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ABSTRACT

Costunolides, an important sesquiterpene lactone (STL) isolated from Saussurea lappa, are the
major pharmaceutical ingredient of various drug formulations. Identification of the genes and
transcriptional regulation of costunolide biosynthesis pathway in S. lappa will propose
alternatives for engineering enhanced metabolite biosynthesis in plant. Here, we aimed to
unravel the transcription factors (TFs) regulating the costunolide biosynthesis. Comparative
transcriptome analysis of root and leaf tissues and transcripts were annotated using various in
silico tools. Putative transcription factors were identified using PlantTFDB and TF- gene co-
expression network was generated followed by clustering using module based analysis to
observe their coordinated behaviour. The module 1 was found to be significant based on its
enrichment with major pathway genes. Further, promoter cloning determined the cis acting
elements in costunolide synthase (SICOS1) gene which catalyses the final key step of costunolide
biosynthesis. Bioinformatics tools were employed to predict the cis regulatory elements, leading
to the identification of MYB family of TFs as an interacting partner of SICOS1 gene. The present
study is the pioneer attempt for TF prediction and elucidation of their regulatory role in
costunolide synthesis. This will help in future metabolic engineering of the pharmaceutically

important STLs and their yield improvement.
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1. INTRODUCTION
Sesquiterpene lactones (STLs) are a major category of biologically active constituents most
prevalent among Asteraceae family with around 5000 reported structures. They are a diverse
subclass of naturally occurring sesquiterpenoids comprising of lactone group at its C15 backbone
which contributes significantly to their sturdy role in various biological activities [1]. The
plethora of STLs reported in plants such as Artemisia annua, Lactuca sativa, Cichorium intybus,
Helianthus annuus etc., attributes to their allelopathic signalling. STLs are vital components of
drugs such as artimisinin, anti-migraine and anti-helminths [2-4]. They also help in relieving
pain, cough and insomnia. These compounds are reported to possess remarkable anti-cancerous
properties against different carcinomas like blood, breast, prostate, ovarian and liver cancer [5].
Further, costunolide, the simplest STL, has remarkable properties against bladder cancer cell
line. It also promotes the loss of viability and apoptosis which leads to subsequent elevated levels
of ROS and alterations in membrane potential [6]. Thus, it gained attention of the researcher

because of its importance as pharmaceutical component of various drug formulations [7].

S. lappa has tremendous pharmaceutical potential accredited to liberal occurrence of STLs in it.
Its dried roots and the essential oil has great economic importance in international drug market
[8]. The roots are copious source of STLs such as dehydrocostus lactone and costunolide.
Costunolide, first extracted from roots of S. lappa, holds promising medicinal value including
anti-diabetic, anti-carcinogenic, anti-viral and anti-fungal activities [9]. Its biogenesis occurs
mainly through mevalonate pathway, yielding isopentenyl diphosphate (IPP) or dimethylallyl
diphosphate (DMAPP), further converted to farnesyl diphosphate (FPP) which is the precursor
for sesquiterpenes biosynthesis. It is later acted upon by a series of cyclase, hydroxylases and

cytochrome P450 enzymes to yield costunolide[10]. Previous studies shows nine major genes



involved in the synthesis of costunolide, including hydroxymethyl glutaryl-CoA (HMGYS),
hydroxymethylglutaryl-CoA reductase (HMGR), mevalonate kinase (MK), phosphomevalonate
kinase (PMK ), diphosphomevalonate decarboxylase (DPD), farnesyl diphosphate synthase
(FDP), germacrene A synthase (GAS), germacrene A oxidase (GAO) and costunolide synthase
(COS) [10,11]. Costunolide synthase (COS) is a cytochrome P450 mono-oxygenase that catalyze
the final and crucial step of lactone ring formation in costunolide skeleton [12] . The yielded
costunolide is an important precursor of certain other STLs, such as eudesmanolide,
germacranolide and guaianolide, which have been reported to possess immense medicinal
properties[13]. Despite its vast economic importance, not many data sources are available to
explore the STL biosynthesis mechanism in S. lappa. In our previous study we have reported in
depth annotation and spatial relative expression of the genes encoding for costunolide synthesis
[11]. Here, we focused on an elucidated regulation of COS gene that holds a pivotal role in STL
biosynthesis, identifying potential candidates through comparative transcriptomic studies and co-

expression analysis.

At present, the transcriptional regulation mediated by transcription factors (TFs) in costunolide
synthesis has not been reported. Since, TFs are key regulators of numerous biological processes
including stress responses and developmental processes in plants, it demands the unravelling of
TFs networks regulating genes involved in sesquiterpenoid biosynthesis, that bind to cis-acting
elements found in the upstream promoter regions of specific genes, thus activating or repressing

transcription response [14].

Plant TFs are associated with chief cellular pathways including metabolic processes, plant
growth and development and various abiotic and biotic stress responses [15,16]. TFs expression

depends on the induction of the target genes, which further involves the identification of the
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promoters or regulatory regions [17]. Various bioinformatics tools and algorithms have been
created that make predictions on the basis of identification of core promoter elements and others
on the basis of their sequence composition [18,19]. Hu et al presented a genome wide
identification of TFs and associated TFBSs (transcription factor binding sites) by performing
characteristic domain analysis in Nannochloropsis [20]. Suttipanta et al reported the isolation of
G10H promoter sequence by DNA walking in geraniol 10-hydroxylase (G10H), a crucial
enzyme in TIA biosynthesis in Catharanthus roseus. The analysis and characterization of
identified promoter was performed resulting in detection of unique binding regions for various
TFs [21]. Different studies have reported the role of several TFs such as certain MYB family
members along with bHLH factors are involved in flavonoid pathway regulation [22]. Ma et al
suggested the involvement of a WRKY TF in biosynthesis of a sesquiterpene lactone,
artemisinin, in Artemisia annua [23]. Further, the co-expression studies will allow the mining of
regulatory networks interplaying in many biological and molecular processes. It also aids in
annotation of novel genes in plants using various bioinformatics tools on the basis of their

identical gene expression patterns [24].

In the previous studies it is well documented that plants have an elaborative regulatory
mechanism comprising of positive and negative regulators of gene expression which further
markedly influence the development of plant and their defence mechanism against various stress
conditions [25,26]. However, studies related to involvement of TFs in S. lappa are not done yet.
To generate a more comprehensive insight into the gene expression and its regulation in S. lappa,
a transcriptome assembly was generated. The present study was initiated in order to discover the
interlinked active costunolide pathway and associated TFs regulating the processes. Promoter

cloning followed by the in silico analysis suggested MYB TFs capable of regulating COS gene



expression in sesquiterpenoid biosynthesis. The systematic analysis will help in further
investigation of the biological pathways related to important secondary metabolites isolated from

S. lappa in order to enhance the properties and yield of the plant.

2. MATERIAL AND METHODS

2.1 Plant sample collection and RNA isolation

The plant samples were obtained from Kullu, HP, India (31.9579° N, 77.1095° E). These plants
were maintained in plant tissue culture facility of the Department of Biotechnology, Panjab
University, Chandigarh (30.7333° N, 76.7794° E). The leaves and root tissues were snap frozen
in liquid nitrogen and preserved for further use at -80°C. The RNA isolation was performed
using young leaves and root tissues [27]. The RNA samples were purified and treated on column
DNase | with miRNAeasy mini kit (Qiagen, Germany) in order to remove DNA contamination.
The RNA purity and concentration was assessed by taking the absorbance (A260/A280) using
BioSpectrometer® (Eppendorf, USA). Thus, obtained DNA free RNA sample were quantified
and assessed for purity and were then sent for transcriptome sequencing to AgriGenome Labs
Pvt. Ltd., Kochi, India.

