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Abstract Withania somnifera, popularly known as Indian ginseng, is one of the most
important medicinal plants. The plant is well studied in terms of its pharmaceutical activities
and genes involved in biosynthetic pathways. However, not much is known about the
regulatory mechanism of genes responsible for the production of secondary metabolites. The
idea was to identify miRNA transcriptome responsible for the regulation of withanolide
biosynthesis, specifically of root and leaf tissues individually. The transcriptome data of
in vitro culture of root and leaf tissues of the plant was considered for miRNA identification.
A total of 24 and 39 miRNA families were identified in root and leaf tissues, respectively. Out
of these, 15 and 27 miRNA families have shown their involvement in different biological
functions in root and leaf tissues, respectively. We report here, specific miRNAs and their
corresponding target genes for corresponding root and leaf tissues. The target genes have also
been analyzed for their role in withanolide metabolism. Endogenous root-miR5140, root-
miR159, leaf-miR477, and leaf-miR530 were reported for regulation of withanolide
biosynthesis.
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Introduction

Withania somnifera is one of the most reputed medicinal plants of solanaceae family
due to its diverse medicinal properties [1]. Till date, a lot of work has been carried
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out in terms of the medicinal uses of withanolides for their anti-inflammatory, anti-
stress, anti-tumor, antioxidant, anti-aging, immunomodulatory, immunoprophylactic,
rejuvenating, and aphrodisiac activities [2, 3]. The pharmacological activities of
different withanolides have also been reported for various cognitive and neurological
disorders such as Parkinson’s and Alzheimer’s disease, intestinal disorders, and
hepatoprotection [4]. Withanolides are comprised of withaferin A, withanolide A,
and withanone. These withanolides are produced by different parts of the plant (i.e.,
root, leaf, stem and bark) independently rather than being imported from leaves [5].
The content of withaferin A is reported to be highest in leaf followed by bark, stem,
and root whereas withanolide A is biosynthesized majorly in roots [3, 6]. Therefore,
both leaf as well as root are important plant parts for the production of
withanolides. The biosynthesis of these metabolites is dependent on the genes
associated with corresponding metabolic pathways. The changes in the expression
pattern of these genes and enzymes are reported to be regulated by different
biomolecules such as transcription factor proteins and non-coding RNAs. The
transcription factors play an important role in the regulation of responsible genes
through binding at their regulatory regions. The mechanism of these transcription
factors is further regulated by specific type of non-coding RNAs. These non-coding
RNAs are not translated into protein but have their significance as regulatory
elements. Non coding RNAs consist of different members of varied sizes and mode
of action. One of these non-coding RNAs are microRNAs. miRNAs are small (20–
22 bp), endogenous and show negative modulation of the expression of genes. The
miRNAs are reported to regulate the expression of genes through inhibition of
translation and promoting the degradation or cleavage of the target genes. It is
reported that mature miRNAs are highly conserved throughout the plant kingdom
[7]. Usually animal and plant miRNA biogenesis is almost similar but at some
places they show major differences, which distinguishes between them: (1) Plant
precursor miRNAs have larger and more variable stem-loop structurtes as compared
to animal, (2) plant mature miRNAs pair their target sites with near-perfect com-
plementarity, (3) in animals, miRNAs mainly recognize several target sites in 3’
UTR of mRNAs and inhibit translation, while plant miRNAs often recognize a
single target site and cleave the mRNA [8]. Different approaches have been used
for miRNA identification such as comparative genomics approach and NGS tech-
nology used for novel miRNA and homology-based conserved miRNA identification
[9]. Plant miRNAs are involved in different biological processes [10] such as, auxin
responses [11], stress responses [12], floral identity [13], and leaf polarity [14]. One
of the biological functions of miRNA is to regulate secondary metabolite synthesizes
in plants [15]. In the present study, we have carried out a comprehensive in silico
analysis to identify miRNA transcriptome in vitro cultured W. somnifera leaf and
root tissues. Here, we have used homology approach for the identification of
miRNAs in W. somnifera transcriptome of leaf and root tissues. Different bioinfor-
matics tools were used for the identification of miRNAs and their corresponding
targets. Functional annotation of putative targets, biological network analysis, and
pathway analysis were also performed. Through RT-PCR, differential gene expres-
sion analysis was also performed for the validation of identified miRNAs and their
targets involved in withanolide biosynthesis pathway. To best of our knowledge, it is
the first study on identification of miRNAs in W. somnifera.
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Materials and Methods

