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ABSTRACT
Background: Stevia (Stevia rebaudiana) is a plant of nutritional and industrial 
importance for its diverse steviol glycosides. Stevioside, rebaudioside-A and 
their aglycon steviol – 200-300 times sweeter than normal sucrose are novel 
contenders for the development of antidiabetic drugs. Stevia leaf flavor 
at different harvest stages is a function of the metabolite content, which 
results from physiological changes during plant growth and development. 
Objectives: The main purpose of this study was to investigate metabolite 
changes during plant development using GC-MS metabolic profiling 
and HPTLC and to analyze expression of key genes of steviol glycoside 
biosynthetic pathway by qPCR. Material Methods: Metabolite data and gene 
expression from leaf samples of eight developmental stages underwent a 
variety of chemometric analyses, to identify the true differences between 
samples. Results: There was a significant increase of steviol from 0.23% 
to 6.6%, stevioside from 3.3% to 14.23%, rebaudioside-A from 0.826% to 
4.99% and (+)-isomenthol showed decrease in concentration from 16.79% 
to 5.23% with plant growth. srUGTs, srKO, srKS, srKAH, srUGP1, and 
srDXR increased whereas expression of (+)-srLMS and srNMD decreased 
with plant progression. Metabolite and gene correlation analysis revealed 
the interdependencies of individual metabolites and metabolic pathways 
genes. Conclusion: These results will help in selecting and utilizing the 
appropriate traits in Stevia crop.
Key words: Gas chromatography‑mass spectrometry, natural 
sweetener, rebaudioside‑A, Stevia rebaudiana, stevioside, UDP glucose 
pyrophosphorylase

SUMMARY
•  Metabolites identified by GC-MS from methanolic extract of stevia leaf 

represented steviols, phytosterols, limonenes and fatty acid biosynthetic 
pathways.

•  Key metabolites: Steviol, stevioside, rebaudioside-A, lupeol, stearic acid and 
beta amyrin increased, whereas (+)-isomenthol,methyl linolenate, phytol 
acetate and stigmasterol decreased with leaf maturation.

•  Expression of srDXR, srKS, srKO, srKAH, srUTGT76G1, srUGT85C2 and 
srUGT74G1 genes increased whereas, expression of srNMD and srLMS 
decreased with the stevia leaf maturation.

Abbreviations used: SG: Steviol glycosides; PCA: Principal component 
analysis; VIP: Variable importance in the projection; UGT: Uracil 
glycosyltransferase.
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INTRODUCTION
Stevia rebaudiana, perennial shrub is famous for the presence of steviol 
glycosides  (SGs) that are not found in any other organisms. Stevia is 
cultivated globally in China, Japan, Australia, Canada, USA, and India. In 
India, it is predominantly cultivated in Rajasthan, Kerala, Maharashtra, 
Orissa, and Himachal Pradesh, and has been expanded to the other parts 
of the country.[1] This plant has conventionally been used as a sweetener 
for centuries in these parts of the world. In modern times, it is used as 
sweetening agent in commercial products such as carbonated drinks, 
confectioneries as noncalorie sweeteners. In addition, euglycemic nature 
of Stevia gives it an upper hand over sweeteners (natural and artificial) 
present in the market.[2] SGs modulates taste responses and insulin release 
by activating transient receptor potential cation channel subfamily M 
member 5  (TRPM5) ion channel and potentiation of TRPM5 activity 
protects mice against the development of high‑fat diet‑induced 
hyperglycemia. Thus, stevioside, rebaudioside‑A, and their aglycon steviol 
are novel contenders for the development of antidiabetic drugs.[3] Stevia 