2.2 Library construction and de novo transcriptome assembly

The cDNA sequencing libraries were generated using TruSeq'™ cDNA synthesis kit for illumina
following the manufacturer’s protocol. The libraries were sequenced on Illumina HiSeq 2500
platform providing paired end reads. Six transcriptome libraries were generated from leaf and
root tissues (3 biological replicates each). The raw reads retrieved from the sequencer were
carried forward for low quality reads filtration (Q<30) using sickle v1.3.3 and adapter sequences

were removed using Cutadapt v1.8. The trimmed raw reads (wherever necessary) were further



refined by the contamination removal i.e. non-coding RNAs and mitochondrial RNAs
elimination using Bowtie2 (version 2.2.6) and in-house built Perl scripts. The cleaned reads were
then assembled into transcripts using Trinity program. The over-lapping high quality transcripts

were further clustered to generate unigenes using UniGene module of Trinity.

2.3 In-silico annotation and similarity analysis

The assembled transcripts were submitted to Basic local alignment search tool (BLAST) for
similarity search against various databases such as non-redundant (NR) protein database, Protein
Family (Pfam), InterPro, UniProt and PROSITE. Further, Gene ontology (GO) enrichment was
performed on resulting unigenes and biological, molecular and cellular categories were allotted
to them using Blast2GO software. The KO IDs were assigned to the transcripts and were mapped
to respective metabolic pathways using KEGG (Kyoto Encyclopedia of Genes and Genomes)
pathway mapping scheme. All the assembled unigenes were anticipated against the plant

transcription factor database (PlantTFDB 4.0) (http://planttfdb.cbi.pku.edu.cn/download.php) to

identify the transcription factors (TFs) represented in the transcriptome using BLASTX with an
E-value cut-off of 1e-05. The transcription factors unigenes were classified into various plant TF

families on the basis of conserved domains predicted in the above analysis.

2.4 Differential genes expression (DGE) analysis

The raw reads from root and leaf transcriptome data were used to calculate the transcript level
abundance using RSEM (RNA-Seq by Expectation-Maximization) software from Trinity v-2.4.0
package [28]. The reads (for each tissue in triplicates) were aligned to the assembled
transcriptome and read count profile was acquired using Bowtie-2, followed by transcript

abundance estimation. A gene-specific count matrix was generated across the samples and
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normalized expression values matrix were generated as FPKM (fragments per kilobase transcript
length per million mapped reads) values for downstream analysis. The differentially expressed
genes (DEGs) were identified with the help of EdgeR of Trinity package that performs TMM
(trimmed mean of M-values) normalization scaling any sample differences. To acquire the
differentially expressed genes, a cut off P-value of 0.01 and two-fold change in the expression
values was used. This was done for transcripts encoding for putative TFs and costunolide
pathway genes. To generate heat maps for visualizing comparative expression in the two tissues,

Hierarchical Clustering Explorer 3.5 (http://www.cs.umd.edu/hcil/hce/) was used. The GO

enrichment analysis was carried out for DEGs using Blast2GO software.

2.5 Network Construction and threshold selection

TF-gene regulatory network analysis was performed to determine the functionality of putative
TFs on the basis of similarity pattern of expression across interacting partners under different
tissue-specific conditions for costunolide pathway. The expression values (in the form of FPKM
(fragments per kilobase of transcript per million fragments mapped)) obtained in earlier steps for
all TFs and gene involved in costunolide pathway (HMGS, HMGR, MK, PMK, DPD1, DPD2,
FDP1, FDP2, GAS1, GAS2, GAO, COS1, and COS2), available for two conditions (root and
leaf), were used to calculate Pearson correlation coefficient (PCC) [29] using PERL script [30].
Here, DPD1 and DPD2, FDP1, and FDP2, GAS1 and GAS2, as well as COS1 and COS2 were
identified as the isoforms of costunolide pathway genes DPD, FDP, GAS, and COS,
respectively. While calculating the PCC, mean of expression values were determined by sample
size which is different for both TFs and pathway genes.

PCC was computed based on the following equation:

e LE-D-7)
V& =070 = )
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Where x and x as well as y and y represents expression data and the corresponding mean of
pathway genes and TFs, respectively. Mean of expression profile data is determined by sample

size which is different for both pathway genes and TFs.

In order to construct TF-gene network, biologically significant PCC threshold was determined by
comparing various topological parameters of network such as number of nodes, edges, and

network density (ND) against different PCC cutoffs [31]. ND was calculated as follows:

2m

ND = nn—1)

Where m and

”("2_1) specify the number of observed edges and possible links of nodes,

respectively.

To further reduce the rate of false positive, "t-test” was carried out to select statistically
significant interacting pairs with p value <0.05 [32] followed by multiple testing correction using
false discovery rate (FDR) [33] strategy using “stats" library of R statistical package

(http://www.r-project.org/). The resultant co-expressed TF-genes pairs obtained during

successive filtering steps were shortlisted at defined PCC threshold and a weighted co-expression

network was constructed and visualized by Cytoscape v 3.7.0 (http://www.cytoscape.org/).

Correlation value for each TF-gene pair was used as edge weights to construct TF-gene network,

where weights constitute the strength of correlation or co-expression.

To decipher the biological nature of weighted TF-gene network, random network with same
number of nodes and edges was constructed using "igraph” library in R package [34], and both

networks were compared for their topological parameters to illustrate their biological behaviour.
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2.6 Network partitioning and Enrichment Analysis

In order to reduce the complex analysis of whole network, fragmentization of the TF-gene
network was performed to obtain highly interconnected but comparatively smaller and functional
gene modules using Markov cluster (MCL) algorithm [35]. This systematic network clustering
algorithm works on the basis of “random walks” which states that starting with a node randomly
travel to connected nodes will make to stay within a cluster than travel between, i.e. the flow is
easier within dense regions than across sparse boundaries. The clusterMaker2 [36] plugin of
Cytoscape was used to perform clustering through MCL algorithm at default inflation value of
2.5. Enrichment analysis of all modules was carried out with singular enrichment analysis (SEA)

of agriGO web-based tool (http://bioinfo.cau.edu.cn/agriGO/index.php) [37], and significantly

enriched GO terms were determined in all comparative conditions by comparing it against
background reference. Bonferroni correction [38] was carried out with hypergeometric test [39]
for the selection of statistically significant terms. Database for Annotation, Visualization and
Integrated Discovery (DAVID) v 6.7 [40], a web-based program, was used to carry out KEGG
pathway analysis of significant modules. Expression profile data of three replicates for each

condition (root and leaf) was used to create heat maps using “gplots” library of R package.