Withania somnifera Root and Leaf Transcriptome Dataset

The transcriptome sequences used in this study for identifying conserved miRNAs and
their targets have recently been sequenced, assembled, annotated and deposited in
Short Read Archive (SRA) of NCBI with accession number SRP040231 [16]. In brief,
the in vitro cultures of adventitious root and leaf tissues of W. somnifera were
subjected to paired-end (PE) sequencing with Illumina platform. Through sequencing,
135,186,223 and 113,849,837 reads were identified from root and leaf tissues, respec-
tively. The low-quality reads and primer adapters have already been removed using
NGS QC Toolkit [17]. The sequence assembly was done for both the tissue specific
data through SeqManNGen module of DNAstar (http://www.dnastar.com/t-nextgen-
seqman-ngen.aspx).

Prediction of Root and Leaf Pre-miRNAs

For the prediction of pre-miRNAs, the reference dataset on experimentally identified miRNA
sequences were obtained from the plant miRNA database, miRBase (http://www.mirbase.org/)
[18]. This database contains 28,645 published hairpin precursor miRNA sequences and 35,828
mature miRNAs with associated annotations from approximately 223 plant species.The
similarity search was performed between the assembled sequences and known miRNA
sequences using BLASTN program of C-mii tool [19]. The putative miRNA candidates were
scanned against the reported miRNAs in miRBase using BLASTN (e-value cut-off: 10),
BLASTX (evalue b = 1e−5) was performed against protein-databases. UniprotKB/Swissprot
(release 2010_12) and UniProtKB/TrEMBL (release 2011_01) were used to remove the
protein-coding sequences. RNA database Rfam 10 was used to predict structures of primary
and precursor miRNAs. UNAFold was used with the parameters of maximum base pair
distance = 3000, maximum bulge/interior loop size 30, and single tread run of 37 °C temper-
ature [9].

Prediction of Mature miRNAs

Homology search-based miRNA identification was performed using following criteria:
(1) The length of the predicted mature miRNAs should be 19–25 nucleotides; (2)
maximum four mismatches were allowed for the predicted mature miRNAs against
reference miRNA; (3) localization of the mature miRNA within stem–loop structure
should be one arm; (4) not more than 5 mismatches were allowed between miRNA
sequences and the guide miRNA sequence; (5) A + U content should be high; and (6)
minimal folding free energy (MFE) and MFE index (MFEI) value of the secondary
structure should be highly negative.

Prediction of miRNA Targets

The miRNA targets were identified to understand the biological functions of the
corresponding miRNAs. The miRNA target sequences were predicted on the basis
of their perfect or nearly perfect complementarity with mature miRNA sequences. The
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identified miRNA candidates were used for the target identification against the tissue
specific transcript. Following criteria were set for the prediction of miRNA target
genes: (1) not more than four mismatches were allowed between predicted miRNAs
and target gene; (2) no mismatches were allowed for 10th and 11th positions of
complementary site as it is considered as a cleavage site; and (3) maximum 4 GU pair
was allowed in the complimentary alignment [9].

Filtering of Tissue-Specific miRNA and Their Targets

After prediction of miRNA and their putative targets, we have filtered root and leaf-
specific miRNAs and their targets and also filtered common miRNAs and targets
identified in both tissues using MATLAB software (https://www.mathworks.
com/products/matlab.html).

Functional Annotation, Network and Pathway Analysis of Putative miRNATargets
Root and Leaf Tissues

To annotate all putative targets, BLASTX-based approach was used to compare the
sequences to nr database downloaded from NCBI (http://www.ncbi.nlm.nih.gov/). The
GI identifiers of the best BLASTX, for all hits having an evalue e−9 and a degree of
similarity 70%, were mapped in the UniprotKB protein database (http://www.uniprot.
org/). Finally, the UniprotKB accessions were used to extract gene ontology terms for
further functional annotations. Blast2GO software v1.3.3 (http://www.blast2go.org)
[20] was used to perform basic statistics on GO annotations as reported earlier [21,
22]. To understand the function of W. somnifera miRNAs and their regulatory targets,
the biological network and pathway analysis was performed through Cytoscape [23]
and KAAS server, respectively [24].