is harvested mainly for its SGs. Stevia has the potential to replace natural 
and artificial sugars as sweeteners. Along with SGs, Stevia is source of a 
broad range of compounds, that has valuable pharmacological activities; 
anti‑hypertensive,[4] anti‑microbial,[5] and anti‑fungal properties.[6] In 
systems‑wide analyses, accurate identification, and quantification of 
small molecules are the essential first steps to recognize and measure 
the concentration of metabolites. Chemical analysis of Stevia has been 
developed during the past years through high‑performance liquid 
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chromatography (HPLC) with ultraviolet detection,[7] LC coupled with 
mass spectrometry  (MS),[8] gas chromatography  (GC)‑MS[9] are some 
of these. However, in Stevia, these methods have been only employed 
for the analysis of targeted compounds, main compounds belonging to 
SG pathway. Untargeted compounds of different developmental stages in 
Stevia have not been well documented.
During the development of the plant, primary and secondary metabolites 
show considerable variation in different tissues. Moreover, transcriptome 
or proteome changes do not always congruous with phenotypic alterations. 
These factors make the metabolome along with gene expression 
quantification essential.[10] Determining the developmental changes of 
untargeted primary metabolites along with secondary metabolites and 
expression of key genes may help us understand the developmental 
regulation of secondary metabolites. GC‑MS has long been used for 
metabolite profiling owing to its sensitivity, specificity, synchronized 
analysis, and has relatively broad coverage of compound classes 
including terpenoids, sugars, sugar alcohols, glycosides, and lipophilic 
compounds. Due to its high separation efficiency, that can resolve very 
complex biological mixtures, this technology identifies and quantifies a 
few hundred metabolites in a single plant extract.[11] Metabolome along 
with an analysis of key gene expression helps in understanding the Stevia 
leaf components that are important for output trait.
Keeping in view the above facts, the present study was carried out to 
investigate the changes in metabolic composition and expression of 
key genes from Stevia leaves from early to flowering stages. In this 
study, we investigated the variations of organic acids, diterpenes, 
steviol, and its derivatives. The nontargeted metabolome were 
determined by GC‑MS and targeted by high‑performance thin‑layer 
chromatography  (HPTLC) using leaf extracts. Expression of key 
genes, srKO, srKS, srUGT76G1, srUGT74G1, srUGT85C2, srDXR, 
srKAH, srUGP1, srLMS, and srNMD in all eight stages of leaf 
development was analyzed using quantitative polymerase chain 
reaction  (qPCR). All the data underwent a variety of chemometric 
analyses, to ascertain the true variances between samples. Metabolic 
correlation analysis based on pairwise coefficients were carried out to 
characterize the physiological response to developmental changes and 
to find metabolic shifts in pathways during Stevia leaf development. 
These results will help in selecting the appropriate traits, time period 
for harvesting the Stevia crop. In future, expression profile of these 
key genes will help in selecting the appropriate gene modulations– to 
enhance SGs.

MATERIALS AND METHODS
Plant material and chemical reagents
Stevia  (S. rebaudiana Bertoni) plants obtained from Central Institute 
of Medicinal and Aromatic Plants, Pant Nagar, Uttrakhand, India, 
were grown in polyhouse at Jamia Hamdard, New Delhi, India, under 
controlled conditions, in an artificial climate chamber programmed for 
16 h/8 h at 25°C/16°C and day/night environment with a light intensity 
of 300 μmol/m2/s and relative humidity, 60%. HPLC grade methanol and 
syringe filters of 0.45 µm from Merck Millipore were used. The standard 
samples of stevioside and rebaudioside‑A were of analytical grade 
purchased from Sigma‑Aldrich USA.

Extraction procedure
Leaves were sampled at 4‑week interval from rosette stage to flowering 
stage. For each sample, there were three technical replicates. The 
air‑dried Stevia leaves were pulverized in mortar and pestle into fine 
powder. One gram powder of each sample was extracted three times 
with 5 ml of methanol at room temperature and sonicated for 15 min 
and centrifuged. The extract was concentrated to 1  ml by vacuo. 

After centrifugation solvent portion was collected and filtered using 
syringe filters  (0.45  µm). Samples then were immediately analyzed 
using GC‑MS for the analysis of untargeted and HPTLC for targeted 
metabolites.

Gas chromatography‑mass spectrometry analysis
The GC‑MS analysis was performed with a GC‑MS QP‑2010 
ULTRA equipped with an autosampler  (AOC‑20i  +  s) 
from Shimadzu  (Japan), using Equity‑5 column, 
30.0 m × 0.25 um × 0.25 mm for separation, and helium was used as 
a carrier gas at a constant flow rate of 1.0 mL/min. The 1µL sample 
was injected using 1/100 split‑mode injections at a temperature of 
260°C. The oven temperature program was initially set at 100°C 
and held for 2  min. The temperature was gradually increased to 
250°C at a rate of 10°C/min, and 300°C at 15°C/min. Electrons 
from the filament were accelerated to 70 eV and directed into the 
ionization chamber. Total ion chromatogram spectra were recorded 
in the mass range of 40–900  m/z at the rate of 2.5 scan/s. Peaks 
were identified using WILEY8 spectral library, National Institute 
of Standards and Technology (NIST) 14s, internal libraries and 
further confirmed with ChEBI  (http://www.ebi.ac.uk/chebi/init.
do) and ChemSpider (http://www.chemspider.com/).