2.7 Isolation and identification of promoter regions in costunolide synthase (SICOS)

The crucial key step of costunolide biosynthetic pathway involving lactonization is catalyzed by
costunolide synthase, thus our study focused on its transcriptional regulation. The young leaves
were used to isolate total genomic DNA with modified version of cetyl trimethyl ammonium
bromide (CTAB) method [41] . The concentration and quality was analysed on 0.8 % agarose gel
and BioSpectrometer® (Eppendorf, USA). Genome walking method based on PCR was

performed using GenomeWalker Universal Kit (TAKARA) to isolate the promoter regions of
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SICOS gene. Genome walking libraries were constructed following the manufacturer’s manual.
The genomic DNA was digested using different restriction enzymes (EcoRV, Dral, Pvull and
Stul) in separate reactions and the products ligated to Genome Walker adaptors. Two rounds of
nested PCR amplifications were carried out using obtained products as the templates. Adaptor
specific primer, AP1 (provided in the Kkit) and gene specific primer, GSP1 (designed according to
the manufacturer’s protocol) were used to carry out the primary PCR reaction. This was followed
by secondary reaction involving AP2 (nested adaptor primer) and GSP2 (nested gene primer)
yielding nested PCR product. This was cloned in pPGEM-T Easy vector (Promega, USA) and the
promoter region was sequenced by AgriGenome Labs. The sequenced region was extracted and
used to analyze the cis—acting elements found in the promoter using PlantCARE [42] and

PLACE.

2.8 ldentification of associated TF family genes

The analysis revealed the presence of various binding sites for MYB transcription factor,
suggesting its involvement in transcriptional regulation of COS gene expression. The putative
MYB family sequences were subjected to ESTScan to recognize the coding regions in the
assembled transcripts. The hidden Markov model profile for DNA-binding domain of MYB TFs
was obtained from PFAM database (pfam00249) and used to predict putative MYB TFs with
significant hits against the HMM profile. DGE analysis was performed and the acquired read
count of MYB TFs in root and leaf was normalized by determining their FPKM values.

HCE3.5 (Hierarchical Clustering Explorer) was used to conduct hierarchical clustering analysis.

2.9 Sequence alignment and phylogenetic analysis of SIMYB

11



To study the evolutionary relationship among the putative MYB TFs co-expressing with SICOS1
gene, multiple sequence alignment was carried out using Clustal omega [43] and MUSCLE
(MUItiple Sequence Comparison by Log- Expectation). BLASTP search for MYB proteins was
carried out against the NR database to obtain their corresponding high similarity proteins in other
species. For each MYB protein sequence in S. lappa, top hits were extracted and after removing
the redundant sequences, a phylogenetic tree was generated with the help of MEGA?7 using 1000
bootstrap value and neighbour-joining method. A total of 65 sequences were used to perform

phylogenetic analysis of MYB family TFs.

2.10 Protein structure and physiochemical analysis

Analysis of conserved domains in the predicted MY B family proteins was carried out using Pfam

database (https://pfam.xfam.org/), SMART (http://smart.embl-heidelberg.de/), InterProScan

(https://www.ebi.ac.uk/interpro/search/sequence-search) and Conserved Domains Database
(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). For the identification of conserved
motifs among the MYB proteins, MEME suite (http://meme-suite.org/tools/meme) was
employed with default parameters [44].Various physical and chemical characteristics of the
identified MYBs, such as isoelectric point (pl) (theoretical), molecular weight, amino acid
composition and instability  index, were computed using ProtParam tool

(https://web.expasy.org/protparam/) [45]. Also, the sub-cellular localization of the proteins was

predicted with the help of ProtComp v. 9.0 server (http://www.softberry.com).

3. RESULTS

3.1 Hlumina based sequencing and de novo assembly
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The number of raw reads obtained after sequencing of root samples (three biological replicates)
were 145, 88 and 91million with mean read length of 100bp whereas after read cleaning, 134, 82
and 83 million high-quality reads were obtained, respectively. Similarly in leaf tissue (three
biological replicates) the raw reads generated were 210, 130 and 62 million (mean read length
100bp). When the reads were put through the quality filtering, the number reduced to 195, 120
and 40 million, respectively (Table S1). The assembled clean reads using Trinity assembler
(default parameters) resulted in 388,941 transcripts, further clustered into 162,539 unigenes
based on sequence similarity, in order to reduce the redundancy and remove partial transcripts.

The length of transcripts were more than 200bp (Fig. 1A) and mean GC content of 39.36%.

3.2 Functional annotation of the transcripts

The unigenes were annotated against NR and UniProt database using BLASTX program. 70,947
transcripts could find significant hit in UniProt database whereas the remaining 91,592
transcripts found match in nr database. Overall, we found that 73,532 transcripts were found to
have at least one hit in UniProt or NR protein database. Only the transcripts showing similarity
score >=40% and e-value <=10" were further retained for annotation that could establish the
homology. The top BLASTX hits for each transcript were studied and Cynara cardunculus was
found to be the most similar organism (Fig. S1). A sum of 27,121 (16.69%), 28640 (17.62%) and
20086 (12.35%) unigenes were annotated against PFAM, InterPro, PROSITE database,
respectively (Fig. 1B). 89,008 transcripts had no significant BLAST hit which may be due to the
less information available pertaining to them. The BLASTX analysis produced around 36.5% of
the transcripts which were able to recognize a homolog with minimum E-value confidence of 1e-

5 (Fig. 1C), thus indicating significant conservation level of the proteins. A similarity score of
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more than 60% was observed among 85% of the transcripts identifying homologs with at protein

level with the existing proteins (Fig. 1D).

3.3 Identification and classification of transcription factors

TFs mediate gene expression and cellular mechanism, regulated by recognizing the sequence
specific cis-regulatory elements enriched in the target gene promoter region. Several metabolic
processes in plants are coordinated by transcription factors involved for controlled gene
expression. The assembled 162,539 unigenes were annotated against known TF families for
homology search, identified a total of 30,070 putative TF transcripts in the data and classified
into 58 families with reference to the PlantTFDB (Fig. S2). Cynara cardunculus was one of the
top blast hit species. It represented 18.5% of S. lappa transcripts with an average of 1756 bp and
a range of sequence lengths observed from 201 to 21,992 bp. The most abundant families were
MYB followed by bHLH, ERF, NAC, WRKY and C2H2 (Fig. 2A). Many families including
NAC, bHLH, MYB, WRKY, ERF and C2H2 have been reportedly involved in biosynthesis of
secondary metabolites [46,47]. MYB family proteins are associated with secondary metabolism
like flavonoid and carotenoid biosynthetic pathway, developmental processes and biotic &
abiotic stresses [26,48]. bHLH family proteins are also involved in flavonoid and anthocyanin

biosynthesis, along with abiotic and biotic stress [49].

3.4 GO enrichment and KEGG pathway mapping

To functionally classify the unigenes, a total of 2,781 GO terms were assigned to biological
process (BP), 1,935 to molecular function (MF) and 716 to cellular component (CC). GO terms

were assigned to 59.24% and grouped them into BP, MF and CC with 14, 24 and 16 functional
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subcategories, respectively (Fig. S3). Molecular function category being the most abundantly
represented about 21,825 transcripts (46%), followed by biological processes being given to
12,523 transcripts and cellular component category with 11,527 transcripts. The transcription
factor unigenes were also annotated by GO enrichment and the maximum are depicted in Fig.
3A. The KEGG distribution of all annotated transcripts majorly predicts the functional
involvement of transcripts in metabolism (Fig. S4). The transcripts annotated by KEGG for
various TFs were mostly the part of metabolic pathways, signalling pathways and biosynthesis of

secondary metabolism (Fig. 3B).

