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Abstract 

Biosynthesis of secondary metabolites in plant is a complex process, regulate by many genes and influence by 

several factors. In recent years, the next-generation sequencing (NGS) technology and advanced statistical analysis 

such as meta-analysis and computational systems biology have provided novel opportunities to overcome biological 

complexity. Here, we performed a meta-analysis and multi-step integrated approach of publicly available 

transcriptome datasets of twelve economically significant medicinal plants to identify differentially expressed genes 

(DEGs) between shoot and root tissues to identify the key molecular features which may be effective in the 

biosynthesis of secondary metabolites. Meta-analysis identified a total of 880 genes with differential expression 

between two tissues. Functional enrichment and KEGG pathway analysis indicated that the functions of those DEGs 

are highly associated with the developmental process, starch metabolic process, response to stimulus, porphyrin and 

chlorophyll metabolism, biosynthesis of secondary metabolites and phenylalanine metabolism. In addition, systems 

biology analysis of the DEGs was applied to find protein–protein interaction network and discovery of significant 

modules. The detected modules were associated with hormone signal transduction, transcription repressor activity, 

response to light stimulus and epigenetic processes. Finally, analysis was extended to search for putative miRNAs 

that are associated with DEGs. A total of 31 miRNAs were detected which belonged to 16 conserved families. The 

present study provides a comprehensive view to better understand the tissue-specific expression of genes and 

mechanisms involved in secondary metabolites synthesis and may provide candidate genes for future researches to 

improve yield of secondary metabolites. 

Keywords: Medicinal plant, Shoot and root tissues, Secondary metabolites, Transcriptome data, Meta-Analysis 

Abbreviations 

ROM: ratio of means 

FC: fold change 

GO: gene ontology 

DEG: differentially expressed gene 

qPCR: quantitative real-time RT-PCR 

PPI: protein–protein interaction  

CHS: chalcone synthase  

C3′H: cytochrome p450 reductase  

CYP: cytochrome P450 

PAL: phenylalanine ammonia-lyase 

HMGR: 3-hydroxy-3-methylglutaryl-coenzyme A reductase 

SK1: shikimate kinase 1  
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1. Introduction 

The biochemical diversity of plants is a valuable resource for improvement and discovery of new medicines. The 

value of herbal medicines comes from their pharmaceutical properties that is linked to secondary metabolites. 

Originally, secondary metabolites play a significant role in response to a wide variety of environmental changes in 

plants (Hussain et al., 2012). Understanding the molecular basis of secondary metabolite synthesis and employing 

this knowledge to improve the production of secondary metabolites has been an important goal for the producers. 

Biosynthesis and accumulation of secondary metabolite are often tissue-specific, and related genes of enzymes and 

regulators also show organ- or tissue-specific expression patterns (Upadhyay et al., 2014; Garg et al., 2015). The 

accumulation of anthocyanins and flavonols in vegetative organs under environmental stresses (Ferreyra et al., 

2012), biosynthesis of tropane alkaloid scopolamine in roots and different tissues of Atropa belladonna and 

Hyoscyamus muticus (Ziegler and Facchini, 2008), biosynthesis of flavonoid pigments and volatile terpene in floral 

tissues and the monoterpene production in peppermint glandular (Croteau et al., 2000) are typical examples of 

organ-based production of secondary metabolites. Genes with tissue-specific expression have significant impacts on 

the status of these metabolites. Variation in the gene expression patterns across developmental stages, tissue types 

and various physiological or environmental conditions plays a central role in understanding of gene regulation in 

medicinal plants.  

As mentioned above, the ability to identify genes and changes in their expression that correlate with synthesis of 

secondary metabolites is a fundamental aspect for utilization of transcriptomics in medicinal plants. The 

advancement of sequencing techniques for transcriptomic profiling has been the important core of new 

developments to overcome biological complexity. The advent of next-generation sequencing has opened new 

avenues in biology. Recently, RNA-seq is a potentially powerful and effective tool for expression profiling, 

especially in non-model plants for where the reference genome is not available (Wang et al., 2009). Due to the 

extensive application of RNA-seq technology, the amounts of data in this area is increasing exponentially, in recent 

years. With the considerable amount of deposited transcriptome data for the various plant species, it is necessary to 

generalize the concept from different studies to provide a more comprehensive and precise knowledge.  

In general, to identify genes with potential importance, researchers have compared the global gene expression 

profiles under different conditions. Such analyses usually generate a list of genes that are differentially expressed, 

making it difficult to determine the genes that play key role (Rhodes et al., 2004).  

