathway (Table 3). Two of
the key enzymes, 1-deoxy-p-xylulose-5-phosphate synthase
(EC:2.2.1.7, DXPS) and 2C-methyl-p-erythritol 2,4-cyclodi-
phosphate synthase (EC:4.6.1.12, ISPF) were found to be
involved in the monoterpenoid biosynthesis, while two of the
pivotal enzymes all-trans-nonaprenyl-diphosphate synthase
[geranyl-diphosphate specific] (E.C. 2.5.1.84, SPS) and all-
trans-nonaprenyl-diphosphate synthase [geranylgeranyl-
diphosphate specific] (E.C. 2.5.1.85, SDS) were associated
with the diterpenoid biosynthesis pathway (Tholl 2006). On
the other hand, 3-hydroxy-3-methylglutaryl-CoA reductase
(EC 1.1.1.34: HMGCR) was found to regulate the sesquit-
erpenoid and triterpenoid biosynthesis pathway.

The differential expression profiles of all the four unigene
transcripts including DXS, (EC:2.2.1.7), ISPF (EC:4.6.1.12),
SPS (E.C. 2.5.1.84) and SDS (E.C. 2.5.1.85) were found to
be highly induced in leaf of P. zeylanica (up to threefold)
as shown in Fig. 4. Two of these enzymes, DXS and ISPF,
have already been reported as regulatory enzymes for the
rate limiting step of non-mevalonate pathway leading to the
biosynthesis of monoterpenoid compounds that are respon-
sible for anticancer effect in Curcuma longa (Annadurai
et al. 2013). Moreover, the other two unigenes, SPS and
SDS, were known to be involved in diterpenoid biosynthe-
sis that perhaps cause inhibition of cell proliferation and
tumor growth in different types of human cancers (Yang and
Dou 2010). These results were concurrent with the abundant
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Fig.3 KEGG pathway map showing metabolites and differentially
expressed key genes identified in the “Flavonoid biosynthesis” path-
way. The fully shaded red boxes represent gene transcripts with high
expression in roots of P. zeylanica. The red-colored column also indi-

cates the biosynthesis of specific metabolic compounds at high level.
This color-coded map of DEGs corresponds to map00941 in the
KEGG database

Table 3 “Unigenes” encoding enzymes involved in terpenoid and indole alkaloid biosynthesis in P. zeylanica

Pathway Name Description

KO no. ECno. Total no
of uni-

genes

Mono and diterpenoid biosynthesis pathway DXPS
ISPF
synthase

Ubiquinone and terpenoid quinone biosyn- ~ SPS
thesis pathway

1-Deoxy-d-xylulose-5-phosphate synthase
2C-methyl-D-erythritol 2,4-cyclodiphosphate

All-trans-nonaprenyl-diphosphate synthase
[geranyl-diphosphate specific]

K01662 E.C.2.2.1.7 6
K01770 E.C.4.6.1.12 1

K05356 E.C.2.5.1.84 1

SDS All-trans-nonaprenyl-diphosphate synthase K05356 E.C.2.5.1.85 1
[geranylgeranyl-diphosphate specific]

TAT Tyrosine aminotransferase KO00815 E.C.2.6.1.5

HPD 4-Hydroxyphenylpyruvate decarboxylase K00457 E.C.1.13.11.27

Triterpene and sesquiterpenoid compounds
Indole alkaloid biosynthesis STR

HMGCR 3-Hydroxy-3-methylglutaryl-CoA reductase
Strictosidine synthase

K00021 EC1.1.1.34:
KO01757 E.C.4.33.2

AN N O ©

expression of these similar unigene transcripts in the MEP
pathway [DXS,SPS,ISPF] related to the biosynthesis of
terpenoid compounds observed in leaf transcriptome of

Salvia miltiorrhiza (Yang et al. 2013a, b). On the contrary,
3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR),
which catalyzes major key steps of the mevalonate pathways,
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Fig.4 KEGG pathway map showing metabolites and differentially
expressed key genes identified in the “Terpenoid Backbone Biosyn-
thesis” pathway. The fully shaded red boxes represent gene transcripts
with high expression in roots of P. zeylanica. The green-colored

was found to be up-regulated in the root of P. zeylanica with
two unigene transcripts (up to threefold). Similar results of
relatively high expression of HMGR genes in the MVA path-
way were found to be active in the root of Salvia miltior-
rhiza (Yang et al. 2013a, b). Moreover, HMGCR has been
reported as the crucial regulatory enzyme for triterpene and
sesquiterpenoid biosynthesis in Glycyrrhiza uralensis (Liu
et al. 2014), which imparts anti-inflammatory, antimicrobial,
antitumoral, and immunomodulator effects on the immune
system of target cells (Rios 2010).