The transcripts encoding for mevalonate as well as non-mevalonate pathway were assigned KO
IDs and were mapped to terpenoid backbone. The transcripts catalysing various steps towards
generation of IPP and DMAPP through mevalonate pathway include acetyl-CoA C-
acetyltransferase, hydroxymethyl glutaryl-CoA synthase, hydroxymethylglutaryl-CoA reductase,
mevalonate kinase, phosphomevalonate kinase, diphosphomevalonate decarboxylase,
isopentenyl-diphosphate Delta-isomerase and farnesyl diphosphate synthase. The relative

expression of costunolide pathway genes identified is depicted in Fig. S5.

Similarly 5 KO IDs were assigned to transcripts playing role in sesquiterpenoid and triterpenoid
biosynthesis, for examples squalene monooxygenase, (-)-germacrene A synthase , germacrene A

oxidase, and costunolide synthase could be mapped to KEGG pathway scheme.

3.5 Tissue-specific differential expression analysis

FPKM method was used to numerate the expression level of the transcripts of root and leaf
tissues from three biological replicates. The number of transcripts having FPKM >=1.0 in case of

root and leaf tissue was determined to be 31,965 and 28,980, respectively. The differential
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FPKM distribution in root and leaf tissue is provided Table S2. After DGE analysis, it was found
that 2,801 transcripts are down-regulated, 3,160 transcripts are up-regulated and 156,578

transcripts are not significant in root versus leaf differential gene expression analysis.

Transcription factors regulate gene expression by binding to the upstream promoter region of a
gene. Thus, the regulation of genes in various pathways is reportedly modulated by the
expression of TFs in plants. Around 6.5% of TFs transcripts i.e. 1,973 sequences were observed
to be differentially expressed (Fig. 4). These DEGs were found to be distributed to 53 TF
families, and distribution of top 10 TF families is depicted in Fig. 2B. The TF families like
bHLH, ERF, NAC, MYB_related and WRKY were found to be highly up-regulated in leaf tissue
as compared to the root (Fig. 5). From the resulting data, a total of 976 unigenes were
differentially expressed in leaf as well as root tissue while 241 and 756 unigenes were noted to
be differentially expressing only in root and only in leaf tissue, respectively. Among these, 30
and 39 DEGs from leaf and root tissue only, respectively, were found to be specific TF
transcripts regulating certain signalling and metabolic pathways (Table S3). Nine transcripts
encoding NAC, bHLH, MYB, G2-like and E2F/DP TFs regulating the secondary metabolites

biosynthesis were observed to be specifically expressed in leaf tissue.

The DEGs were annotated by GO analysis, classifying them into the three categories i.e.
molecular function (1,436 sequences), biological process (716 sequences) and cellular
component (840 sequences) (Fig. S6). Most of the transcripts were found in ATP binding (329
sequences), DNA binding (209 sequences), structural constituent of ribosome (205 sequences)

and nucleic acid binding (96 sequences) subcategories enriched in molecular function category.

3.6 Network Topology Based Threshold Selection
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Since simple annotation was unable to determine the tissue-specific functionality of putative TFs
in costunolide biosynthesis, thus their congruity against pathway genes was calculated in terms
of PCC for three replicates of each root and leaf tissue (Table S4). Various studies [50,51] have
shown that the number of samples used in this study is sufficient to carry out network-based
functional annotation. The PCC computed in earlier step was used to create a correlation matrix
of expression profile data from which weighted co-expression network was constructed [29]. A
total of 388,713 TF-gene pairs were obtained for 13 pathway genes and 30,070 TFs, and pairs
with positive correlation were considered to largely understand the up-regulation of genes
associated with costunolide biosynthesis under control of these TFs. Network Density (ND)
represents the fraction of possible connections which appears among the nodes of a network that
further highlights its scarcity or density. ND has also been used for selecting a statistically
significant threshold since biologically relevant modules are known to be predicted at this cut-off
[31,52]. To determine the PCC threshold, change in number of edges, nodes, and network
density were investigated as a function of different PCC cut-off values. As the cut-off value
escalated, edge and node number, as well as the actual number and all possible edges were
declined. However, decreasing rate of edges became slower than that of all possible edges and
nodes at significantly high cut-off values, which assists to an increase in ND. ND was at its
minimum at 0.80 cut-off (Fig. 6A), but contrarily PCC threshold was adjusted at 0.75 to preserve
the significant number of connections in network construction and thereby, leads to minimal loss
of biological information. TF-gene pairs at and above this threshold (0.75) were evaluated to
obtain biologically significant modules. These TF-gene connections (56,801) were further

subjected to statistical evaluation, and were found to be significant (p-value <0.05) at and above
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the threshold of 0.75 (Table S5). This assessment criterion ensures minimum number of false

positives that helps to strengthen TF-gene pair regularity information.

3.7 Construction of Weighted Network and Module Detection

Weighted co-expression network was created to interpret system-level understanding of
costunolide biosynthesis under the regulation of putative TFs. Such weighted networks often
employs calculated values of PCC as attribute that quantifies robustness of connections among
nodes to determine biologically relevant modules in various organisms [31,52]. The TF-gene co-
expression network was generated, and was constituted of 24,623 nodes (including unique 13
genes and 24,610 TFs) as well as 56,801 edges representing genes and connections between
them, respectively. All putative 24,610 TFs were grouped to 58 TF families, based on the
BLAST search against PlanTFDB, being MYB (MYB & MYB-related), bHLH, ERF, NAC, and
WRKY at top 5 positions in terms of their count. Scale-free behaviour of networks are often
determined by comparing the biological networks against random network on the basis of
distinct topological properties [53]. Therefore, a weighted random network was created with
same number of nodes, as of actual TF-gene co-expression network, by generating random
connection among edges for 10,000 iterations. The degree distribution (DD) of TF-gene network
was highly skewed (Fig. 6B) as compared to bell-shaped pattern of distribution in random
network that represents the similar average degree for majority of nodes in random graphs and
thereby, satisfies scale-free nature of biological networks [54]. DD of TF-gene network also
fitted to the power law (Fig. S7) since there was no apex around average degree, and on the
contrary graph rather sloped sharply downwards with increase in degree indicating the presence
of large number of nodes with very few connections oppressed by some immensely connected

ones. As compared to random network (0.0014), negative value of assortativity (-0.81) also
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augmented the scale-free behaviour of TF-gene network [55]. This affirmed that TF-gene
network had scale-free topology and robust against random perturbations, as such networks are

most likely to hit a node with only few neighbours and disrupt only a small portion [56].