Identification of metabolites detected by gas 
chromatography‑mass spectrometry
For metabolite identification and annotation, peaks were matched 
against customized reference spectrum databases including the NIST 
and the Wiley Registry. Data obtained was then uploaded to the 
web‑based tool MetaboAnalyst for high throughput analysis. The data 
were log normalized (log2) to make data more comparable.

Standard preparation
Standard solutions of stevioside and rebaudioside‑A were prepared by 
adding 1.0 mg to 1.0 mL of methanol to prepare a 1.0 mg/mL standard. 
This stock standard was then used to prepare standard dilution of 
0.1 mg/mL to 0.6 mg/mL of stevioside and rebaudioside‑A by appropriate 
dilution in the mobile phase.

High‑performance thin‑layer chromatography 
analysis of targeted compounds, stevioside and 
rebaudioside‑A
HPTLC was performed as per the already optimized method in our 
laboratory [12,13] with few modifications. Leaf samples were pulverized in 
mortar pestle and after dissolving in methanol, samples were sonicated 
for 15  min. This process was repeated three times and finally, sample 
was concentrated to 1 ml. Chloroform: methanol: water (60:32:4 v/v/v) 
was used as mobile phase. After drying, plates were then derivatized 
with freshly prepared anisaldehyde spraying reagent  (glacial 
acetic acid–concentrated: H2SO4: anisaldehyde, 50:1:0.5  v/v/v) for 
post‑chromatographic derivatization followed by heating at 100°C−110°C 
for 5–7  min. The compounds stevioside and rebaudioside‑A in each 
sample were identified by comparing their retention with their respective 
standard peaks.

Multivariate analysis
The GC‑MS data matrix after log normalization was used for 
multivariate analysis. The multivariate data matrix was analyzed by 
MetaboAnalyst  (http://www.metaboanalyst.ca/). Principal component 
analysis  (PCA) was used for an unsupervised analysis and least 
squares‑discriminant analysis  (PLS‑DA) for a supervised analysis. 
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A  PCA scatter plot of variables showing different metabolites was 
obtained to explain the separation of samples from different Stevia 
developmental stages. A range of metabolites was selected as the variable 
importance in the projection (VIP) based on orthogonal projection to 
latent structures‑discriminate analysis  (OPLS‑DA) method. Finally, 
Spearman’s hierarchical clustering algorithm was used to group 
metabolites that have the same pattern of distribution.

Metabolite correlation and network analysis
Spearman’s correlation coefficient, ρ was calculated for each 
metabolite within and between 61 annotated peaks of eight stages 
[Supplementary Table S1]. Spearman’s correlation coefficient ranges 
from–1 (perfect negative correlation) to 1 (perfect positive correlation) 
with 0 indicating no correlation. We chose Spearman’s correlation 
coefficient over Pearson’s correlation coefficient because it is insensitive 
to monotonic nonlinearities in relationships and less sensitive to outliers. 
Publicly available data from the Kyoto Encyclopedia of Genes and 
Genomes pathway database were obtained to understand and confirm 
the relationship between metabolite‑metabolite correlations.

Total RNA extraction and complementary DNA 
synthesis
Leaves  (100  mg) were sampled at 4‑week interval from rosette stage 
to flowering stage. Tissues were crushed under liquid nitrogen using 
mortar and pestle. Total RNA was extracted from leaf according to the 
manufacturer’s protocol Plant RNeasy Mini kit  (Qiagen, Germany). 
Genomic DNA was digested by treating each sample with DNase I (Sigma 
Aldrich). The concentration and purity of RNA samples were measured 
using NanoDrop spectrophotometer  (ND1000). The genetic integrity 
was evaluated by subjecting RNA to 1.5% agarose gel electrophoresis. 
Complementary DNA (cDNA) was synthesized from 1 µg total RNA 
using Verso cDNA  (Thermo scientific). Eight SG pathway‑related 