Prediction of the key unigene transcripts involved
in ubiquinone and other terpenoid quinone
biosynthesis pathway

Plumbagin, a natural naphthoquinone, is identified as an
active constituent in the plant families of Plumbaginaceae,
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KACSTa061lg pglell =

Q Springer

boxes indicate transcripts with relatively higher expression in leaf of
P. zeylanica. The red-colored column also indicates the biosynthesis
of specific metabolic compounds at high level. This color-coded map
corresponds to map00900 in the KEGG database

and is responsible for a wide range of pharmacological
activities (Carson and Hammer 2010; Savoia 2012). From
PlantCyc annotation, we could identify nine transcripts
encoding unigene enzymes involved in the ubiquinone and
other terpenoid quinone biosynthesis pathways, of which
two key enzymes encoding genes, TAT and HPD, showed
differential expression (up to 3.5-fold) in the root of P. zey-
lanica (Fig. 5). Tyrosine aminotransferase [EC:2.6.1.5,
TAT], an essential enzyme for the biosynthesis of tyrosine
and 4-hydroxyphenylpyruvate decarboxylase (Ec 1.13.11.27
HPD), another key enzyme involved in the formation of
homogentisic acid (Ndikuryayo et al. 2017) were highly
expressed in the root with one unigene transcript. Earlier
studies have shown that TAT and HPD enzymes are key
regulatory enzymes involved in the biosynthesis of naph-
thoquinones (Widhalm and Rhodes 2016), and thus play a
key role in the production of antioxidants and also exert
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Fig.5 Differentially expressed unigenes (DEGs) identified in the
“Ubiquinone and other Terpenoid-quinone Biosynthesis” pathway.
The fully shaded red boxes represent gene transcripts with high

antimicrobial, insecticidal, anti-phlogistic and wound heal-
ing properties (Raghu and Karunagaran 2014). Moreover,
transcriptome analysis in Prunella vulgaris L has also shown
a high expression of TAT encoding genes in root compared
to leaves (Ru et al. 2017).

Identification of candidate “Unigenes” involved
in indole alkaloid biosynthesis pathway

In various plant species, most alkaloids are synthesized
through the terpenoid indole alkaloid (TTA) pathway that
generates a strictosidine backbone for downstream products
of their biosynthesis (Guo et al. 2013; Miralpeix et al. 2014).
In the indole alkaloid biosynthesis pathway of P. zeylanica,
we could identify strictosidine synthase (STR; EC 4.3.3.2)

expression in roots of P. zeylanica. The red colored column also indi-
cates the biosynthesis of specific metabolic compounds at high level.
This color-coded map corresponds to KEGG pathway: map00130

as one of the key enzymes encoded by “Unigenes” with six
transcripts (Table 3). Interestingly, the differential expres-
sion analysis revealed that two unigene transcripts encoding
strictosidine synthase were abundantly expressed in leaf of
P. zeylanica (Suppl. Fig. S3). STR has been reported as a
crucial regulatory enzyme involved in the biosynthesis of
monoterpenoid indole alkaloids of Rauvolfia serpentine
and also responsible for the production of 3-alpha-(S)-
strictosidine (Stockigta et al. 2008). Indeed, the expression
profile analysis of STR is concordant with its similar abun-
dant expression observed in leaves of Catharanthus roseus
(Zhu et al. 2015). In addition to the differential expression
analysis, our qRT-PCR validation studies also showed
five fold up-regulations in the expression of STR gene tran-
script in leaves as compared to the root. The highly induced
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expression of this STR gene in leaf suggests that this may
be one of the key enzymes regulating the biosynthesis of
indole alkaloids and might play a role in the accumulation
of alkaloids in the leaf of P. zeylanica, which needs to be
confirmed by functional studies.