One limitation in the field of medicinal plants is that most of the information have been obtained from experiments 

under the confined conditions. Meta-analysis is a powerful strategy that integrates transcriptomics data to identify 

core gene sets that regulate the complex traits (Frierson et al., 2002; Sharifi et al., 2018). Consequently, this creates 

an opportunity to reuse the data and discover critical components of the biological processes, particularly those 

associated to secondary metabolism. Whereas meta-analysis on transcriptome data, especially microarray data, has 

been widely applied in human and animal genomes, limited number of similar studies have been conducted in plants 

(Shaar-Moshe et al., 2015). However, these holistic methods for the study of medicinal plants are not yet used 

(Pathania and Acharya, 2016).  
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We hypothesized that identification of differential gene expression between tissues will give an overall picture about 

the genes involved in secondary metabolites production. Accordingly, meta-analysis of tissue-specific RNA-seq data 

and systems biology analysis were used to identify genes and important transcriptional programs that may play a 

determinant role in biosynthesis of secondary metabolites. We also confirmed findings of meta-analysis by tissue-

specific expression of some selected genes for Echinacea purpurea, one of the important medicinal plants by RT-

qPCR. 

2. Materials and Methods 

 

2.1.  Data collection and pre-processing 

Transcriptomic sequences and gene expression data of different tissues of twelve medicinal plants (Table 1) were 

obtained from the Sequence Read Archive (https://www.ncbi.nlm.nih.gov/sra) databases and Medicinal Plant 

Genomics Resource (MPGR, http://medicinalplantgenomics.msu.edu/) (Góngora-Castillo et al., 2012). All 

expressed transcripts were also annotated by performing BLASTX (an E-value cutoff ≤ 1E-6) searches using the 

TAIR (http://Arabidopsis.org) database. The expression level (log2 transformed FPKM values) of each tissue was 

estimated then the dataset was grouped into a root class and shoot class for the twelve plants. 

2.2.  Meta-analysis of expression dataset 

A meta-analysis was carried out on the integrated dataset to find the DEGs between the root and shoot tissues. First, 

to reduce number of statistical tests and control of false positives, 20% of genes that have low expression levels and 

last variance were excluded. A comparison between two classes for each species designed and moderated t-statistic 

with 1000 random permutaions conducted to determine the significance of each comparison for each gene. The 

adjusted p-value (FDR <0.05) (Benjamini and Hochberg, 1995) were considered significant and used for further 

analysis. To combine p-values and detection of differentially expressed genes between two tissue types, Fisher’s 

method was used. The log ratio of means (ROM), which is the natural log of the ratio (Hu et al., 2009), was applied 

to measure the gene expression values. ROM were calculated by following formula: 

        
    

    

  

where    ,      and      represent the ROM, mean expression level in root and shoot for each gene in dataset, 

respectively. The preprocessing of the data, analyses and graph generation were performed with the various 

Bioconductor (http://www.bioconductor.org) packages; MetaDE, pheatmap, pathview. 

2.3.  Functional annotation and pathway enrichment analysis 

GO enrichment analysis was conducted on significant DEGs obtained from meta-analysis using agriGO (Du et al., 

2010). The functional characterization was annotated based on GO terms for biological process, molecular function 

and cellular component under a significance threshold of FDR <0.05. To identify important pathways of the DEGs, 

a pathway enrichment analysis also was carried out using the David database (http://david.abcc.ncifcrf.gov/). 
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2.4.  Protein-protein interactions (PPI) and network construction 

The protein-protein interactions analysis was performed to assess the possible interaction among DEGs in protein 

level. The BioGRID (http://thebiogrid.org/) was employed for PPI network. The ClusterONE plugin (Nepusz et al., 

2012) (http://apps.cytoscape.org/apps/clusterone) in Cytoscape software was used to statistically distinct modules. 

The biological functions of gene sets corresponding to modules was tested using the ClueGO plugin (Bindea et al., 

2009) with the cutoff of FDR <0.05. The Cytoscape software was utilized to visualize and integrate interaction 

networks. 

2.5.  Prediction of potential miRNAs 

The sequences of DEGs corresponding to Arabidopsis thaliana were obtained from the Phytozome database 

(http://www.phytozome.net/). Then these sequences were used as queries to identify potential small RNA. We used 

psRNATarget server (http://plantgrn.noble.org/psRNATarget/) with default parameters except for, maximum 

expectation that was set to 2. The published miRNAs of Arabidopsis thaliana were used to find the miRNAs. 