genes  (srKO, srKS, srUGT85C2, srUGT74G1, srUGT76G1, srDXR, 
srKAH, and srUGP1)[14] and two monoterpene biosynthetic pathway 
related gene (srLMS and srNMD) were selected. Potential homologs of 
these genes were identified from the genome and transcriptome data 
sequences of S. rebaudiana. The potential homologs sequences were 
aligned and edited by using BLAST Sequence Alignment tool. Primers 
were designed using IDT PrimerQuest tool  (http://eu. idtdna. com/
primerquest/home/index) and analyzed in OligoAnalyser  (https://eu. 
idtdna. com/calc/analyzer) according to the manufacturer’s instructions. 
The primer sequence along with their accession number and amplicon 
size are provided in Table 1. Amplicon specificity and size were verified 
by semi‑qPCR and gel electrophoresis, respectively [Figure 1].

Quantitative real‑time polymerase chain reaction 
assay
qPCR was carried out in optical 96‑well plate with LightCycler® 480 
System  (Roche Diagnostics) using SYBR Green I. The qPCR was 
designed according to the MIQE (minimum information for publication 
of quantitative real‑time PCR experiment) guidelines.[15] Reaction 
mixtures contained 10 μL SYBR Green I Mix, 2 μL diluted cDNA, 
double distilled water, and a final primer concentration of 0.4 μM. The 
following amplification conditions were applied: an initial denaturation 
step of 95°C for 30 s; 40 cycles at 95°C for 30s; and 55°C for 30s. The 
final dissociation curve was obtained from 65°C to 95°C to verify primer 
specificity. Each assay included two technical and biological replicates. 
The general quality assessment of the PCR results was based on the 
amplification and melting curve profiles of the samples in relation to the 
assay controls (nontemplate controls).

Gene expression analysis
Relative expression profiles of the key genes were calculated by 
converting quantitation cycle  (Cq) value to 2−ΔΔct. SAND and actin 

Table 1: Stevia genes with their primer sequence and amplicon length used in the study along with their accession numbers and orthologs were compared 
with stevia EST database https://www.ncbi.nlm.nih.gov/nucest/?term=stevia+rebaudiana

Gene Acession Putative ortholog Forward and reverse primer sequence Amplicon size
Limonene‑myrcene synthase (srLMS) BG522363.1 EU108697.1 FP: CATGCCATTGTTGGATCTCTTG

RP: CACCAACACTCACAGACTACTT
120

(+)‑neomenthol dehydrogenase (sr NMD) BG523793.1 GU167953.1 FP: AATATGTCGCCAGCTAGCTTTA
RP: TCAGAACACCAGAAGCATTGA

107

UDP Glucose Pyrophosphorylase (srUGP1) BG523253.1 NM_121737.4 FP:‑ TCTGCCACTGCCATCTAAAG
RP: GCATCAAGTTTCCCACTGTTC 

102

SAND Family protein BG521548 AT2G28390 F: CCGTGTCTTCCTCTTGCTTATG
R: ACCACCTTATCTTTGGCACATC

110

Actin (srACT7) AF548026 AT5G09810 F: CCCAAGGCGAACAGAGAAAAG
R: TGTACGACCACTGGCATAAAG

111

srUGT76G1 AY345974.1 F: GAACACGGAGCTGACGAATTA
R: TTGCGCGAAGTACCAAAGA

111

srUGT74G1 AY345982.1 F: GGGTGTTGGAGTTAGAGTTAAG
R: TACTCCTCTTTCCTCCTCCATAA

101

srUGT85C2 AY345984.1 F: GAGTGTGTCGAGTGGCTAAAC
R: CCCACCCAAATTCTACCAAATC

106

srKO AY364317.1 F: TGGTGGCGATGAGTGATTATG
R: CCTATGGATGCGGTGTTTCT

104

srKS AF097311.1 F: CTTGAAAGGTGGGTGGTAGAG
R: CTGATAATTCGGGAGACGAAAG

113

srKAH EU722415.1 F: CCTGAAATGGGAGGACATACAA
R: TATCCACAAGGGCCTCTCTAT

110

srDXR AJ429233.1 F: GGACGGCCCTAAACCTATTTC
R: GCAAGTGCTACAACTCGAAAC

108

EST: Expressed sequence tags
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in combination were found to be best genes for the gene assay 
normalization in different developmental stages  (Data unpublished). 
Thus, gene expression of all the genes were normalized against two 
reference genes SAND and actin.