Expression level of the transcripts and differentially
expressed gene (DEG) analysis

To quantify the expressed transcripts, the high-quality
mapped reads were subjected to FPKM analysis for calcu-
lating fold change induction between leaf and root tissue of
P. zeylanica (< twofold) (Suppl. Fig. S4). The differentially
expressed transcripts were identified based on normalized
FPKM values (p value cut-off >0.05). Comparative tran-
script abundance level revealed 7683 significant differen-
tially expressed unigenes between the root and leaf libraries.
In the root, 4198 transcripts were up-regulated (54.64% of
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significant unigenes) and 3485 down-regulated transcripts
(45.35%), relative to their expression in the leaf (log2-fold
change > 2 for up-regulation and log2-fold value <-2 down-
regulation; P <0.05) as shown in Fig. 6a. Further, we also
identified some of the reads showing tissue-specific expres-
sion that were uniquely expressed either in the root or leaf.
The total number of tissue-specific transcripts identified
was 8670, of which 946 unigenes were leaf-specific tran-
scripts and 7724 unigenes were exclusively expressed in
root. Among the differentially expressed transcripts, gene
transcripts that encode enzymes involved in chlorophyll bio-
synthesis, carbohydrate metabolism, and fatty acid metabo-
lism were highly abundant in leaves and down-regulated in
root of P. zeylanica, which substantiates the functional role
of leaves in photosynthesis and energy production during
plant growth, as observed in the transcriptome of S. miltior-
rhiza (Yang et al. 2013a, b). However, the transcripts encod-
ing enzymes for disease resistance and metabolite transport

3485
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Fig.6 a Comparison of differentially expressed unigenes in transcrip-
tome of P. zeylanica obtained through FPKM analysis. We used a
cut-off with an FPKM > 1 for considering transcripts to be expressed.
No of DEGs was accurately quantified based on the abundance of
transcript-level sequences between leaf and root of P. zeylanica. Red
and green bars represent the up-regulated and down-regulated uni-
genes in leaf compared with those in root. b Heat map of differen-
tially expressed unigenes encoding enzymes of secondary metabolite
biosynthetic pathways. Red and green colors represent the expres-
sion pattern of up- and down-regulated transcripts in leaf and root
of P. zeylanica, respectively. Secoisolariciresinol dehydrogenase-like
(SDH), valencene synthase (VAS), strictosidine synthase 3 (STR),
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Secondary metabolite gene transcripts

C

reticuline oxidase (REO), 2-alkenal reductase (NADP(+)-depend-
ent) (AER), geraniol-8-hydrolase (G8H), cytochrome P450 family
synthase (CYS), chalcone synthase 1 (CHS), methylmalonate-semi-
aldehyde dehydrogenase family (MMSDH) and hydroquinone gluco-
syltransferase (HQGT). ¢ Validation of differentially expressed uni-
genes by qRT-PCR. Top 10 significant genes involved in secondary
metabolism biosynthesis pathway were validated by q-PCR. The rela-
tive gene expression levels are represented as log2-fold change with
reference to internal control Actin gene. Mean values and standard
errors (bars) were obtained from three independent experiments for
each gene transcript
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proteins were highly expressed in root, indicating their sig-
nificant role in root developmental function. Moreover, we
found that 54 differentially expressed unigenes in the leaf
and roots are known to be involved in secondary metabolism
from GO annotation and BLASTx analysis. Some of the
unigene transcripts with significant FPKM values belonging
to the major secondary metabolic pathway, which showed
significant tissue-specific expression (Fig. 6b), were selected
for validation by qRT-PCR. Interestingly, these unigenes are
also reported as the highly expressed unitranscripts involved
in secondary metabolite biosynthesis of Phyllanthus amarus
leaves (Mazumdar and Chattopadhyay 2015).