Module-based analysis was carried out to determine the TFs that may work in an integrative
manner to estimate the effect of a group of genes having common features to control specific
pathway. Also, identification of gene clusters is a better choice to reveal the coordinated
behaviour of various TF families and genes since each module constitutes appropriate
interpreting unit that occupies certain set of TFs shared by specific genes to understand the
complex biological system [57]. Graph clustering algorithms can be used to generate sub-
networks based on integrity of network connections using top-down approach (or non-targeted
approach) [31]. Network clustering has been carried out for module detection through the active
implementation of MCL algorithm in various studies [30,52]. This clustering algorithm divided
the large network into 6 sub-networks to simplify the analysis of weighted TF-gene co-
expression network at default inflation value, and typically assigned by their number henceforth.
These six modules (1-6) were large in size with 8,077, 6,493, 4,761, 2,540, 2,123, and 629 nodes
including 4 (GAS1, GAO, COS1, DPD1), 3 (DPD2, PMK, HMGS), 2 (HMGR, FDP1), 2 (FDP2,
GAS2), 1 (C0S2), and 1 (MK) genes from costunolide biosynthesis pathway, respectively. Since,
we are focusing on the synthesis of costunolide which is reported to occur in roots [12],
expression profiles for each module were generated and visualized in terms of heat maps.
Module 1 (Fig. 7), 4 (Fig. S8A), and 5 (Fig. S8B) as well as Module 2 (Fig. S9A), 3 (Fig. S9B),
and 6 (Fig. S9C) were found to be highly expressed in roots and leaves, respectively.
Additionally, out of all the modules obtained to be expressed in roots, module 1 was considered

to be significant since all the key genes (GAS, GAO and COS) known to be involved in
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costunolide synthesis [12] were present together in this module, and considered for further

understanding of regulatory mechanisms in costunolide biosynthesis.

3.8 Enrichment Analysis Significant Module 1

Module 1 was observed to be significant on the basis of tissue-specific expression in roots and
inclusion of key genes involved in costunolide biosynthesis. Important pathway genes (DPD2,
GAS1, GAO, and COS1) were found to be integrated to multiple TF families and visualized using
cytoscape (Fig. 8), with maximum number of MYB-group (MYB-related (1,879) and MYB
(1,123)) (Fig. 2A). Enrichment analysis for given module 1 was carried out (Fig. S10), and was
found to be associated with following significant BP terms like response to jasmonic acid
stimulus, response to abscisic acid stimulus, cellular response to salicylic acid stimulus, salicylic
acid mediated signalling pathway, hormone-mediated signalling pathway, response to cold,
response to salt, aromatic compound biosynthetic process, response to blue light, oxygen and
reactive oxygen species metabolic process, secondary metabolic process, flavonoid metabolic
process, phenylpropanoid metabolic process, post-translational protein modification, and
regulation of transcription, DNA dependent. Terms associated with hormone-mediated signaling
has already been reported to be involved in secondary metabolite production of various chemical
classes [58,59]. Similarly, terms like response to jasmonic acid stimulus and salicylic acid
mediated signalling pathway has already been known for its involvement in costunolide
synthesis [60,61], which further represents its significance in costunolide biosynthetic pathway.
Additionally, the GO term ‘oxygen and reactive oxygen species metabolic process’ presented

that costunolide synthesis is integrated to high reactive oxygen species (ROS) production.
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Similarly, the significant terms under MF category (Fig. S11) were observed to associate with
transcription factor activity, sequence-specific DNA binding, oxidoreductase activity, acting on
the aldehyde or oxo group of donors, NAD or NADP as acceptor, hydrolase activity, and
phosphotransferase activity, alcohol group as acceptor. Significant presence of these terms
further complemented the involvement of module 1 in costunolide synthesis in S. lappa as COS
gene is already reported for NADPH dependent synthesis of costunolide in different plants [60].
Significant terms like cytosol, cytosolic ribosome, ribosome, nucleus and many more (Fig. S12)
were obtained under CC category. Since the location of the key genes (GAS, GAO, and COS) is
also known to be reported in cytosol and endoplasmic reticulum [62], it further compliment the
involvement of module 1 in costunolide synthesis. Pathway analysis was also performed to
determine significant pathways (Biosynthesis of antibiotics, Carbon metabolism, Glyoxylate and
dicarboxylate metabolism, Lysine degradation) (Fig. 9), which were found to be associated with

synthesis of isoprenoids as well as mevalonate pathway (https://www.genome.jp/kegq/).

Interestingly, these results revealed that this module may constitute the group of genes and
integrated TFs which are importantly involved in systematic regulation of costunolide

biosynthesis in S. lappa.

3.9 Promoter isolation of COS gene and in silico analysis

Costunolide synthase (COS) hydroxylates germacrene A acid from the previous step in
costunolide biosynthesis to yield costunolide by the cyclization of hydroxyl group at C6 and
carboxylic group at C12 positions [13]. A genome walker library was made for the promoter
cloning of SICOS1 gene and isolated a sequence of 1,417 bp upstream of the gene. The UTR
region was identified by comparing against the transcriptomic data and predicted the

transcription start site (TSS) 30 bp upstream of the start codon. PlantCARE resulted in
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identification of 32 upstream sites and PLACE gave around 25 distinct cis-acting regulatory
sites. The TATA-box was found 115 bp upstream of the UTR region and 22 CAAT sequences

also located upstream of the TATA box.

Predicted cis regulated elements (Table 1) mediated the gene expression of the costunolide
biosynthesis pathway genes. From the distal region, CCAAT-box is found which is a stress
responsive element and binding site for MYBHv1. MSA-like site located at -271 bp is another
cis acting element indulged in cell cycle regulation. Another CGTCA-motif is found acting as a
cis regulatory element for MeJA-responsiveness. Certain cis acting regulatory elements like
ACE, G-box and GATA motif are also present in the upstream region of the gene. Important
MYB cis binding elements including BOXLCOREDCPAL, EECCRCAH1l, MYBIAT,
MYB2CONSENSUSAT, MYBCORE, MYBGAHV and MYBPLANT were found which
proposes the involvement of MYB proteins in the regulation of SICOS1 gene. Other motifs
identified using PLACE were corresponding to WRKY and Dof binding regions. MYB TFs
generally have their role in various biological processes like phenylpropanoid metabolism, plant
defence, biotic and abiotic stresses, hormone responses etc and it was predicted to be the

potential TF regulating COS gene.

3.10 Phylogenetic analysis of putative MYB proteins

Putative MYB transcripts from the transcriptome data were translated and their ESTs were
obtained. These were around 2,988 in number, out of which 28 were expressed only in root while
73 were specific to the leaf tissue. These were searched against the publically available EST
sequences of MYB domains in Pfam database with help of HMM search. This resulted in

identification of 241 unique transcript sequences showing match with MYB domains. The

22



heatmap between 241 MYB transcripts and SICOS1 gene revealed three clusters on basis of

PCC, with 138 MYB transcripts appearing in cluster 1 along with SICOS1 gene (Fig. 10).

Amongst these, the 18 putative MYB transcripts co-expressing with SICOS1 were identified and
subsequently analysed with the help of a phylogenetic tree, grouping together 65 total sequences
into homologous pairs (Fig. 11). Most of the sequences shared homology with Arabidopsis,
Cynara, Vitis, Helianthus and Lactuca, suggesting the presence of a common ancestor. However,
some MYBs couldn’t relate homology to the sequences of other plants possibly reasoning to

their divergence in ancestry.

