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. Stevia leaves contain various components, such as flavonoids, labdanes, chlorophylls, sterols,

. triterpenoids, mono-disaccharides, organic acids and inorganic salts. Stevia is known to accumulate
diterpenoid steviol glycosides, which are approximately 300 times sweeter than regular sugar.
Stevioside and rebaudioside A are the main diterpenic glycosides in stevia. Steviol glycosides are the

. secondary metabolites responsible for the sweetness of stevia. The main objectives of the present study

. were to determine the concentrations of diterpenic glycosides (stevioside and rebaudioside A) in three
stevia varieties (Stevia rebaudiana) via the HPLC-UV technique and to amplify the UGT76G1 gene by

 PCR using gene-specific primers. The expression levels of the UGT76G1 gene were determined in the

. three stevia varieties. The PCR products were sequenced and analyzed, and the nucleotide sequences

. ofthe UGT76G1 gene were submitted to GenBank and assigned to the following three varieties: Egyl

© (MHO087463), Chinal (MH087464) and Sponti (MH087465). Cluster analysis was used to separate the

. three varieties into two major clusters based on their phylogenetic relationship. In addition, chemical
analysis was carried out to evaluate stevioside and rebaudioside A. The present study concluded that
Egyl and Sponti are closely related varieties as they fall in the same cluster, while Chinal forms a
separate cluster. Bioprospecting studies could be useful for selection of superior ecotypes of Stevia
rebaudiana.

Stevia plants are an important source of commercial steviol glycosides (SGs). SGs are used as alternative natural
. sweeteners and have applications in the control of diseases caused by modern lifestyles, such as obesity, diabetes,
. hypertension and cardiac blockage?™. Up to thirty percent of diterpenoid steviol glycosides accumulate in dry
stevia leaves®. Steviol glycosides are sweeter than sugar and noncalorific sweeteners that are used worldwide. Eight
. different steviol glycosides are produced in stevia plants. Stevioside constitutes a majority of sweeteners (60~70%)
- with high potential medicinal value®-%. Rebaudioside A is of particular interest, due to the desirable flavor profile
© of this compound and is considered to be antidiabetic, noncariogenic and mutagenic®. Diterpene glycosides are
currently used in different varieties of food products (pickled vegetables, dried sea food, beverages, candies, chew-
ing gum, yogurt, efc.). Different techniques are used to determine the glycoside content in plants (e.g., gas chro-
matography, HPLC, LC-MS, infrared spectroscopy). HPLC is a reliable method that has been used to determine
: the composition of Stevia rebaudiana'®'3. Plant UDP-glycosyltransferases (UGTs) are a unique group of enzymes
© that transfer sugar residue from an activated donor to an acceptor molecule'*". UDP-glycosyltransferases were
- mostly unidentified until recently, and detailed functional characterization of these enzymes is only just beginning.
. Complete genome sequencing uncovered 112 full-length candidate UGTs in Arabidopsis, and these results led to
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the characterization of many new activities?*-?%. In Stevia, UDP-glycosyltransferases are involved in the produc-
tion of steviol glycosides, compounds that are unique in the plant world due to their intense sweetness and high
concentration in leaves?>2°. In stevia, kaurene is transformed to steviol, the backbone of the sweet glycosides; ste-
viol is also transformed to many glycosides by uridine-diphosphate-dependent glycosyltransferases (UGTs)*~%.
The C-19 carboxylate and C-13 alcohol oxygenated functional groups of steviol provide attachment points for
the sugar side chains that determine the identity of the glycosides. The addition of the C-13-glucose to steviol is
catalyzed by UGT85C2, first yielding steviolmonoside and then steviolbioside; the addition of the C-19-glucose
is catalyzed by UGT74G], yielding stevioside®*’!; and finally, glucosylation of the C-3' of the glucose at the C-13
position is catalyzed by UGT76G1, yielding rebaudioside A**2. The UGT76G1 gene is responsible for the con-
version of stevioside to rebaudioside A and improves the organoleptic properties of steviol glycosides®; therefore,
the present study was focused on UGT76G1. To differentiate between three stevia varieties, biochemical analysis
of the three varieties was carried out, to determine the concentrations of both stevioside and rebaudioside A
in stevia leaves using HPLC. Moreover, the gene expression levels of UGT76G1 in the three stevia varieties.
Furthermore, the UGT76G1 gene was characterized via gene sequencing to determine the genetic similarity of
the three stevia varieties, and the obtained sequences were submitted to GenBank to identify accession numbers.