Validation of selected secondary metabolite
pathway gene transcripts by qRT-PCR

To ascertain whether annotated transcripts from the de
novo sequence assembly were actually expressed and also
to characterize their expression profiles in P. zeylanica, a
few of the differentially expressed transcripts cognate to
secondary metabolite biosynthesis (each from flavonoid,
quinones, terpenoids, and indole alkaloid biosynthetic
pathways) were selected for qRT-PCR analysis. The ten
transcripts selected for validation include Secoisola-
riciresinol dehydrogenase-like (SDH), valencene synthase
(VAS), strictosidine synthase 3 (STR), reticuline oxidase
(REO), cytochrome P450 family, chalcone synthase 1
(CHS), methylmalonate-semialdehyde dehydrogenase
family (MMSDH), hydroquinone glucosyltransferase
(HQGT), 2-alkenal reductase (NADP(+) dependent) and
geraniol-8-hydrolase, a cytochrome P450 monooxygenase
enzyme. The relative expression of the quantified ten uni-
genes showed that five of the transcripts related to the
secondary metabolic pathways were highly expressed in
root including, chalcone synthase (14 fold), cytochrome
P450 family synthase (10 fold), hydroquinone glucosyl-
transferase (11 fold), reticuline oxidase (9 fold) and meth-
ylmalonate-semialdehyde dehydrogenase family (8 fold),
when compared to leaf of P. zeylanica as represented in
Fig. 6c. Among these five transcripts, CHS, HOQGT, CYS,
and MMSDH were found to be the key enzymes involved
in polyketide/flavonoid biosynthesis pathway of Phyllan-
thus emblica (Kumar et al. 2016) and Withania somnifera
(Jadhav et al. 2012). The other five transcripts include,
VAS (ninefold), precursor enzymes responsible for terpe-
noid indole alkaloid biosynthesis, SDH (8.8fold) involved
in monoterpenoid biosynthesis pathway, 2-alkenal reduc-
tase (9.3 fold), geraniol-8-hydrolase (8 fold), and STR
3 (10 fold), key regulatory enzymes of indole alkaloid
biosynthesis pathway were enriched in leaf tissue of P.
zeylanica. Similarly, these key enzymes were found to
be abundant in leaf of Catharanthus roseus (Zhu et al.
2015). Thus, we could observe that the mRNA levels of

Table 4 Statistics of SSRs identified from P. zeylanica transcriptome

Assembly statistics No. of transcripts

Total number of sequences examined 62,321
Total number of identified SSRs 31,906
Number of SSRs containing sequences 23,972

Number of sequences containing more than 1 SSR 5921

Number of SSRs present in compound formation 2542

Table 5 Distribution of SSRs in
different repeat types identified
in P. zeylanica

Number of
SSRs (%)

Unit size

Mononucleotide 8627

Dinucleotide 6894
Trinucleotide 5319
Tetranucleotide 334
Pentanucleotide 103

ten unigenes, possibly involved in secondary metabolite
biosynthesis validated by qRT-PCR, demonstrated simi-
lar tissue-specific expression patterns as predicted from
FPKM analysis confirming its reliability.

Identification of SSR

In silico MISA tool predicted that 31,906 SSRs were found
in 23,972 transcripts of P. zeylanica, wherein 5921 uni-
genes contained more than one SSR loci. SSR motif analy-
sis revealed that various classes of repeat motifs were not
distributed uniformly (Table 4). Among the SSR repeats,
mononucleotide motif was highly represented (41%, 8627
transcripts), followed by the di-nucleotide repeats (28.75%,
6894), trinucleotide SSR (22.18%, 5319), tetranucleotide
(1.3%, 334,) and pentanucleotides (0.42%, 103), as listed in
Table 5 and represented in Fig. 7a. Among the dinucleotide
repeat, (TA)q appears frequently (8%), while (AAT)s was the
most abundant among trinucleotide repeats. The tetranucleo-
tide (1.3%), pentanucleotide (0.42%), and hexanucleotide
(0.6%) repeats occurred in low numbers in the transcriptome
of P. zeylanica (Fig. 7a), indicating that they possess highly
complex base pattern as observed in Physalis alkekengi and
P. peruviana (Fukushima et al. 2016). Indeed, the dinucle-
otide repeats were highly represented within the unigene
associated with enzymes encoding squalene synthase, dioxy-
genase and 3-hydroxy-3-methylglutaryl-coenzyme A reduc-
tase, which are all found to be associated with terpenoid
biosynthesis pathway (Lu et al. 2016). However, transcripts
encoding phenyl ammonia lyase and peroxidases involved in
phenylpropanoid biosynthesis pathway showed the presence
of mono-, di-, tri-nucleotide motif and compound SSRs.
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Fig.7 a Frequency of most abundant SSR motifs identified in P. zey-
lanica merged transcriptome. Figure represents percentage frequency
of SSRs classified into mono-, di- and tri-nucleotide repeat types of
leaf and root unigene transcripts. b Distribution of transcription factor

Identification of transcription factors associated
with regulation of secondary metabolite
biosynthesis