To further functional insight about  the central regulators of identified miRNAs, common pathway regulators 

including small molecule, transcription factors, miRNAs and treatments were constructed using Pathway Studio 11 

(http://www.elsevier.com/online-tools/pathway-studio) (Pashaiasl et al., 2016). The list of miRNAs was used to 

determine common pathway regulators based on several types of interactions such as direct regulation, expression, 

promoter binding and regulations.  

2.6.  Plant materials and quantitative real-time PCR (RT-qPCR) 

To validate the meta-analysis results, five DEGs were selected and quantitative real-time PCR (RT-qPCR) was 

performed for Echinacea purpurea tissues. Seeds of E. purpurea were planted in glasshouse conditions. The shoot 

and root tissues from four-month-old plants were sampled. For RT-qPCR, total RNA was extracted from the tissues 

using the Denazist kit following the manufacturer’s instructions. RT-qPCR was carried out using SYBR Green 

reagent. The relative expression levels of each gene were normalized to the internal reference gene GAPDH. 

Sequences of the primers are listed in Table S 6. 

3. Results and Discussions 

To study and compare tissue-specific profiling of genes in herbal medicines, gene expression data was collected 

from different tissues of different species of medicinal plant. Before performing the meta-analysis, PCA analysis 

was applied to all data sets and evaluated patterns of clustering among tissues. The first and second principal 

components explained 63% of the total variation in the data set (Fig S 1). PCA revealed that the majority of 

homologous tissues of different species were grouped into the same category. Accordingly, this observation 

confirms that many gene expression patterns in the developmental programs are conserved (Brawand et al., 2011). 

3.1.  Identification of DEGs by meta-analysis 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

6 
 

At the first step of the analytical pipeline for determining DEGs, a moderated t-statistic with a threshold (FDR < 

0.01) was performed for shoot versus root group in each species. The number of significant DEGs varied from 9 to 

362 (Table S 1). The meta-analyses (using Fisher method) of the all dataset identified 880 genes differentially 

expressed (FDR < 0.01) among plant parts (Table S 2). The meta-analysis recognized genes which were not 

identified through the individual studies, demonstrating the extra ability of this approach to identify effective genes. 

Four genes, including HPR, ATPC1 RCA and GUN5 revealed the highest fold change (|ROM| >3) (Fig 1). These 

genes are mostly involved during photosynthesis in chloroplast stroma. HPR is a coding gene that performs in the 

glycolate pathway of photorespiration (Wingler et al., 1998). The ATPC1 is a protein coding that regulates ATPase 

activity and is required for starch accumulation (Dal Bosco et al., 2004). The RCA encodes a chloroplast protein that 

functions as a molecular chaperone with an important role in grain yield and regulating JA signaling (Attaran et al., 

2014; Sun et al., 2016). GUN5 is a mediators of the tetrapyrrole-dependent signaling pathway that involve in 

chlorophyll biosynthesis (Maruta et al., 2015) and abscisic acid (ABA) signaling (Voigt et al., 2010). Previous 

studies have shown a link between ABA and JA, suggesting that ABA may participate in cross-talk with JA signal 

transduction in biosynthesis of secondary metabolites. (Pan et al., 2010; Li et al., 2015). These results show that the 

expression of genes involved in photosynthesis and metabolite biosynthesis might be coordinated and regulated by 

phytohormone-associated genes.  

3.4. Functional enrichment and KEGG pathway analysis of DEGs 

To get more insight into the overall trends of biological functions in studied tissues, gene ontology (GO) based 

enrichment tests was implemented by searching of DEGs against the AgriGO database with an E-value threshold of 

10
-3

. GO analysis showed that genes are enriched in 12 biological process categories include developmental process, 

multicellular organismal process, pigment biosynthetic process, cellular component organization, multi-organism 

process, cellular process, reproductive process, metabolic process, establishment of localization, response to 

stimulus, starch metabolic process and cellular component biogenesis (Fig 2). Previous report on Bacopa monnieri 

has suggested that differential expression levels of genes are linked to secondary metabolite pathways in the root and 

shoot tissues (Jeena et al., 2017). It has been also suggested that synthetic modification of these metabolites may 

occur by different signaling cascades (Jeena et al., 2017). For the molecular function, major GO categories were the 

transporter activity and catalytic activity (Fig 2). The genes associated with ABC transporters were represented in 

the transporter activity category. These transporters are localized in most cell membranes and vacuolar (Ramilowski 

et al., 2013) and also are proposed to have a significant role in membrane transport of phytochemicals in the plant 

body (Yazaki, 2006). As described above, the DEGs were remarkably enriched in metabolic process. This analysis 

shows that tissue type conspicuously is decisive on metabolic composition. Furthermore, it has been demonstrated 

that DEGs may handle specific functions in certain tissue that determine the tissue-specialized processes. 