RESULTS
Metabolome analysis
Leaf metabolite screening by gas chromatography‑mass 
spectrometry and high‑performance thin‑layer chromatography
Stevia was grown in greenhouse and different stages of leaves were 
harvested for metabolite analysis. These samples were collected every 
4  weeks. Chromatographic peaks obtained from GC‑MS of Stevia 
leaves extracted in methanol were identified using the NIST14s and 
Wiley8 databases. Preliminary GC‑MS metabolites acquired from all 
eight stages identified were > 350 resolved peaks, shown as an overlay 
in Figure  2. Nearly 55% of these peaks could be identified as distinct 
metabolites with known chemical structure. These identified metabolites 
represent numerous metabolic pathways, including biosynthesis of 
SG, phytosterols,  (+)‑isomenthol and fatty acids biosynthetic pathway. 

Initial analysis of GC‑MS showed change in metabolite concentration at 
different developmental stages. Steviol, lupeol, stearic acid, beta‑amyrin, 
and hexadecanoic acid increased, whereas  (+)‑isomenthol, methyl 
linolenate, phytol acetate, and stigmasterol showed drastic decrease 
with leaf maturation. The most relatively abundant metabolites were 
glycosides, organic acids, alcohols, steviol, lupeol, oleoyl chloride, phytol 
acetate, xanthosine, and (+)‑isomenthol [Table 2]. HPTLC was used to 
investigate the changes in stevioside and rebaudioside‑A contents, two 
industrially important glycosides at different developmental stages of 
Stevia leaf. PCA analysis on the profiles of stevioside and rebaudioside‑A 
gave a clear cluster pattern. With the Stevia leaf maturation, stevioside, 
and rebaudioside‑A increased drastically. Stevioside was minimum 
at early stage  (3%) and maximum at flowering stage  (14%), whereas 
rebaudioside‑A showed increase from 0.8% to 4% at flowering 
stage [Table 2]. SGs are 200–300 times sweeter than normal sucrose, but 
stevioside has aftertaste bitterness, whereas rebaudioside‑A is the least 
astringent, the least bitter, has the least persistent aftertaste and is judged 
to have the most favorable sensory attributes.[16] Steviol and its derivatives 
stevioside and rebaudioside‑A modulates insulin release which makes the 
novel and effective contenders as anti‑diabetic and euglycemic drugs.[3] 

Figure  1: Amplicon specificity and size were verified on gel electrophoresis  (a) srUGT76G1  (b) srUGT85C2  (c) srUGT74G1  (d) srKAH (e) srKO  (f ) srUDP1 
(g) srNMD (h) srACT7 (i) srLMS (j) srSAND (k) srKS (l) srDXR
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Stage 2 and 3 showed minute differences in these metabolites, thereby 
suggesting minimum developmental changes in these metabolites as the 
said stages. Variety of monoterpenes with varying concentrations were 
found. Among all monoterpenes, (+)‑isomenthol has a substantial 16% 
concentration of all the metabolites at stage 1 and drastically decreases 

with plant advancement. Stevia leaf has a bitter and astringent aftertaste 
which frequently is also described as menthol‑like.[17] In all various 
commercially available Stevia products, this aftertaste in the extract 
of leaves is a great problem.(+)‑isomenthol is thus the ideal target for 
further analysis to improve the stevia leaf quality.

Analysis of metabolites
To evaluate the metabolites for different developmental stages, data were 
log normalized to make them more comparable. PLS‑DA, OPLS‑DA 
and Heatmap analysis were carried out in the study. Score plots from the 
supervised OPLS‑DA showed obvious separation of metabolites among 
different plant developmental stages. The heatmap, commonly used for 
unsupervised clustering, was constructed based on OPLS‑DA analysis. The 
heatmap [Figure 3] showed differential distribution of metabolites during 
leaf development and maturation. Steviol and its derivatives exhibited 
significant increase during leaf development, while the accumulation 
pattern of each metabolite was very different. Cluster analysis allowed 
the distinction between samples that were collected at the different 
stages. Important metabolites in these samples that affected cluster 
formation could be determined. The data suggested that concentration of 
monoterpene decreased with leaf maturation in contrary to SGs.