From the transcriptomic data, we identified 5331 tran-
scripts encoding putative TFs belonging to 97 TF fami-
lies. Members of the C2H2 transcription factor family
were the most abundant (982, 18%), followed by WD40-
like (647, 12%), MYB-HB like (286, 5%), CCHC (234,
4%), and PHD (224, 4%) (Fig. 7b). Previous studies on
TFs have identified many TF families, including WRKY,
MYB, MYB-related, and basic helix-loop-helix (bHLH),
that regulate secondary metabolism biosynthesis in plants
(Liu et al. 2017). Out of these TFs, 23 unigenes encod-
ing bHLH TFs were identified in the transcriptome of P.
zeylanica. Results of differential gene expression analy-
sis also predicted that all the unigenes encoding bHLH
TF families were up-regulated in the root of P. zeylan-
ica, of which two of the unigenes belonged to MYC-2
TFs. Earlier studies have revealed that the homologues
of MYC2 TF impart an essential role in regulating the
genes involved in sesquiterpene biosynthesis in Catharan-
thus roseus, Artemisia annua, and Solanum lycopersicum
(Zhang et al. 2011; Ji et al. 2014). Further, our differential
expression analysis confirmed that the candidate unigene
transcripts encoding key enzyme, HMGCR involved in
sesquiterpenoid and triterpenoid biosynthesis were also
highly up-regulated in root transcriptome of P. zeylanica.
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families in P. zeylanica merged transcriptome. Classes of transcrip-
tion factors represented as % value that are identified from leaf and
root annotated unitranscripts of P. zeylanica

Discussion

Despite the wide pharmacological importance in P. zeylan-
ica, only limited information is available on the molecular
details and are restricted to 1842 expressed sequence tags
(ESTs), as of May 2020 in NCBI GenBank for P. zeylanica.
Studies involving transcript profiling approaches includ-
ing cDNA-AFLP technique and subtractive hybridization-
based specific expression subset analysis (SESA) have been
employed for identifying the subset of expressed genes from
active ingredient, i.e., root bark of P. zeylanica through root
cDNA libraries, which resulted in the identification of 62
ESTs from the root of P. zeylanica (Shukla et al. 2013).
Additionally, DNA barcoding studies using rbcL gene can-
didate have been carried out to solve intra-specific similar-
ity and variation among three different Plumbago species,
viz., Plumbago zeylanica Linn., P. auriculata Lam. and P.
rosea, which revealed seven sequence accessions from rbcl
region of P. zeylanica (Malar 2013). In recent years, func-
tional genomics approach supported by transcriptome pro-
filing has been widely used for elucidating bioactive genes
in specific metabolic pathways of phytomedicinals (Misra
2014). This study generated ~82 Mbp of transcriptome,
which could enable molecular studies in P. zeylanica and
also on its related species of Plumbaginaceae including P.
indicia and P. rosea. The precision of assembled sequences
were validated by BLAST alignment with some of the P.
zeylanica coding domain sequence (CDS) available at NCBI
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database, which showed significant similarity of 99% to the
already available mRNA sequences of P. zeylanica.

In plants, phenylpropanoids and flavonoids are the most
essential phenolic compounds exhibiting antioxidant prop-
erties necessary for plant defense (Cuong et al. 2018) and
dietary antioxidants for human health and disease (Lin et al.
2016). Accumulation of polyphenolic compounds via the
phenylpropanoid pathway may be one of the mechanisms
for plant defense and also for imparting pharmacological
properties including, anticancer (Hemaiswarya and Doble
2013) and anti-inflammatory activity (Pastore et al. 2007).
Our earlier findings had shown that the total phenolic com-
pounds in root of P. zeylanica were higher (17.5% w/w) than
in the leaf (2.09% w/w) and also exhibited high antioxidant
and cytotoxic potential (Sundari et al. 2017). Interestingly,
results of our DGE analysis suggests that these four unigenes
(PAL, TAL, LPO, gentiobiase) encoding enzymes of phenyl-
propanoid pathway with the highest expression in root could
be the key regulatory enzymes responsible for production of
phenolic compounds in root, which might play an essential
role in antioxidant defense. Similarly, the total flavonoid
content in root extract was maximum with 45.5+5.2 CE/g
in comparison to leaf (2.41+0.021 CE/g), which also dem-
onstrated that the antioxidant activity is due to the flavonoids
and phenolic compounds present in the root of P. zeylanica
(Nile and Khobragade 2010; Chhetri and Khatri 2017).
Interestingly, we could observe that the transcripts express-
ing all the key enzymes of phenylpropanoid and flavonoid
pathways for the synthesis of polyphenolic compounds and
flavonoids were maximum in P. zeylanica root from tran-
scriptome analysis, suggesting that the accumulation of all
these polyphenolic amalgam could be one of the contribut-
ing factors to its high antioxidant and cytotoxic potential.
Similar observation of highly abundant unigene enzymes
related to the phenylpropanoid and flavonoid biosynthesis
pathways (CHI, DFR, CHS) were found in root (compared to
shoot) of Bacopa moneri leading to the biosynthesis of fla-
vonoids, isoflavonoids, and anthocyanins (Jeena et al. 2017).