In addition, the GO cellular component showed that the DEGs mainly are in the cytoplasm, chloroplast, thylakoid, 

plastid stroma, membrane, peroxisome, mitochondrion, endoplasmic reticulum (Fig 2). The biosynthesis of 

secondary metabolites localizes to different subcellular compartments. The enzymes are involved in monoterpenoid 
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indole alkaloids, for example, are present in the cytosol, chloroplast, endoplasmic reticulum and vacuole of 

Catharanthus roseus cells (Ziegler and Facchini, 2008; Nascimento and Fett-Neto, 2010) . 

With the aim to identify the significant pathways, KEGG pathway enrichment analysis of the DEGs was performed 

based on a p-value cut-off 0.05 that allowed us to define pathways that depend on the tissue. KEGG analysis 

revealed that biosynthesis of secondary metabolites, porphyrin and chlorophyll metabolism, biosynthesis of 

antibiotics, flavonoid biosynthesis, phenylalanine metabolism, carbon metabolism and fatty acid metabolism are 

significantly enriched (Table 2). It has been reported that most of genes related to terpenoid and phenylpropanoid 

pathways are highly expressed in root than in shoot of Valeriana fauriei (Park et al., 2016). Interestingly, in the 

biosynthesis of secondary metabolites pathway, genes encoding OPC-8:0 CoA ligase 1 (OPCL1), acyl-CoA oxidase 

1 (ACX1) and allene oxide synthase (AOS) were identified, and all of these enzymes involved in jasmonic acid 

biosynthesis. The phytohormone JA play a major role in many aspects of plant growth, developmental stages and 

reprogramming of plant secondary metabolism (De Geyter et al., 2012). Application of JA as elicitors dramatically 

increases the level of secondary metabolites in various plants. Currently, this strategy has been applied for 

enhancing the productivity of these valuable metabolites (De Geyter et al., 2012; Hussain et al., 2012).  

In addition, the pathway analysis indicated that phenylalanine metabolism and flavonoid biosynthesis were 

significant. The amino acid phenylalanine (Phe) plays a critical role as interconnectivity of primary and secondary 

metabolism in plants (Pascual et al., 2016). This aromatic amino acid has closely linked to shikimate pathway, acts 

as precursors for a wide range of secondary metabolites and leads carbon from photosynthesis to the biosynthesis of 

phenylpropanoids (Tzin and Galili, 2010). The metabolism of Phe is also a source of anthocyanins, flavonoids, 

phenylpropanoids, lignans, condensed tannins, lignin, stilbenes and the plant hormone salicylate (Pascual et al., 

2016). 

Flavonoids are important type of plant secondary metabolite. In meta-analysis, 7 DEGs were detected that encode 

enzymes involved in flavonoid biosynthesis (Fig 3). Among the enzymes, chalcone synthase [EC 2.3.1.74] (CHS), 

flavanone 3-hydroxylase [EC:1.14.11.9] (F3H) and cytochrome P450 reductase [EC:1.14.13.36] (C3′H) were found. 

CHS convert 4-coumaroyl-CoA and malonyl-CoA to naringenin chalcone that the first step in the flavonoid 

biosynthesis. F3H catalyze the naringenin to substance dihydroflavonol. The majority of F3H genes have been 

obtained from some herbal medicines, including Ginkgo biloba (Shen et al., 2006), Carthamus tinctorius (Tu et al., 

2016) and Camellia sinensis (Singh et al., 2008). The genes expression of CHS and F3H is influenced in response to 

environmental stress and exposure to JA which increased accumulation of flavonoid (Dao et al., 2011; Tu et al., 

2016). Cytochrome P450 reductase belongs to the cytochrome P450 superfamily (CYP) that catalyzes 3-

hydroxylation of p-coumaroyl shikimate to monolignol lignin precursor. In plants, CYP enzymes are involved in the 

biosynthesis or catabolism of all phytohormones and performs majority of the oxidation processes of secondary 

metabolites (Ramilowski et al., 2013). CYP also plays pivotal roles in synthesizing red colour in fruit, flowers and 

epidermal tissues (Tanaka and Brugliera, 2013). Currently, engineering of CYP-derived metabolites has been 

successful usage in plants and microorganisms (Renault et al., 2014).  

3.5. Protein–protein interaction (PPI) network analysis and modules detection 
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For understanding of the global biological context of the detected DEGs from meta-analysis at the protein level, PPI 

networks were first constructed based on proteins encoded by DEGs that were obtained from BioGrid databases. PPI 

network had 2344 nodes and 4328 edges (Fig 4A). Among the nodes, HHP4, COP1, SUMO1, PHYB, GAI and 

UBQ3 were identified with the highest degree that were the most significant nodes of the network. Interestingly, it 

was found that these nodes had significant association with response to stimulus.  