The eighteen members were clustered into 2 classes i.e. R1 and R2R3 family of MYB proteins
with eight and ten members, respectively; further classifying the R2R3-MYBs into previously
elucidated subgroups (SG) in Arabidopsis [63]. The defined subgroups included SG6, SGS8,
SG13.h, SG17.a, SG20, SG22, SG23, SG31 and SG37. Out of 10 R2R3 MYBs, 5 MYB
transcripts (TRINITY_DN83927 _c2 g1, TRINITY_DN82635 cl1 g5,
TRINITY_DN81434 c0 g1, TRINITY_DNB86897 c2 g2 and TRINITY_DN89446 cl1 gl)
shared sequence 94%, 96%, 95.5%, 92% and 91% identity with Cynara and Vitis R2R3-MYB
proteins regulating certain biosynthetic pathways. R2R3-type is the largest class of MYB family
and generally involved in metabolic synthesis pathways. TRINITY_DN81434 cO_gl1 showed
close homology with MYB90 like and MYB113 like proteins which are reported in anthocyanin
biosynthesis [64]. TRINITY_DN86897_c2_g2 was found to be related to MYB124 and MYB88,
reported to regulate cold-responsive expression of genes in apple [22]. Another transcript
(TRINITY_DN82208 c3_g5) was clustered with AtMYB7 transcription factor, which is also
R2R3 type of MYB and reported their involvement in phenylpropanoid biosynthesis gene

expression and negative regulation of flavonol biosynthesis [65].
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In addition, 5 transcripts (TRINITY_DN88143 c2 g2, TRINITY_DN84554 c0 g7,
TRINITY_DNB86599 c2 g6, TRINITY_DN83137 c2 gl and TRINITY_DNB83393 c0 gl)
showed homology with CcrdMYB proteins i.e. MYB59-like, MYB73-like, MYBS3,
DIVARICATA-like and SRML1 like transcription factors, respectively. These are responsible for
controlling stress related factors and plant growth & development [66-68]. Amongst these, the
first two were found to be a part of R2R3 family while the last three were R1 type MYB TFs.
TRINITY_DN88143_c2_g2, shows 49% and 50% sequence identity with Arabidopsis protein
AtMYB48 and AtMYB50, suggesting that TRINITY_DN88143 c2_g2 might have been
acquired from extensively allocated R2R3 MYB genes paralog. Further, the expression analysis
resulted in identification of 12 out of the 18 genes, four from R1 and eight from R2R3 family,

follow similar gene expression in root and leaf tissue.

3.11 Protein structure and physiochemical properties

The domain architecture was analyzed and revealed the presence of MYB-like DNA-binding
domains (pfam00249 and pfam13921) in 13 sequences and one pfam00249 domain in three
sequences (TRINITY_DN90031 c1 g1, TRINITY_DN86559 c2 g6 and
TRINITY_DN90224 c8 gl1), while no MYB specific domains detected in two sequences
(TRINITY_DN86237_c0_g2 and TRINITY_DN82539 c0 _g3). These identified domains i.e.
pfam00249 of ~49 aa residues and pfam13921 of ~64 aa residues are the signature domains of
MYB TF family proteins and found in all the other related species too [69]. Fig. 12A represents
the homology analysis among the 16 MYB TFs with conserved domains, grouping together the

two families i.e. R1 an R2R3 type MYBs.
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The identified MYB TFs were observed to possess an average length of 363 amino acid residues
and average molecular weight of 40.6 kDa. The length of the MYBs varied from 187 to 953
amino acid residues, with the molecular weight ranging from 21 kDa to 105 kDa. An average pl
(physical index) of 7.25 was observed, with minimum and maximum values being 4.64 and 9.54
(Table S6). The MYBs showed mixed nature i.e. both acidic and basic TFs based on the pl
predictions. The instability index ranged from 38.78 to 59.43 i.e. minimum and maximum values
with an average of 49.68. Most of the proteins were observed to be unstable according to

instability index, stating their instability during in vitro conditions.

Sub-cellular localization studies using ProtComp software revealed that among 10 R2R3 MYB
TFs, seven were localized in the nucleus while rest of the three were extracellular proteins.
Amongst eight R1 family proteins, four were nucleus localized and were characterized from

BLAST analysis, while other four were uncharacterized extracellular proteins (Table S6).

Conserved motifs were further identified in the 16 MYBs with the help of MEME suite,
obtaining a total of 15 motifs widely distributed among the sequences (Fig. 12B). The signature
MYB type HTH DNA binding sequences included motifs 1-4 ascertaining the significance of
identified proteins as MYB TFs. Motif 2 was found to be occurring among almost all the
sequences while rest of the motifs were exclusively present in combinations in R1 and R2R3
classes of MYB proteins. Motif 1 was present in all the R2R3 proteins along with other motifs 3,
5, 6, 10 and 11 scattered amongst them. In case of R1 family of MYB proteins, motif 4, 7, 8, 9,
11, 14 and15 were found distributed among them. The distribution of motifs was observed in

relevance to their occurrence among evolutionary related MY Bs, stating them to be significant.
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4. DISCUSSION

Costunolide, the major sesquiterpene lactone in the roots of S. lappa, is a potential anti-
carcinogenic component as reported to repress cell proliferation caused by carcinogenic
induction, inhibits tumor invasion, metastasis and induce apoptosis in the target tissues [70]. The
volatile oil obtained from the roots (richly constituting STLs) of S. lappa is reported to possess
potential therapeutic and anti-breast cancer activities [71]. Despite its well established
pharmacological properties, the mechanism regulating transcriptional patterns in costunolide

biosynthetic pathway has not yet been elucidated.

In this study, assembled transcriptome was investigated to review the gene expression and
transcriptional regulation of costunolide biosynthetic pathway in S. lappa. This will contribute
unravelling the in depth embedded regulatory mechanism occurring in the biosynthesis of
medicinally essential metabolites in the plant leaf and root tissues. In our previous report, the
genes regulating the sesquiterpenoid pathway were characterized, followed by their relative
expression studies [11]. The present work has reported the comparative transcriptome analysis of
S. lappa leaf and root tissue, further identifying and annotating various transcripts encoding
costunolide pathway genes and associated TFs, along with the active co-expression networks
underplaying. In non-model plant species, the unavailability of genomic or transcriptomic
information is the major hindrance in molecular studies. Thus, de novo library preparation
presents the alternative to it, for instance similar studies are reported from many plant species
such as Chlorophytum borivilianum, Isodon amethysoides, Dioscorea zingiberensis [72—74].
Also, supporting the well established fact that secondary metabolites are manufactured in leaves

and later stored in root tissues, similar pattern was obtained as anticipated in S. lappa.
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In the present dataset, 162,539 unique transcripts were obtained with average GC content of
39.36% and length more than 200bp long, which is indicative of good library preparation. In an
attempt to elucidate sesquiterpenoid biosynthesis in chicory by Testone [1], relatively less
number of unigenes were obtained in comparison to our dataset. Henceforth, our work provides
detailed and in-depth transcriptomic information. A study in C. winterianus incorporated
comparative differential expression studies in root and leaf tissue in order to explore the genes

regulating terpene biosynthesis pathway and its regulation [75].