Earlier reports on preliminary phytochemical analysis
in root of P. zeylanica revealed the presence of steroids,
flavonoids, alkaloids, quinones, phenols, tannins, and ter-
penoids in roots without any supportive quantification
analysis (Rajakrishnan et al. 2017). From the present com-
parative transcriptome analysis, it appears that these unigene
enzymes, TAT, HPD and HMGCR, expressed abundance in
root suggesting that they might be the candidate unigenes to
regulate naphthoquinone and triterpenoid biosynthesis path-
way in root transcriptome of P. zeylanica, which needs fur-
ther characterization through functional studies. Moreover,
it is also reported that the plant leaves and stem of P. zeylan-
ica contain higher amounts of triterpenoids (Hiradeve et al.
2011). However, candidate unigene enzymes (HMGCR)
encoding triterpenoid biosynthesis were highly abundant in

the root, which suggests the possibilities of microRNA role
in regulation of triterpenoid biosynthesis in the root. Indeed,
a crucial role of micro-RNA has been found in the regula-
tion of tissue-specific terpenoid biosynthesis in Withania
somnifera (Srivastava et al. 2018). Alternatively, triterpe-
noids might be synthesized in the root of P. zeylanica but
transported to the leaves, which needs further investigation.

In the present study, tissue-specific gene profiling associ-
ated with monoterpenoid and indole alkaloid biosynthesis
pathway of P. zeylanica revealed that the expression pro-
files of a few candidate unigene transcripts encoding DXPS,
ISPF, SPS, and STR (Table 3) were highly abundant in leaf
transcriptome compared to the root. Hence, our findings
from the pathways analysis of the leaf transcriptome suggest
that the leaf extract of P. zeylanica might contain high quan-
tity of terpenoid and alkaloid compounds, which could be
responsible for its pharmacological properties. This finding
could be substantiated by our earlier observation of phyto-
chemical analysis and pharmacological studies demonstrat-
ing that leaves contain less plumbagin but exhibit marked
cytotoxicty and antioxidant potential (Sundari et al. 2017),
which suggest that there might be high terpenoids and alka-
loids in the leaf extract, contributing to its therapeutic effi-
cacy. Further, the pathway annotation in P. zeylanica tran-
scriptome also revealed some of the antimicrobial-related
pathways including “polyketide sugar unit biosynthesis”,
“Biosynthesis of vancomycin group antibiotics”, “strepto-
mycin biosynthesis”, “biosynthesis of ansamycins”, “novo-
biocin biosynthesis” (Suppl. Table S2), wherein a few of
these pathways were also reported in transcriptome of other
important medicinal plant, Phyllanthus amarus, known for
its huge pharmacological properties (Mazumdar and Chat-
topadhyay 2015). Hence, these pathway elucidations from
leaf and root transcriptome of P. zeylanica could also help
in subsequent engineering of key secondary metabolites for
enhancing their production and reconstruction of metabolic
networks.

The differential expression profile analysis validated
and confirmed that most of the candidate “Unigene” tran-
scripts related to phenylpropanoid and flavonoid biosynthe-
sis pathways were highly expressed in root of P. zeylanica,
whereas key unigenes belonging to terpenoid and indole
alkaloid biosynthesis were abundant in leaf transcriptome
of P. zeylanica. These results also substantiate earlier studies
(Sundari et al. 2017) on the phytochemical and pharmaco-
logical potential differences in leaf and root of P. zeylanica,
which could be attributed to their tissue-specific expression
of unigene transcripts. However, the regulation of these
transcripts leading to the formation of metabolites has to
be investigated further though miRNA functional studies.
Thus, the findings from the present study suggest that de
novo assembly and annotation of P. zeylancica transcrip-
tome could be further used for functional genomics analysis
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and metabolic engineering studies, in future applications.
Further, the nucleotide repeat distribution in SSR analy-
sis suggest that SSRs were indeed abundantly distributed
in leaf and root transcripts of P. zeylanica, which would
enable genetic diversity studies and gene mapping for further
genomics studies in P. zeylanica and its related species.