The functional enrichment analysis led us to the major pathways. In other words, to get more detailed information, 

we used a network modules analysis to investigate the core molecular networks that may function in regulation 

biosynthesis of secondary metabolisms. Accordingly, clusterONE algorithm (Nepusz et al., 2012) was performed to 

identify the modules. The gene ontology (GO) enrichment analysis on the four top significant modules was 

performed based on the biological process and KEGG pathways (Table S 3). The modules varied in size, ranging 

from 13 to 76 nodes. 

Module 1 that contained 76 nodes (Fig 4B) was enriched in hormone signal transduction and response to gibberellin 

(Table S 3). The plant hormone signaling, including gibberellin signaling, involves in various phenomena during 

plant growth and development (Santner and Estelle, 2009). It is well documented that a strong link between 

hormone signaling and production of secondary metabolites are often triggered by ethylene, abscisic acid, jasmonate 

and salicylic acid (Zhao et al., 2005; Nascimento and Fett-Neto, 2010); for example, taxol production in Taxus spp 

cell culture can be induced by ABA (Luo et al., 2001). In C. roseus cell culture, indole alkaloids are stimulated by 

salicylic acid (Zhao et al., 2000). Also, in Echinacea purpurea hairy root culture, treatment with gibberellic acid 

induces production of cichoric acid, caftaric acid, and chlorogenic acid (Abbasi et al., 2012). Similarly, gibberellic 

acid significantly increases accumulation of phenolic acids and phenylalanine ammonia lyase (PAL) enzyme activity 

in the Salvia miltiorrhiza (Liang et al., 2013).   

The module 2 with 29 nodes (Fig 4C) has of 3 known genes from the transcription repressor activity (Table S 3). 

These genes (such as TIFY7, and JAZ) are related to transcriptional repressors that interact with several TFs to 

regulate aspect of the signalling pathway. The findings have demonstrated that JAZ regulates secondary metabolite 

production (De Geyter et al., 2012). For instance, in tobacco (Nicotiana tabacum), JAZ proteins as repressors of JA-

mediated activation involve in nicotine biosynthesis. Other processes were associated with response to 

brassinosteroid. Brassinolides are steroid hormones that interacts with phenolic compounds such as flavonoids in 

response to environmental stresses (Bartwal et al., 2013). As reported, the exogenous brassinolides application 

increased activities of enzymes related to secondary metabolism such as PAL and SKDH in tomato (Solanum 

lycopersicum L.) (Ahammed et al., 2013). This module also contains COI1 gene, which acts as a receptor in 

jasmonate signaling pathway (Liao et al., 2015). The COI1 gene is required to start the transcription of JA-

responsive genes and inducing biosynthesis of secondary metabolites (Brader et al., 2001). 

Module 3 consists of 26 nodes (Fig 4D) and was mainly enriched in response to light stimulus, circadian rhythm and 

photoperiodism (Table S 3). The circadian rhythm involves in regulation of central plant activities like biotic and 

abiotic stress responses, growth, flowering time and metabolism (Greenham and McClung, 2015). The studies have 

shown that hormones biosynthesis and signalling-pathway genes are regulated by the circadian clock and light 

intensity (Covington et al., 2008) which influence expression of genes encoding enzymes responsible for secondary 
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metabolite biosynthesis (Khan et al., 2010). In Arabidopsis thaliana, variation in the glucosinolate structure has been 

associated with altered circadian clock transcriptional patterns (Kerwin et al., 2011). Also, for callus culture 

of Zingiber officinale, production of gingerol and zingiberene was increased in response to light (Anasori and 

Asghari, 2009). 

Most notably, module 4 includes 17 nodes (Fig 4E) composed of 3 genes (SCE1, SIZ1 and SUMO1).  These genes 

are associated with the protein sumoylation (Table S 3). It is known that small ubiquitin-related modifier (SUMO) 

plays a critical role in the posttranslational modification of proteins, chromatin-related processes and regulation of 

hormone signalling, abiotic and biotic responses in plants (Park et al., 2011). The recent study addressed that SIZ1 

play key role in signaling pathways and responses to environmental stresses. The observations revealed that siz1 

mutation evokes ABA hyperinduction of several ABA-responsive genes, indicates that SIZ1 has a negatively role in 

regulates ABA signaling (Lois et al., 2003; Miura and Hasegawa, 2010). SUMO1 and SCE1 are essential for 

development because knockout of SUMO1 or SCE1 cause embryo stage arrest (Elrouby, 2015). In addition, SUMO 

can affect the production of the secondary metabolite. This phenomenon is demonstrated among fungus such as 

Aspergillus nidulans, where the deletion of gene encoding SUMO, caused a dramatic increase in the production of 

asperthecin (Szewczyk et al., 2008). This result indicates that tissue type may regulate the production of the 

secondary metabolite through epigenetic changes such as histone modification. 