TFs play pivotal position in mediating various biological processes occurring in plants including
development, growth, response to stresses and so on [76]. A total of 30,070 TFs were annotated
which represents 58 TF families comprising bHLH, WRKY, MYB, NAC, C2H2 and ERF,
representing them as the predominant families in regulation of plant processes. In other studies
conducted on Isodon amethystoides, only 2% TFs were located which belongs to 55 families [73]
in comparison to 18.5% TF identification done in our study, which infers that more
comprehensive understanding of the regulatory role played by them in sesquiterpenoid pathway
can be deciphered. bHLH TF family proteins also have reported involvement in the regulation of
diterpenoid synthesis is previous studies, however, none of the studies have been reported in S.
lappa [49,77]. The TFs such as AP2, MYB, bZIP and Zinc finger play a crucial role in abiotic
stress in B. nivea [78]. Additionally, Nguyen studied the involvement of TFs like NAC, WRKY
and ARF families in fruit ripening in bilberry [79]. In cotton, GaWRKY is reported to possess
regulatory role in biosynthesis of sesquiterpene, similar to putative WRKY transcritps

annotated (Table S7) in our plant [80].

The TF transcripts were assigned with KEGG pathways, revealing that many transcripts were

involved in several secondary metabolites biosynthesis. The one with no match were considered
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to be short sequences of proteins lacking domains or untranslated regions. In T. ammi, tissue
specific differential expression of transcripts encoding for various TFs such as WRKY, MYB,
bZIP, GATA was studied, wherein these TFs were reported to be highly expressed in aerial
tissues [81]. The annotation results are consistent with our findings in S. lappa with bHLH,
C2H2, WRKY and B3 as highly upregulated in leaf tissue. Likewise, the up-regulation of MYB

studied in carrot is reportedly linked to biosynthesis of anthocyanin [82].

Differential gene expression analysis was performed to annotate the TFs transcripts. This
resulted in identification for certain TF families expressing highly in leaf tissues s compared to
the roots. Since various metabolic pathways precursors are synthesized in the leaves, it can be
stated that most TFs regulating these pathways are thus active in the leaves [83]. Highly
expressing TF transcripts included bHLH and MY B families which are reported to be acting as a
complex along with WD40 proteins regulating flavonoid synthesis in many studies [84]. This
suggest a coordinated role of MYB and bHLH proteins which is also reported in earlier studies
for STLs biosynthesis [85]. While the expression of bHLH family TFs varies extremely in roots
and leaves, the MYB and MYB-related family proteins show considerably moderate changes in
the expression patterns in the two tissues, supporting our prediction on MYBs regulating

costunolide pathway genes in roots.

Network analysis carried out in costunolide pathway genes directed us towards the correlated
TF-gene partners and predicted the probable TF family of proteins regulating various steps in the
costunolide biosynthesis. Various studies have used the gene co-expression analysis by the
means of network studies [86,87] and identified clusters of genes correlated functionally. A
module based approach was opted to study the correlating costunolide pathway gene and TF

pairs. Six functionally enriched modules with significant interactions were obtained with tissue
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specific expression patterns, supporting the facts regarding tissue specific synthesis of secondary
metabolite. The DGE analysis also revealed that the genes encoding for costunolide biosynthesis
enzymes were predominantly expressed in root as compared to the leaf. This implies that the
oxidation and hydroxylation steps occurring later in the costunolide biogenesis might occur in
the root tissue, similar to a previous report in Tanacetum cinerariifolium [88]. Amongst them,
module 1 was chosen for our analysis since it comprised of key genes regulating STL
biosynthesis, revealing putative TFs interacting along. The genes involved in mevalonate
pathway were mostly co-expressed with MYB_related, bHLH and ERF TF family proteins.
SIHMGR gene had MYB-related and bHLH TFs among its co-expressing partners, supported by
Ginzberg suggesting that mevalonate pathway genes such as HMGR are controlled by GAME9
TF at some level. Co-expression analysis also revealed an APETALAZ2/Ethylene Response
Factor (GAME9) regulated the production of alkaloids cooperatively with a MYC TF in
Catharanthus roseus and tobacco [89]. SIGAS1 gene was found to be co-expressed with WRKY
and bHLH TF family proteins while GAS2 gene was found co-expressed with NAC, G2-like and
bHLH TF family along with up regulated expression in leaf tissue. In Cichorium endivia, it was
reported that GAS gene showed positive correlation with WRKY and MYB TFs [1]. The co-
expression data shows DPD having interacting MYB-related TFs, supported by a study revealing
several MYB binding sites in DPD gene promoter region in Salvia miltiorrhiza and its

expression regulation by maize C1 transcription factor (a R2R3 -MYB TF) [90].

The transcriptional control of several secondary metabolite pathway genes suggests that TFs
holds an equally essential part in the regulation of terpenoid biosynthesis pathway. The
costunolide biosynthesis related transcriptional regulation has not been reported in the literature

yet. Costunolide synthase is involved in the final key step of the pathway, thus studying its
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transcriptional regulation can provide certain privileges in understanding the costunolide
synthesis. However, the TFs responsible for terpenoid build-up in plants are currently being

identified [91].

The basic understanding of regulatory elements is provided by the upstream promoter region of a
gene by reviewing their interaction with specific TFs. Thus it reveals well regulated expression
pattern. A previous study reported that a number of transcription factors can be responsible for
controlling a single gene and these may be part of same family of TFs sharing the common DNA
binding domain [92]. Promoter analysis was performed in Geraniol 10-hydroxylase (G10H) gene
in TIA biosynthesis which regulate the first committed step and observed binding sites for
various TFs in C. roseus [21]. Similarly, Xu et al performed the analysis of transcription factor
regulating delta (+) cadinene synthase in cotton. They found the putative motif for binding of
WRKY TFs in delta (+) cadinene synthase gene and gradually identified GaWRKY1 having
significant interacting reports with the promoter region of delta (+) cadinene synthase gene and
further suggested that GaWRKY1 might be responsible for regulating terpenoid biosynthesis
pathway in cotton [80]. The promoter analysis of SICOS1 gene in our study reported the presence
of predominating MYB binding domains (CCWACC, CANNTG and WAACCA). This
suggested the involvement of MYB transcription family proteins in regulation of SICOS1 in
costunolide biosynthesis pathway. Moreover, the promoter region of CcrdCOS gene (which
shows 93% identity to SICOS1) was analysed to reveal various MYB-TF binding elements
present upstream the gene. This is in relevance to a recent study by Testone et al where MYB
and MYB related TFs were deduced correlated with GAS/GAO/CQOS genes transcription patterns,
backing up our results positively [1]. Earlier reports suggest positive correlation in the expression

of MYB TFs and genes of STL pathway including GAS and GAO. Transcription studies also
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reveal the existence of strong correlation among the three genes (GAS, GAO, COS) as well as
with the amount of STL in the plant [85]. This can predict MYBs as positively regulating
transcription factor in costunolide synthesis. Intriguingly, when promoter analysis was performed
for Cynara COS (95% homologus to SICOS1) it also divulged various cis elements related to
MYB binding present in its promoter. Henceforth, it further supports the predictions regarding

MY B family of TFs to be involved in transcriptional regulation process of SICOS1.