We have identified 146 unigenes encoding WRKY TFs,
in which 23 unigene transcripts were up-regulated in the
leaf, which indicates that these TFs might regulate monoter-
penoid indole alkaloid biosynthesis. The role of WRKY's
responsible for regulating the three major classes of plant
metabolites, including phenylpropanoids, alkaloids, and
terpenes, have been identified (Schluttenhofer and Yuan
2015), wherein its more specific role in regulating terpene
indole alkaloid (TTA) production has also been reported in
Catharanthus spp. (Suttipanta et al. 2011). The differential
regulation of MYB transcription factors has been shown
to control the genes encoding enzymes of CHS and CHI
involved in the flavonoid biosynthesis in Arabidopsis thali-
ana (Stracke et al. 2007). Indeed, up-regulation of the MYB
transcription factors and the unigene enzymes of CHS and
CHI in the root of P. zeylanica substantiates that these TFs
and their genes might play a crucial regulatory role in the
tissue-specific expression of flavonoid biosynthesis. The
prediction of large set of TFs from transcriptome of P. zey-
lanica, together with their tissue-specific expression profiles,
provides a valuable resource for further characterization of
specific TFs in various secondary metabolite biosynthesis
pathways.

Transcriptome annotation in P. zeylanica provided molec-
ular insight into the identification of tissue-specific bioactive
unigene transcripts, transcription factors, and SSRs involved
in various biological processes, metabolic pathways and
their differential expression profiles. De novo transcriptome
assembly and annotation in P. zeylanica generated a total
of 62,323 unitranscripts. Further, tissue-specific expression
profile revealed the presence of candidate unigenes involved
in regulating the biosynthesis of phenolic compounds and
flavonoids in the root, while terpenoids and indole alkaloids
in leaf, together contributing to the pharmacological activity
of P. zeylanica. This study provides valuable information on
the functional genes involved in the biosynthesis of bioactive
compounds that could lead to further metabolome engineer-
ing and functional genomics studies to facilitate phytome-
dicinal research in P. zeylanica.

Materials and methods
Plant material collection and authentication

Two-year-old P. zeylanica plants raised thorough clonal
propagation method were collected from the medicinal plant
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garden of Irula Tribe Women’s Welfare Society (ITWWS)
Thandarai, Chengalpet, and authenticated by Prof. Jayara-
man, Plant Anatomist Botanists, Plant Anatomy Research
Centre, Tambaram (PARC/2017/3562). A voucher specimen
was deposited at the Herbal and Indian Medicine Research
Laboratory, Sri Ramachandra Medical College and Research
Institute, Chennai. The leaf and root tissue samples were
harvested from healthy clonal plants in the month of Sep-
tember 2017 and immediately snap frozen in liquid nitrogen
and preserved at — 80 °C until use (Suppl. Fig. S1).

RNA sequencing and quantification

RNA was extracted from the root of P. zeylanica using Spec-
trum Plant Total RNA kit (Sigma-Aldrich, USA) accord-
ing to the manufacturer’s instructions and an in-house-pat-
ented nucleic acid extraction protocol of Institute of Forest
Genetics and Tree Breeding, Coimbatore (Indian Patent No.
272765) was followed for RNA isolation from young leaf tis-
sues. The quality and amount of RNA were analyzed using
Nanodrop 2000 (Thermo Fisher Scientific, Wilmington, DE)
and Agilent Technologies 2100 Bioanalyzer (Agilent Tech-
nologies, USA). Total RNA from three individual plants
were pooled and cDNA library was prepared from 1 pg of
total RNA using TruSeq RNA Sample Preparation v2 Guide
(Illumina, USA). Leaf and root cDNA library samples (PL
and PR) were quantified using Qubit 3.0 (Thermo Scien-
tific, USA) and size distribution was verified using DNA
1000 chip on an Agilent Technologies 2100 Bioanalyzer.
Paired end sequencing (2x 100 bp) of PL and PR library
was carried out in Bionivid Technologies, Bangalore, using
the HiSeq 2000 sequencing platform (Illumina, USA). The
raw (average number of ~30 M) reads obtained from each
library were quality filtered to eliminate adapter sequences.
The reads were filtered for low-quality reads using NGSQC
Toolkit and SQIT tool with a phred score value of Q20 and
in addition with Q30 score to obtain high-quality reads for
better assembly.