3.6. Identification of potential miRNAs 

MiRNAs are a class of small non-coding RNA molecules which play a key role in regulation of various biological 

processes by post-transcriptional regulation of gene expression. Additionally, many miRNA families are highly 

conserved across the plant kingdom (Zhang et al., 2006). The identification of putative miRNAs associated with 

DEGs, could prove a clue to clarify how miRNAs and target genes regulate tissue-specific biological functions in 

medicinal plants. Here, to find putative miRNAs associated with DEGs, the computational algorithm psRNATarget 

with high specificity based on the highly stringent penalty score (≤2) was employed. A total of 31 miRNAs were 

detected which belonged to 16 conserved families. The list of the miRNAs is shown in Table S 4. Among the 

detected miRNAs, the miR169 and mir399 families comprised the highest frequency with 7 and 6 members, 

respectively. A large proportion of these miRNAs, miR169, miR2936, miR774, miR395, miR5648-3p, miR773, 

miR830, miR854 and miR5641, are associated with a wide range of process, such as development and stress 

responses. In Arabidopsis, miR169 regulates stress-induced flowering by targeting the AtNF-YA transcription factor 

(Xu et al., 2013). Similarly, miR399 was reported to be involved in flowering time (Kim et al., 2011). Dof genes in 

the cucumber that play important roles during growth, development, and environmental stresses were targeted by 

miR5658 (Wen et al., 2016). MiR2936 and miR774 reportedly targets F-box protein encoding genes, whose 

degradation of cellular proteins, during floral transition and seed development (Jain et al., 2007; Merchan et al., 

2009). MiR395 regulate sulfate concentration by targeting APS genes (Ai et al., 2016). MiR5648-3p expresses in 

late meristematic, elongation, and maturation zones and controls root growth (Breakfield et al., 2012). Additionally, 

miR773, miR830 and mir854 are involved in resistance to plant pathogens, response to temperature and drought 

stress, respectively (Lee et al., 2010; Li et al., 2010; Zhou et al., 2010). In tomato, miR5641 had important function 
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in signal transduction pathway and targeted seven genes such as DRP, ABF, LEA, ERF and SBP (Candar‐Cakir et 

al., 2016). Because of the functions and importance of miRNAs in controlling biosynthetic pathways, recently, 

strategies have led to use them to improve secondary metabolites production. In this study, we also found four 

miRNA families, namely, miR393, miR5021, miR414 and miR408 that potentially regulate secondary metabolite 

synthesis in plants. Of these, miR414 and miR5021 have roles in terpenoid backbone biosynthesis in Mentha spp 

and C. roseus, respectably (Pani and Mahapatra, 2013; Singh et al., 2016). Moreover, it has been shown that in 

Stevia rebaudiana, genes of the steviol glycoside biosynthesis pathway may be governed by miR414 (Guleria and 

Yadav, 2011). MiR393 is one of the conserved miRNA families in plants that targets auxin receptors. This 

microRNA changes the production of secondary metabolites by repressing auxin signaling. It has been shown that 

miR393 overexpression in Arabidopsis thaliana increased levels of glucosinolate (Robert‐Seilaniantz et al., 2011). 

MiR408 plays a central role in response to abiotic stress and its over-expression leads to reduced levels of reactive 

oxygen species (Ma et al., 2015). It has been found that, miR408 possibly targets a gene encoding reticuline 

oxidase-like protein that involve in the benzylisoquinoline alkaloids pathway (Boke et al., 2015).  