Expression Analysis of Identified miRNAs and Their Targets Involved
in Withanolide Biosynthesis of Root and Leaf Tissues

Total RNA was isolated from leaf and root tissues of three independent replicates of
control and drought-treated plants of W. somnifera [25]. The RT-PCR was done in
three replicates with 1 μL cDNA using the SYBR Green Master Mix (Applied
Biosystems) with an ABI 7900HT RT-PCR detection system as prescribed in the
manufacturer’s protocol (Applied Biosystems). Each reaction mixture consisted of
2 μl cDNA, 15 μl SYBR green mix (2X) (TaKaRa), 2 μl (5 pmol/μl) of both
forward and reverse primers, and 11 μl PCR-grade water equating to a final volume
of 30 μl. This reaction mix was dispensed in a 384-well PCR plate in triplicates. The
thermal profile of the reaction was an initial denaturation at 95 °C for 2 min,
followed by 40 cycles at 95 °C for 10 s and 60 °C for 10 s. Quantification of
transcript (mRNA expression) levels was carried out by using the CT quantitative
methods. Normalization was carried out by subtracting CT value of ubiquitin from CT

value of target gene. Following normalization, the relative abundance of transcripts
was calculated as RQ = 2−ΔΔC

T [25]. The gene-specific and ubiquitin (internal control)
primers were designed by PRIMER3 (http://frodo.wi.mit.edu/primer3/input.htm). The
primer details are listed in Supplementary Table 1.
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Results

Identification of Conserved miRNA Families in W. somnifera Transcriptome

Through assembly of reads from root as well as leaf tissue, 14,405 and 13,289
contigs were identified, respectively. Out of these contigs, 10,637 and 9498 were
considered further for miRNA analysis through C-mii tool. Various experimentally
identified miRNAs available in miRBase database were considered for miRNA iden-
tification in W. somnifera. The homology and structure similarity based searches were
considered for the identification of mature miRNAs. In root tissues, we have identi-
fied 24 miRNA families from 10,637 contigs. We observed pre- miRNA MFEI range
from − 0.60 to − 1.21 kcal/mol with an average − 0.79 kcal/mol and MFE of pre-
miRNA varied from − 9.9 to − 281.9 kcal/mol with an average − 45.56 kcal/mol.
Mature miRNA length varied from 18 to 24 nt with an average 20 nt. AU and GC
content of predicted mature miRNAs families was in the range of 42.11 to 71.43 and
33.33 to 57.89 with an average of 55.33 and 44.66, respectively (Fig. 1a). In leaf
tissue, 39 miRNA families were identified from 9498 contigs. Pre- miRNA MFEI
ranged from − 0.60 to − 1.42 kcal/mol with an average − 0.71 kcal/mol and MFE of
pre- miRNA from − 9.2 to − 228 kcal/mol with an average − 39.69 kcal/mol was
obsereved. Mature miRNA length varied from 18 to 22 nt with an average 20 nt. AU
and GC content of predicted mature miRNAs families was in the range of 23.81 to
80.75 and 19.05 to 76.19 with an average of 58.38 and 41.61, respectively
(Supplementary Table 2, Fig. 1b).

Fig. 1 Predicted mature miRNA families a root tissue and b leaf tissue
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Co-expressed miRNAs in Root and Leaf Tissues of Withania somnifera

Sixteen miRNA families (miR5565, miR1132, miR156, miR5140, miR473, miR5381,
miR1109, miR5389, miR5139, miR1096, miR1134, miR1097, miR5137, miR319, miR1088
and miR948) were expressed only in root tissue. In leaf tissue, 31 miRNA families (miR5652,
miR396, miR5631, miR5246, miR1078, miR4993, miR5262, miR3979, miR394, miR1534,
miR825, miR444, miR2088, miR947, miR395, miR5658, miR477, miR1852, miR4996,
miR2105, miR1521, miR902, miR866, miR1426, miR1847, miR2654, miR1075, miR5632,
miR530, miR5079 and miR1031) were expressed. Coexpression analysis of predicted miRNA
families revealed that eight miRNA families (miR164, miR169, miR159, miR398, miR476,
miR5085, miR172 and miR5303) were expressed in both root and leaf tissues (Fig. 2).