Transcriptome assembly and clustering
of high-quality reads

Stringent criteria of 70:30 was used to filter high-quality
reads, wherein more than 70% high-quality bases (phred
scores > 30) were considered for building the transcriptome
assembly. De novo primary assembly of the high-quality
reads was carried out in Trinity Assembler (Haas et al. 2013)
using De bruijn graph-based method, while the longest tran-
script was considered as a uni-gene and used as reference
sequence for coding sequence prediction. The final assem-
bly was carried out by clustering the ameliorated transcripts
using CD-HIT-EST (v4.6.1) to remove redundant transcripts
(Bankar et al. 2015) and high-quality paired end reads were
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mapped to clustered non-redundant transcripts using RSEM
tool (Li and Dewey 2011).

Functional annotation and biological classification

Annotation for all the unique transcripts (>200 bp) was done
using BLASTx homology search against NCBI non-redun-
dant (nr) protein Database (https://blast.ncbi.nlm.nih.gov/
Blast.cgi?PAGE=Proteins) and pigeon pea protein database.
BLAST hits with e value scores <0.001 and query coverage
above 70% were considered as annotated homologous pro-
teins; AWK script was used for filtering the reciprocal best
hits. BLAST hits were used to obtain associated Gene Ontol-
ogy (GO) terms describing biological processes, molecular
functions, and cellular components. GO terms were inte-
grated with particular gene identifiers and accession num-
bers. Expression levels of all the transcripts in the individual
libraries in replicates were assessed by mapping high-quality
(HQ) filtered reads using BOWTIE2 (Langmead and Salz-
berg 2012). Mapped reads were further normalized using
Fragments Per Kilo base Per Millions (FPKM) method.
Transcripts annotated in both tissue types were plotted as a
pie-donut chart for ten major GO terms and pathways using
online server (https://www.highcharts.com).

Quantification and expression profiling in P.
zeylanica transcriptome

Differential gene expression analysis of the expressed
transcripts was performed using DESeq (Love et al. 2014)
software based on R programming environment. Tran-
scripts that were two fold and above, which were up- or
down-regulated with a P value (derived by Student’s ¢ test)
of P< =0.05, indicative of FDR, were considered as differ-
entially expressed. Unsupervised hierarchical clustering of
up- and down-regulated genes were performed using Clus-
ter 3.0 software (de Hoon et al. 2004) by applying Pearson
Uncentered Algorithm with Average Linkage Rule. Further,
the clusters of transcripts were visualized using Java Tree
View software (Saldanha 2004) to identify patterns of up-
and down-regulated transcripts. Biological analysis of differ-
entially expressed genes was done based on GO annotations
obtained from EBI-GOA database (Camon 2004) and KEGG
Pathway database (Kanehisa et al. 2017).

qRT-PCR validation of selected transcripts encoding
secondary metabolite biosynthetic pathway genes

The quantitative expression of unitranscripts, found to be
associated with the biosynthesis of secondary metabolite com-
pounds, was validated by qRT-PCR. Ten genes were chosen
for qRT-PCR for which primers were designed from the final
assembled unigene sequences [log2-fold change value (<-3),

P value (1e—10)] of selected secondary metabolic pathways
(Suppl. Table S1). Two housekeeping genes, Actin and His-
tone H3, were used as internal reference genes for normaliza-
tion. The relative expression of the transcripts were analyzed
in three biological replicates by qRT-PCR using KAPA SYBR
FAST gqPCR Master Mix Kit (2X) (Sigma-Aldrich, USA) in
ABI 7900HT Fast Real-Time PCR System (Applied Biosys-
tems, USA) and melting curve analysis was carried out to con-
firm the specificity. The expression levels for each transcript
relative to the reference genes were determined by 2744¢T
values (Livak and Schmittgen 2001). Triplicate data were
analyzed statistically (+ standard deviation).

Identification of SSRs and transcription factors

Microsatellites or simple sequence repeats (SSR) specific to
the unigene transcripts in the final transcriptome were iden-
tified using MISA—Microsatellite Search Tool (Thiel et al.
2003). Transcription factor families present in the final tran-
scriptome were identified by mapping the unigene transcripts
against Plant TFDB v4.0, (https://planttfdb.cbi.pku.edu.cn/)
and subjected to BLASTX analysis (e value cut off IE—06).
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