A network analysis was performed to identify upstream regulators of miRNAs related to DEGs (Fig 5 and Table S 

5). The regulatory network was noteworthy enriched with several transcription factors, miRNAs, treatments and 

small molecules. At small molecules, a high level of interaction is found between miRNAs and hormones, heavy 

metal, carbohydrates, etc (Fig 5C). It shows that auxin, ABA and MeJA are the major regulators of this miRNA 

network. Moreover, small molecules such as Cu
2+

, Pi and sulfur have a positive effect on the regulation and 

expression of miR399 and miR395; however, some small molecules, such as ROS have a negative effect on miR393 

expression. Previous studies demonstrated that higher concentrations of Cu
2+

 promoted the accumulation of 

betacyanins in Amaranthus caudatus seedlings (Obrenovic, 1990). In C. roseus, higher concentrations of phosphate 

induced alkaloid production through affecting on activities of phenylalanine ammonia-lyase (PAL) and tryptophan 

decarboxylase (TDC) enzymes (Knobloch and Berlin, 1983). Interactions between the different treatments and 

miRNAs are also noticeable, namely for starvation exposure, drought, salt and oxidative stress (Fig 5D). They 

involve in level of metabolites by coordinating the hormones and miRNAs (Gao et al., 2016). In addition, upstream 

microRNAs, including miR166, miR397, miR162 and miR169, in network are indicated involvement of these 

miRNAs in the several biological processes related to plant development and responses to stresses (Fig 5B). 

Recently, in different rose cultivars, miR166 has been implied as a negative regulator for flavonoids or carotenoids 

accumulation, resulting in white flowers (Kim et al., 2012). 

In the network, the 3 proteins consisting of AGO1, PHR1 and MYB2, were also found that regulating miRNAs (Fig 

5A). AGO proteins are crucial component of the silencing complexes that in many organisms are conserved 

(Mallory and Vaucheret, 2010). These proteins associate with miRNAs induces translational repression. The 

investigations indicated that AGO proteins related to HYL1 (a nuclear dsRNA binding protein) and could modulate 

secondary metabolic processes (Bulgakov and Avramenko, 2015). The MYB2 and PHR1 are a classification of 

plant transcription factors which were identified as the regulators of miR399. Transcription factors act as regulatory 

major fraction of miRNAs (Martinez and Walhout, 2009). Because importance of TFs in biological mechanisms, 

researches on determine functions of them in synthesis of metabolites have been promoted. Recently, MYB 
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transcription factors has been confirmed as regulators of phenylpropanoid-derived compounds synthesis in plants 

(Liu et al., 2015). MYB2 is an R2R3 MYB DNA binding domain that participate in primary and secondary 

metabolism, response to biotic and abiotic stresses, hormone signal transduction and determination of cell fate 

(Dubos et al., 2010). Transcription factor PHR1 has been recognized as a major regulator of metabolic changes, 

especially for phosphorus limitation. The concentrations of majority of glucosinolates, sinapic acid, fructose, sucrose 

and caffeic acid were reported to be reduced in the phr1 mutant grown in P-limiting conditions (Pant et al., 2015).  

3.7. Validation of the meta-analysis  

To verify the meta-analysis results, RT-qPCR was performed for expression of five selected DEGs in root and shoot 

tissues of Echinacea purpurea. E. purpurea is an economically important species with a wide range of therapeutic 

properties that is used in both modem and traditional medicinal plant. Echinacea products are the fourth most selling 

medicinal herb in Europe, and the sixth most selling in the United States, with an annual turnover of nearly €140 

mill in Europe (Miller and Yu, 2004; Blumenthal et al., 2015). The presence of 216 different pharmaceutically 

active compounds in E. purpurea has been confirmed (Murch et al., 2006). 

The relative abundance of genes (HMGR1, JAZ1, CYP98A3, WRKY2 and SK1) that were differentially expressed in 

the meta-analysis were monitored. Overall, in most of the genes, RT-qPCR analysis correspond well with meta-

analysis results, although, for WRKY2 no statistically significant difference in expression levels was observed 

between the two tissues (Fig 6). The expression of these genes was greatly affected by the tissue type. The RT-qPCR 

results indicated that expression levels of JAZ1 and CYP98A3 genes in root were higher than shoot. In contrast, 

expressions levels of HMGR1 and SK1 genes were lower in root than shoot. JAZ1 is involved in JA signaling and 

plays a regulatory function in biosynthesis of the phenolic compounds. The CYP98A3 is involved in 

phenylpropanoid metabolism (Nair et al., 2002). In addition, it was found that the expression of the HMGR 

correlates with alkaloid levels in C. roseus (Ayora-Talavera et al., 2002). There are reports documenting the 

presence of major active phenylpropanoid compounds such as caftaric acid present in the root of E. purpurea, 

contrasting with higher concentration of alkamides, a class of proto-alkaloids, accumulate in shoot (Miller and Yu, 

2004). This can explain different concentration of these compounds in different parts of E. purpurea.  

4. Conclusion 

Biosynthesis of secondary metabolites in medicinal plants are subjected to tissue-specific transcriptional regulation. 