Correlation of metabolite levels
Correlation analysis is an important tool to explore metabolic 
pathways  (Supplementary data S1). Spearman’s correlation for each 
metabolite at different stages demarcated the changes during Stevia leaf 

Table 2: Important metabolites with their runtime and concentration at three different developmental stages

Sample name and class Run time (min) Stv2/Veg ±SD Stv7/PF ±SD Stv8/Fl ±SD
Monoterpenes

Gamma‑terpinen 4.422 NA NA 1.261 0.264 NA NA
1,8‑P‑menthadiene 4.885 0.668 0.017 0.252 0.010 0.673 0.010
3‑Pyridinylmethanamine 13.576 0.514 0.005 0.365 0.006 0.163 0.009
Thymol 13.790 5.754 0.067 18.250 0.281 18.516 0.309
(1)‑isomenthol 16.980 10.725 0.097 5.570 0.103 5.230 0.194

Sesquiterpenes
E‑nerolidol 11.152 0.456 0.008 0.131 0.006 NA NA
aromadendren 11.466 NA NA 0.106 0.006 NA NA
tau.‑Cadinol 12.246 1.101 0.045 0.157 0.007 0.123 0.011
Nerolidol 13.886 1.119 0.077 0.694 0.011 0.611 0.019
cis, trans farnesol 14.346 0.895 0.021 0.615 0.012 NA NA
(‑)‑.Alpha.‑himachalene 15.040 0.176 0.010 0.176 0.009 0.227 0.027
Widdrol 21.474 0.909 0.011 1.625 0.115 1.960 0.080
Alpha‑cedrol 23.489 1.204 0.036 0.908 0.057 0.732 0.024

Diterpenes
Stevioside 10.274 6.170 0.074 12.201 0.087 14.231 0.045
Phytol acetate 14.224 21.525 0.026 10.366 0.071 7.385 0.166
Kauran‑16‑ol 16.145 0.586 0.007 0.644 0.015 0.745 0.019
Methyl 13‑hydroxykauran‑18‑oate 19.435 8.628 0.053 2.350 0.206 0.322 0.020
Methylsteviol 22.055 1.296 0.037 0.733 0.007 0.811 0.018
Steviol 23.908 0.402 0.006 4.110 0.151 6.659 0.201

Lipds and fatty acids
5‑Hydroxyvanillin 14.927 NA NA 0.214 0.010 0.270 0.024
Lupeol 41.207 3.811 0.115 7.948 0.120 9.235 0.116
Lanosteryl acetate 42.665 1.866 0.099 2.890 0.030 3.073 0.107
beta amyrin 43.440 1.255 0.239 3.850 0.117 4.150 0.138

Others
Cyclopropionic acid 6.161 0.631 0.011 0.664 0.009 0.702 0.010
2‑Methyl‑3‑phenylpropanal 6.958 0.880 0.007 1.153 0.057 1.238 0.061
3‑Caren‑10‑al 7.612 0.765 0.013 0.214 0.011 0.194 0.004
Xanthosine 9.860 3.363 0.108 0.624 0.021 0.368 0.020
Dihydroactinidiolide 10.981 0.550 0.015 0.306 0.006 0.264 0.014
loliolide 13.712 0.605 0.005 0.245 0.009 0.204 0.010
5‑Hydroxyvanillin 14.927 NA NA 0.214 0.010 0.270 0.024

Due to space constrain we have presented only three stages (Veg=Vegetative, PF=Preflowering and FL=flowering) and 30 compounds the full table is in the 
supplementary data S2. NA: Not available; Each value is the mean ± standard deviation (n=3)

Figure  2: Overlay of stevia leaf metabolite peaks obtained from gas 
chromatography‑mass spectrometry from stage 1‑ stage 8 generated by 
XCMS https://xcmsonline.scripps.edu



Figure  4: Important features identified by partial least 
squares‑discriminant analysis. The colored boxes on the right indicate the 
relative concentrations of the corresponding metabolites in eight stages 
of stevia leaf (stv1‑stv8) development

Figure  3: Hierarchically‑clustered heatmap showing Spearman 
correlation values among metabolites and different developmental stages 
of stevia leaf. Samples were in triplicates. Diterpenes, steviol glycosides 
showed increasing pattern, Sesquiterpenes; neorolidol, tau‑ cadinol, beta 
caryophyllene and alpha cedrol – monoterpenes; (+)‑isomenthol, carvon 
showed significant decrease in concentration with Stevia leaf maturation
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maturation. Correlation analysis of the 61 differential metabolites, marked 
on the hierarchical clustering plot was performed to understand the 
potential relationships between metabolites. Stevioside showed positive 
correlation with steviol  (r  =  0.9887), rebaudioside‑A  (r  =  0.82713), 
and Kauran‑16‑ol  (r  =  0.40957). Both stevioside, rebaudioside‑A 
and their precursor, steviol showed negative correlations with 
monoterpene (+)‑isomenthol (r =‑0.98783). Stigmasterol showed positive 
correlation with beta‑sitosterol  (r  =  0.94174) and negative correlation 
with cycloartenol (r = −0.91819). VIP projection [Figure 4] showed top 
twenty features of the metabolite markers that change significantly at 
different developmental stages.