Analysis of Endogenous Putative miRNA Targets and Their Biological Networks
in Root and Leaf Tissues

The identification of targets for corresponding miRNAs was done using the tissue specific
data. Out of 24 predicted miRNA families in root tissue, 15 were identified to be involved in
the regulation of 128 putatve targets in root (Fig. 3a). Whereas, out of 39 miRNA families in
leaf tissue, 27 were involved in the regulation of 126 putative targets in leaf (Fig. 3b). The
miRNA families coexpressed in both root and leaf tissues, 6 and 5 miRNA families were
involved in the regulation of 58 and 37 putative targets, respectively (Fig. 3c). Network
analysis of predicted miRNA families of root and leaf tissue revealed that most of the single
miRNA families may regulate multiple putative targets and single putative tagets are regulated
by multiple miRNA families (Supplementary Fig. 1a and 1b, Supplementary Fig. 2a and 2b).

Role of Predicted miRNA Families in Different Pathways of Root and Leaf Tissues

Pathway analysis of predicted miRNA families in root and leaf tissue revealed that five
miRNA families were involved in the regulation of 18 biosynthetic pathways in root tissues
(Supplementary Fig. 3a). In leaf, 16 miRNA families were involved in the regulation of 75
different pathways (Supplementary Fig. 4a). Pathway analysis was also done for coexpressed
miRNA families. The analysis revealed that out of 8 coexpressed miRNA families, 6 from root
tissue were involved in the regulation of 18 different biosynthetic pathways (Supplementary
Fig. 3b) whereas in leaf tissues, 5 miRNA families were involved in regulation of 30 different
pathways (Supplementary Fig. 4b).

Fig. 2 Distribution of miRNA
families in root and leaf tissues
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Fig. 3 Predicted miRNA families putative targets a only root, b only leaf, and c root and leaf
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Regulation of Secondary Metabolite Biosynthesis by Predicted miRNA Families
of Root and Leaf Tissue

Our results showed that miR5140 identified only in root tissues was involved in the
regulation of steriod biosynthesis-related gene (Supplementary Table 3, Supplementary
Fig. 3a). miR159, miR172 and miR5303 which were identified both in root and leaf

Fig. 4 Schematic diagram of withanolide biosynthesis with involved predicted miRNA families of root (orange
circle) and leaf tissue (green circle)
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tissues were involved in the regulation of steroid, stilbenoid, diarylheptanoid and
gingerol biosynthesis, phenylpropanoid biosynthesis-related genes (Supplementary Ta-
ble 3, Supplementary Fig. 3b and 4b). In leaf tissue, we found that out of predicted
miRNA families, miR5658, miR477, miR1426, miR530 and miR5079 were involved
in the regulation of isoquinoline biosynthesis, glycosyltransferases, ubiquinone and
other terpnoid-quinone biosynthesis, phenylpropanoid biosynthesis, phenylpropanoid
biosynthesis, carotenoid biosynthesis, diterpenoid biosynthesis-related genes, respec-
tively (Supplementary Table 3, Supplementary Fig. 4a).

Analysis of miRNA Families Involved in Withanolide Biosynthesis

Analysis revealed that some miRNA families identified from root and leaf tissues were
involved in withanoides biosynthesis. Two miRNA families in root (miR5140 and miR159)
were involved in the regulation of cycloartenol synthase (CAS1) and sterol delta-7 reductase 1
(DWF1) genes, respectively whereas three miRNA families in leaf (miR5079, miR530 and
miR477) were involved in the regulation of CYP82G, secoisolariciresinol dehydrogenase
(ABA2) and zeatin o-glycosyl transferase (UGTs) genes, respectively (Supplementary
Table 3, Fig. 4).

Expression Analysis of Putative Root and Leaf Tissues miRNAs and Their Targets
Involved in Withanolide Biosynthesis