MYB TF family has been reported as a regulatory protein in various secondary metabolism
pathways such as phenylpropanoid, proanthocyanidin and flavonoids [48,93]. Anthocyanin
pathway related MYB TFs usually possess certain key motifs, thus showing an association with
bHLH family proteins. As reported in a study, a MYB family transcription factor in carrot,
DcMYBS6, had correlated expression pattern with the production of anthocyanin and regulated its
biosynthesis in purple carrots[94]. In addition, Kodama studied the regulation of anthocyanin
biosynthesis by the complex consisting of MYB-bHLH-WD repeats [82]. Widely reported are
the R2R3-MYB family proteins which play essential role in cold acclimation, petal and cell
morphogenesis, epidermal differentiation, drought stress and plant secondary metabolism
[26,95]. Certain flavonoid biosynthetic pathways are regulated by the transcriptional activation
activity of MYB-bHLH-WD40 (MBW) family proteins [96]. The phylogenetic analysis revealed
18 potential DEGs where 10 shows homology with R2R3 type MY B proteins that vastly regulate
secondary metabolism in plants, along with majorly conserved motif regions among 16 proteins
for the two groups of MYB family TFs. The R1 and R2R3 family MYBs were depicted in two
clusters along with significant homology with other Asteraceae family MYBs suggesting their
divergence from a common ancestor with prominent variations in amino acid composition. Also,

the subgroups defined on the basis of phylogeny reveal four MYBs clustered along secondary
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metabolite biosynthesis proteins. Liu et al (2019) reported various MYB, bHLH and WD TFs
that regulate anthocyanin content in pear including MY B20-like, MYB108-like, MYBL1 like and
MYB90 like TFs which are also reported in our analysis [97]. The results along with the data
reported in previous studies suggest that MYB candidates might play an important role in
regulating key costunolide pathway gene in S. lappa thus regulating an essential biosynthetic
pathway for STLs. Although the role of MYB TFs in costunolide biosynthesis regulation is still
to be characterized, the existing information and datasets presented in the study provided a major

framework for future analyses.

5. Conclusion

The comparative transcriptomic study between root and leaf tissue was performed in order to
predict the TFs regulating the costunolide biosynthesis pathway. Thus, the present study
encompasses the thorough understanding of relative expression of costunolide biosynthetic genes
and TFs associated with their regulation. Our earlier study contributed towards the
transcriptomic repertoire of S. lappa. Henceforth, the combinatorial data of transcriptome
sequencing, expression profiling and co-expression network analysis will enable the
heterologous expression of the pathway and to increase the concentration of active metabolites.
Further molecular studies and transcriptional validations will improve the understanding of basic
regulatory mechanisms, opening new perspectives for exploring the costunolide production in
the plant. This will enable us to unravel underplaying molecular networks and interacting
transcription factors that can simultaneously manipulate the pathway genes and help developing
molecular markers, contributing to an improved yield of essential oils from this plant of enriched

medicinal value.
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TABLES

Table 1: Putative cis acting elements found in SICOS1 upstream region using PLACE tool.

Site Name Signal No. of Binding Function
Sequence cis-site Site
GT1CONSENSUS GRWAAW 11 S000198 Light responsive element
SURECOREATSULTR11 GAGAC 1 S000499 Auxin response factor (ARF)
binding sequence
POLASIG2 AATTAAA 2 S000081 Poly A signal found in rice alpha-
amylase
ARRI1AT NGATT 17 S000454 ARR1-binding element
CAATBOX1 CAAT 10 S000028 CAAT promoter consensus
sequence
IBOXCORE GATAA 3 S000199 Light responsive element
GATABOX GATA 15 S000039 Light responsive element
MYB2CONSENSUSAT YAACKG 3 S000409 MY B recognition site found in the
promoters of the dehydration-
responsive gene in Arabidopsis
MYBCORE CNGTTR 3 S000176 MY B recognition site found in
Arabidopsis
MYBCOREATCYCB1 AACGG 2 S000502  Myb core found in the promoter of
Arabidopsis thaliana cyclin
POLASIG1 AATAAA 4 S000080  PolyA signal found in legA gene of
pea, rice alpha-amylase
CCAATBOX1 CCAAT 2 S000030  CCAAT box found in the promoter
of heat shock protein
LTRECOREATCOR15 CCGAC 1 S000153 Core of low temperature
responsive element (LTRE)
MYBST1 GGATA 2 S000180 MY B recognition site
MYB1AT WAACCA 2 S000408 MY B recognition site,
dehydration-responsive
EECCRCAH1 GANTTNC 1 S000494 MY B recognition site
POLASIG3 AATAAT 2 S000088 PolyA signal-Consensus sequence
for plant polyadenylation signal
MYBGAHV TAACAAA 1 S000181 MY B recognition site
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FIGURE LEGENDS.

Fig 1. Transcriptome analysis and annotation of S. lappa transcripts. (A) Length distribution
of the assembled transcripts, (B) Venn diagram representing the annotation of transcripts
according to various databases along with identified DEGs, (C) E value distribution of
transcripts, and (D) BLASTX similarity score distribution.

Fig. 2. Classification and distribution of TFs into different TF families when compared to
PlantTFDB in S. lappa. The topl10 TF families for (A) complete set of putative TFs and (B)
differentially expressed TFs are depicted in pie chart.

Fig. 3. Functional annotation (A) GO classification of putative TF transcripts in S. lappa, the
most represented were the terms DNA integration (2411) of biological process category, Integral
component of membrane (5190) from cellular components and nucleic acid binding (1617) of
molecular function category and (B) Transcription factor transcripts classified into different
families annotated with major KEGG pathways.

Fig. 4. Heat map of expression profiles of differentially expressed TFs from different (leaf and
root) tissues.

Fig. 5. Differential expression analysis of TF families in S. lappa in leaf tissue as compared
to root (control) tissue. Differences in top20 differentially expressed TF families has been
represented.

Fig. 6. Topological analysis of co-expression network (A) Network density-based PCC
threshold selection and (B) comparison of degree distribution of TF-gene network against
random network.

Fig. 7. Heat map of expression profiles of all genes present in significant module 1. Genes
in module 1 were compared for their differential expression for both leaf and root tissue, and
was found to be up-regulated in root tissue.

Fig. 8. Depiction of the network of module 1 representing the differentially expressed TFs
integrated to key pathway genes (involved in costunolide synthesis).

Fig. 9. Pie chart representing the percentage count of significant KEGG pathways of module 1.

Fig. 10. Differential expression profile of 241 putative MYB transcripts along with SICOSL1 in
root and leaf tissues. The color scale on the top right corner represents log2 transformed
expression values. The transcripts are classified into 3 clusters (left to right) depicted by red and
blue mosaics patterns while our transcripts of interest fell in first cluster along with SICOSL1.

Fig. 11. Phylogenetic relationship among MYB proteins in S. lappa and other related plant
species. Neighbour joining method was used to construct the phylogenetic tree using MEGA 7.
The putative amino acid sequences of MYB were used and a bootstrap value of 1000 replicates.
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The transcripts marked with red, purple, turquoise, orange, blue, yellow and grey represent
sequences from S. lappa, A. thaliana, C. cardunculus, V. vinifera, H. annus, G. max, and L.
sativa, respectively. The highlighted purple and green regions show R2R3 type and R1 subclass
of MYB proteins, respectively along with their putative functions.

Fig. 12. Phylogenetic relationship and analysis of conserved motifs in MY B proteins of S. lappa.
(A) The phylogenetic tree representing evolutionary relationship among 16 putative MYB
proteins was constructed using Neighbor-joining method and 1000 bootstrap replicates, where
the green and blue labeled clusters represent R2R3 and R1 families of MYB proteins in S. lappa.
(B) The motif composition of the MYB proteins was identified using MEME tool and
represented in a schematic diagram. A total of 15 motifs were elucidated and represented as
colored boxes.
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