Metabolic changes
The score plots of PCA and OPLS‑DA [Figure 5b] results showed clear 
separation among plant metabolites of Stevia from stage 1 to stage 8. 
A significant difference exists in the metabolite profiles among samples 
of different leaf stages. Based on the PCA results [Figure 5a], a separation 
of metabolite peaks at different developmental stages was observed. 
After clustering using algorithm ward. D  and distance measurements 
using spearman correlation, stage 2 and stage 3 have the most similar 
metabolite content of the eight developmental stages, suggesting the 
least changes during developmental progression. Significant changes 
in metabolite composition were detected between stages 3 and 4 due 
to the developmental transition from cell expansion to cell maturation. 
Stage 7 (flowering) and stage 8 (postflowering) had considerable changes 
in metabolites [Supplementary Table S2].

Gene expression analysis
Quality control and selection of candidate gene
Full‑length sequences were retrieved from S. rebaudiana transcriptome 
on the basis of homology analysis with sequences present in NCBI 
database [Table 1]. Specific primers were designed and confirmed on the 
basis of the amplification specificity and efficiency results of the candidate 
genes. All primers amplified PCR products of the expected sizes, which 
were confirmed by 1.2% agarose gel electrophoresis. The presence of a 
single band in each case ruled out the presence of primer‑dimer and 
single‑peak melting curves were obtained in all qPCR amplifications.

Expression profiles of candidate reference genes
RNA isolated from all leaf samples were reverse transcribed to cDNA 
for further use in qPCR detection. The Cq values of all genes in all the 
samples, namely, different tissue samples at different developmental 
stages were determined by qPCR. Cq value showed differential transcript 
levels in all the tissue samples. The lower Cq value corresponds to higher 
transcript abundance and vice versa. The mean Cq values of all the genes 
ranged from 12.21‑30.61. RNA transcript levels varied considerably 
from stage to stage. Compared with stage 1 expression of srDXR, srKS, 
srKO, srKAH, srUTGT76G1, srUGT85C2, and srUGT74G1 increased, 
whereas expression of srNMD and srLMS decreased with the stevia leaf 
maturation from stage 1 to stage 8 [Figure 6].

DISCUSSION
Sweetness of Stevia leaf varies considerably with plant development, 
thus metabolome analysis will help in identifying the important traits 
at particular time period. An extensive and comprehensive metabolite 
profile in Stevia at different developmental stages can help identify 
the proper harvest period and appropriate traits. This study provides 
a comprehensive and comparative analysis targeted metabolites by 
HPTLC and nontargeted metabolite composition using GC‑MS of Stevia 
leaf from eight different developmental stages. Stevioside was minimum 
at early stage  (3%) and maximum at flowering stage  (14%), whereas 
rebaudioside‑A showed increase from 0.8% to 4% at flowering stage 
SGs are 200–300 times sweeter than normal sucrose, but stevioside has 
aftertaste bitterness whereas rebaudioside‑A is the least astringent, the 
least bitter, has the least persistent aftertaste and is judged to have the 
most favorable sensory attributes.[16] Steviol and its derivatives stevioside 