In this study, RT-PCR was used to investigate the expression pattern of withanolide biosyn-
thesis responsive miRNAs and their putative targets in W. somnifera root and leaf tissues.
Root-miR5140 and root-miR159 targets CAS1 and DWF1 genes, respectively. Here, we have
analyzed the expression of root-miR5140 with target gene CAS1 and root-miR159 with target
gene DWF1 under control vs. severe drought stress condition. Results showed that differential
expression of both root tissue miRNAs with their targets were down regulated in severe stress
condtion (Fig. 5a). DWF1 gene showed comparatively higher expression than root-
miRNA159. All the miRNAs identified from leaf specific dataset were upregulated under
drought stress. Their expression were increased along with their target genes under increasing
drought stress (Fig. 5b–d). All the studied three miRNA showed hightest upregulation at the
12th day of drought after that it was decreased. Leaf-miR477 and leaf-miR530 targets UGT
and ABA2 genes, respectively. Expression of leaf-miR477 and leaf-miR530 was increased by
480 and 4.3 times in comparison to watered plants at the 12th day of drought. However, their
corresponding target genes were upregulated by 1.6 and 2 fold at 12th day of drought (Fig. 5b,
c). The expression of leaf-miR159 was increased by 336.82 fold along with 22 times
upregulation of its target DWF1gene (Fig. 5c).

Discussion

Withania somnifera (ashwagandha), a multipurpose medicinal plant is a rich reservoir of phar-
maceutically active compounds. This plant has been included in the list of top 32 prime concerned
medicinal plants by the NationalMedicinal Plant Board of India (http://www.nmpb.nic.in) owing to
its huge demand in both domestic and internationalmarkets [26]. All parts of ashwagandha like leaf,
stem, flower, root, seed and bark are used as pharmaceutical constituents [27]. Various chemical
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constituents like withanolides, alkaloids, sitoindosides, flavanoids, saponins, glycosides and
triterpenoids present in W. somnifera are important due to their applications in many industrial
products [6, 28]. The numerous therapeutic applications of W. somnifera are related to anti-
inflammatory activities, action on the immune system [29, 30], circulatory system [31], diabetes
[32], central nervous system [33, 34] and anticancer activity [35]. Presently, thousands of miRNA
families have been identified in diverse species of different plant families. But still needs to be
explored a large number of plant miRNAs and their regulation in different biological function [36].
To gain the new insights into the regulatory role of miRNAs in withanolide metabolism, we
identified the miRNAs from the transcriptome data of root and leaf tissues. Many reports are
available for the identification and characterization of miRNAs in the transcriptome data such as
Typha angustifolia in response to cadmium stress [37], steviol glycosides biosynthetic pathway of
Stevia rebaudiana [38], alkaloid biosynthesis of opimum poppy [15], carotenoid biosynthesis of
tomato [39], regulation of phenylpropanoid pathway in Arabidopsis [40]. Despite the accumulated
knowledge of the microRNA-mediated regulation of several processes, the involvement of miRNA
families in regulating secondary metabolies biosynthesis of pharmaceutically and commercially
important plants is still poorly understood [41]. In present study, 24 and 39 miRNA families were
identified from root and leaf tissue, respectively (Supplementary Table 2, Fig. 1a and b). The
average mature miRNAs length, AU and GC content, pre-miRNAs MFEI and MFE in root tissue
were 20 nt, 55.33, 44.66, − 0.79 kcal/mol and − 45.56 kcal/mol, respectively. On the other hand in
leaf tissue average mature miRNAs length, AU and GC content, pre-miRNAs MFEI and MFE
were 20 nt, 19.05, 76.19, − 0.71 kcal/mol and − 3969 kcal/mol, respectively. The above reported
characteristics of miRNA genes were in agreement with many previous studies ([9, 42–46], B. H.
[47]). Coexpression analysis of miRNA revealed that eight miRNA families (miR164,miR169,