Here, by integrating transcriptomic data of medicinal plants, meta-analysis as well as computational systems biology 

analysis, we monitored the transcriptomic changes between root and shoot in medicinal plants. Meta-analysis 

identified 880 tissue-associated genes that some of them have key roles in biosynthesis of secondary metabolites. 

These genes can be potential new molecular biomarkers for assessment of medicinal products in plants. Moreover, 

the PPI network analysis highlighted modules that affected by tissue type. These modules were associated with 

hormone signal transduction, transcription repressor activity, response to light stimulus and epigenetic processes. 

Additionally, we validated four biomarkers in E. purpurea. The biomarkers associated with tissue identified in this 

study can serve as useful resource for future breeding and genetic engineering programs in medicinal plants.   
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Figure legends 

Fig 1. Heat map for top 30 differentially expressed genes (DEGs) that represents expression patterns in different 

tissues. The heatmap plot was visualized using the gplots package of R (http://www.r-project.org/). 

Fig 2. GO enrichment of differentially expressed genes (DEGs): biological process (BP), molecular functions 

(MF) and cellular components (CC). Number of DEGs enriched in each GO term is shown. 

Fig 3. Pathway map of flavonoid biosynthesis (Map:00941). Boxes coded violet are EC number of the enzymes 

encoded by differentially expressed genes (DEGs). 

Fig 4. The constructed protein-protein interaction (PPI) and modules network of differentially expressed genes 

(DEGs). The modules identified from the PPI network using ClusterONE. (A) Global network involving the 

total DEGs (The red nodes indicate the identified hub proteins). (B) Module 1 (C) module 2 (D) module 3 and 

(E) module 4. 

Fig 5. The regulatory network of identified potential miRNAs. (A-D) Protein, miRNA, small molecule and 

treatment sub-networks, respectively. 

Fig 6. Validation of meta-analysis results for 5 selected genes in Echinacea purpurea root and shoot. 

RT-qPCR was carried out to obtain expression levels of genes. The expression levels were normalized by 

GAPDH as reference gene. To evaluate statistical significance between two tissues, t-test was performed on 

data. Results are represented as the mean ± SD (n = 3); (* P < 0.05, ** P < 0.01; ns, P >0.05). HMGR1, 3-

hydroxy-3-methylglutaryl coa reductase 1; JAZ1, jasmonate-zim-domain protein 1; SK1, shikimate kinase 1; 

CYP98A3, cytochrome P450 98A3. 
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Table 1 List of 12 medicinal species used for transcriptome meta-analysis in this study. 

Name of Species Family 
Samples 

(Shoot:Root) 
Active constituent(s) 

Camptotheca acuminata Cornineae 11:2 Terpenoid, Indole Alkaloid, Camptothecin 

Cannabis sativa Nyssaceae 14:3 Cannabigerol, Cannabinol 

Catharanthus roseus Apocynaceae 4:6 Indole Alkaloid 

Dioscorea villosa Dioscoreaceae 9:3 Diosgenin, Dioscin 

Echinacea purpurea Asteraceae 17:3 Phenolic 

Glycyrrhiza uralensis Legume 1:3 Terpenoids, Flavonoids 

Ginkgo biloba Ginkgoaceae 7:2 Flavonoid, Ginkgolides 

Hoodia gordonii Apocynaceae 3:3 Steroidal Glycoside 

Hypericum perforatum Hypericaceae 15:2 Dianthrone Glycosides 

Rauvolfia serpentina Apocynaceae 5:2 Antiarrhythmic Alkaloid Ajmaline 

Panax quinquefolius Araliaceae 12:3 Triterpene Saponins 

Valeriana officinalis Caprifoliaceae 7:3 Acevaltrate, Actinidine, Hesperidin 
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Table 2 The KEGG pathway enrichment of the total differentially expressed genes (DEGs).  

Pathway Gene count
a
 Percentage q-value 

Biosynthesis of secondary metabolites 118 13.4 4.10E-10 

Porphyrin and chlorophyll metabolism 13 1.47 7.60E-04 

Biosynthesis of antibiotics 46 5.23 1.00E-02 

Flavonoid biosynthesis 7 0.79 2.60E-02 

Phenylalanine metabolism 8 0.90 1.80E-02 

Carbon metabolism 29 3.29 4.30E-03 

Fatty acid metabolism 10 1.14 2.20E-02 
a
 The number and percentage of genes in each pathway. 
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Research Highlights 

 Tissue-specific transcriptomic signature of genes involved in secondary metabolites 

synthesis 

 Meta-analysis identified 880 genes with differential expression between roots and shoots 

 31 miRNAs were predicted to control the differential transcriptomic signature between 

shoots and roots 
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