Figure 6: Expression of genes involved in steviol metabolism in different 
stages of leaves of Stevia. Expression levels were measured through 
quantitative polymerase chain reaction using the primers listed in Table 1. 
The expression ratios were calculated relative to the expression in young 
leaves  (Stage 1). Each sample was used in triplicates in all quantitative 
polymerase chain reaction runs. Expression levels are coloured green 
for low intensities and red for high intensities. srKO, srKS, srUGT76G1, 
srUGT74G1, srUGT85C2, srDXR, srKAH and srUDP1 increased in expression, 
srLMS and srNMD decreased in expression form early towards late stages 
of leaf maturation
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and rebaudioside‑A modulates insulin release which makes the novel 
and effective contenders as anti‑diabetic and euglycemic drugs.[3] 
Stage 2 and 3 showed minute differences in these metabolites, thereby 
suggesting minimum developmental changes in these metabolites as the 
said stages. Variety of monoterpenes with varying concentrations were 
found. Among all monoterpenes, (+)‑isomenthol has a substantial 16% 
concentration of all the metabolites at stage 1 and drastically decreases 
with plant advancement. Bitter and astringent aftertaste which frequently 
is also described as menthol‑like has been reported earlier, this might be 
due to the high content of (+)‑isomenthol.[17] In all various commercially 
available Stevia products, this aftertaste in the extract of leaves is a 
great problem. The data presented here allow the analysis of glycosides, 
monoterpenes, diterpenes, triterpenes, and fatty acid. Main flux of 
carbon for the biosynthesis of sesquiterpenes is contributed by MEP 
and the MVA pathways, whereas carbon flux for mono‑ and diterpenes, 
specifically, SGs, comes from MEP pathway.[9] Diterpenes  (steviol and 
derivatives), triterpenes; cycloartenol, beta‑amyrin and lupeol increased 
with stevia leaf maturation. Sesquiterpenes; neorolidol, tau‑cadinol, 

beta‑caryophyllene and alpha cedrol–  monoterpenes;  (+)‑isomenthol, 
carvon showed significant decrease in concentration with Stevia 
leaf maturation. Thus harvesting Stevia for SGs at late stages will be 
reasonable rather than early stages.
Simultaneous gene expression and metabolomics data analysis 
can facilitate generating new hypotheses and prioritization of 
genes/metabolites for targeted follow‑up experimentations.[18] 
Various metabolites were detected by GC‑MS and HPTLC, thus, 
related key genes, namely, srKO, srKS, srUGT76G1, srUGT74G1, 
srUGT85C2, srDXR, srKAH, srUGP1, srLMS, and srNMD were 
selected for gene expression studies using qPCR in Stevia. Genes 
srDXR, srKS, srKO, srKAH, and srUGTs, were chosen as they are 
directly involved in SG pathway[1,14]– srLMS and srNMD participates 
in monoterpenoid biosynthesis,[19] srUGP1 is needed in every 
glycosylation steps in steviol biosynthetic pathway.[20] Expression of 
genes related to SG pathway (srKO, srKS, srUGT76G1, srUGT74G1, 
srUGT85C2, srDXR, srKAH, and srUDP1) showed a considerable 
increase, Gopal et al. in 2017 have also suggested the same pattern 
of expression of these genes, whereas srLMS and srNMD decreased 
with Stevia leaf development and maturation. Expression pattern 
of genes and metabolome analysis suggests that the biosynthesis 
of diterpenes increases with Stevia leaf maturation, whereas 
monoterpenes decreases significantly. The expression pattern 
of genes showed high correlation with the respective metabolite 
content. The genes could be further modulated by gene editing 
systems (CRISPR, RNAi, microRNA) to regulate the expression of 
the particular compound by metabolic engineering to develop new 
traits in Stevia.

CONCLUSION
Based on the above results of our study, rebaudioside‑A, stevioside, steviol, 
and methlysteviol and their respective genes  (srDXR, srKO, srKAH, 
srUTGT76G1, srUGT85C2 and srUGT74G1) showed increased expression. 
Whereas expression of  (+)‑isomenthol, stigmasterol, linalool in Stevia 
and their pathway‑related genes  (srNMD and srLMS) decreased with 
progression of leaf developmental stages. Expression of srUGP1 was in 
high correlation with genes involved in SG biosynthetic pathway. Thus can 
be the ideal target for scientists to enhance the SGs in Stevia. This study 
will help researches in identifying the proper ratio between SGs and other 
terpenes to improve the taste quality of Stevia leaves. Based on the results, 
desired traits could be chosen and unwanted traits could be avoided.

Figure 5: (a) Principal component analysis and (b) three‑dimensional orthogonal projection to latent structures‑discriminate analysis score plot showing 
clear separation among different metabolites at different developmental stages of Stevia leaf. The colored dots represent samples from different leaf 
developmental stages. Eight different stages, each with triplicate samples taken for extraction at each time point, were used in the analysis, for a total of 
24 data points

ba
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