Fig. 5 Differential gene expression of miRNAs in root (a) and leaf tissue (b, c, d) under different drought
conditions
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miR159, miR398, miR476, miR5085, miR172 and miR5303) were expressed in both root and leaf
tissues. Target prediction revealed miRNAs that are present only in root and leaf and coexpressed
miRNAs regulation in both tissues were observed in different biological processes (Supplementary
Tables 4 and 5). In this study, our main focus was to identify miRNAs involved in the regulation of
genes related to secondary metabolic pathways, particularly withanolide biosynthesis. Pathway
analysis revealed that four miRNA families (miR5140, miR159, miR172 and miR5303) identified
in root tissues were involved in the regulation of secondarymetabolite biosynthesis (Supplementary
Table 3). Out of these fourmiRNA families, three (miR159,miR172 andmiR5303)were expressed
in both root and leaf tissues. But these three miRNAs (miR159, miR172 andmiR5303) were found
to target the genes involved in regulation of secondarymetabolites only in root tissue. Earlier reports
are available on these four miRNAs from the roots of W. somnifera viz., miR5140, involved in
magnesium transporter CorA-like family protein [48], miR159 involved in regulation of GAMYB
like genes [49], NACs [50]. miR172 targets the genes which lead to the biosynthesis and
accumulation of lycopene [39] and main candidates acting as mobile signals for tuberization [51].
miR5303 targeting protein for Xklp2 (TPX2)/Mpp10 domain containing protein [52] and also
responsible for amino peptidase activity [53]. In case of leaf tissue, four miRNAs (miR477,
miR1426, miR530 and miR5079) which express only in leaf, target the secondary metabolite
biosynthesis-related genes (Supplementary Table 3). Many previous reports are available on these
four miRNAs found in leaf of W. somniferavz., viz., mitogen-activated protein kinase, heat shock
cognate protein, cytosolic ascorbate peroxidase myo-inositol-1-phosphate synthase, dual specificity
protein phosphatase, glutamate synthase-related genes regulate by miR477[54]. miR1426 showed
preferential expression at different development stages of leaves and flowers as reported earlier [55].
Regulation of anther development and male sterility in 7B-1 male-sterile tomato mutant [56] and
targeting the argonaute 1 gene indicated a second autoregulatory mechanism for miRNA regulation
by miR530 [57]. miR5079 was reported to express preferentially in the tolerant rice genotype N22
at high temperature [58]. Analysis of miRNAs families which were involved in regulation of
withanolides biosynthesis-related genes revealed that miR5140 and miR159 of root tissue target
CAS1 and DWF1 genes respectively which play an important role in wihanolides biosynthesis.
CAS1 has been reported as central intermediate in the metabolic route toward withanloide
biosynthesis. Differential expression of root-miR5140 and root-miR159 and their corresponding
target genes were downregulated. Hence, these miRNAs were positively regulating their targtes
(Fig. 5a). The upregulation of leaf-miR477, leaf-miR530 and leaf-miR159 showed the negative
regulation of their corresponding targets at 12th day drought, specifically (Fig. 5b, c and d). DWF1
was also found as multifunctional enzymewhichmay carry out isomerization and reduction of post
24-methylene cholestrol intermediates inwithanolide biosynthesis [27]. Study of leaf tissue revealed
the involvement of miR477 andmiR530 in withanoide biosynthesis by targeting UGTs andABA2,
respectively. In earlier study [59], it was reported that plant family 1 UGTs catalyze the glycosyl-
ation of surplus bioactive natural compounds. This is frequently the concluding step for biosynthesis
of various natural products [60], which lead to enhancement of withanolides [27]. ABA2 is required
for the plastidal MEP pathway synthesis, IPP (isopentenylnpyrophosphate) and DMAPP (dimethyl
allyl pyrophosphate) [27]. Dual autonomous pathways for the isoprenoid precursor biosynthesis co-
exist in plant cell including the classical cytosolic mevalonic acid (MVA) pathway and the
alternative route, plastidial methylerythritol phosphate (MEP) pathway [61]. Triterpenoid backbone,
like other terpenoid compounds is biosynthesized by metabolic pathway requiring isoprene units
(IPP and DMAPP) as precursors. Therefore, isoprenogenesis could be one of the key upstream
metabolic processes governing flux of isoprene units for synthesis of metabolic intermediate(s) of
triterpenoid pathway committed to withanolide biosynthesis [27].
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Conclusion

Transcriptome analysis of W. somnifera for prediction of miRNA identification and character-
ization showed that miR5140, miR159, miR172 and miR5303 of root tissue and miR477,
miR1426, miR530 and miR5079 of leaf tissue were involved in regulation of secondary
metabolites. Endogenous root-miR5140, root-miR159, leaf-miR477 and leaf-miR530 may
be helpful for, increasing the withanoides yield. In addition, root-miR159, root-miR172 and
leaf-miR530 were endogenously involved in regulation of secondary metabolite-related
mRNAs. Several studies have reported the involvement of plant miR172, miR530 and
miR159 in the regulation of crosskingdom (exogenous) mRNAs [62–64]. These predicted
miRNA families of W. somnifera may also be further explored for regulation of human
disease-related mRNA. This study will help to further understanding W. somnifera miRNA-
based genetic regulation of different biosynthetic pathways.
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