Material and Methods

Sample collection. Mature leaves (3 months old) of three stevia varieties (Egy1, Chinal and Sponti of S.
rebaudiana) were collected from the middle parts of plants (between internodes 10 and 15) from the Sugar Crops
Research Institute, Agricultural Research Center (SCRI-ARC), Ministry of Agriculture, Egypt. Cooperating with
Botany and Microbiology Department, College of Science, King Saud University, Saudi Arabia.

Sweet diterpene glycoside extraction. The collected leaves were oven-dried (E. Schulz & Co. Inh. Franz.
Skorezewsh KOMEG Technology, China) at 50 °C and then ground to a fine powder according to** with some
modifications as follows: 5 g of dried leaf powder was extracted with 50 ml of hot methanol using a Soxhlet appa-
ratus for 2 hrs. The extract was filtered using Whatman no. 1 filter paper, and the residue was re-extracted twice
with methanol at room temperature. The filtrate was further concentrated in rotary flash evaporator (Type 349,
James Jobling and Co. Ltd., England) at 60 °C to 10ml, and then, 50 ml of distilled water was added to the concen-
trated extract. A phase separation step was performed to remove plant pigments as follows: 25 ml of diethyl ether
was added to the extract in a 500-ml separatory funnel (Sigma Aldrich), and the aqueous phase was collected
and extracted with butanol. Finally, the butanol upper layer was collected and refrigerated overnight at 4°C to
allow the purified glycosides to form crystals. Then, the crystals were separated by filtration and analyzed using
HPLC?. Each stevia sample was extracted twice.

Preparation of the stevioside standard. Stevioside standard preparation was carried out according
to the method described by Nishiyama et al.*® with minor modifications as follows: dried leaves of S. rebaudi-
ana Bertoni (10 g) collected from Sugar Crops Research Institute (SCRI), Agricultural Research Center (ARC),
Ministry of Agriculture, Egypt, were extracted by soaking leaves in 1.0 liter of hot distilled water (85°C) for
30 minutes. The resulting liquid fractions were filtered using a Buchner filtration system, and the leaves were
then washed with an additional volume of hot water (50 ml). The aqueous solution was concentrated to 50 ml in
a freeze-drier (Edwards model EF03, England). The extract was defatted by ethyl acetate followed by extraction
with isobutyl alcohol (150 ml). The aqueous phase was discarded, and the organic phase was evaporated until dry-
ness by using a rotary evaporator (Type 349, James Jobling and Co. Ltd., England) at 70 °C. The dry pellets were
dissolved in hot methanol (100 ml) and allowed to crystallize overnight. The crystals were separated by filtration
and dissolved in boiling methanol (50 ml) to obtain a concentrated solution. The solution was clarified with active
charcoal (B.D.H. Laboratory Chemicals Division, Poole, England) and left to recrystallize. The procedure was
repeated three times until the formation of colorless crystals. The pure solution of the stevioside standard was
subjected to HPLC analysis.

Analysis of SGs by HPLC. High-performance liquid chromatography (HPLC) technology can be used to
directly measure the levels of steviol glycosides (rebaudioside A and stevioside) in Stevia rebaudiana Bertoni®.
The levels of stevia sweetener compounds were estimated at the Central Laboratory, Faculty of Science, Alexandria
University. Leaf extracts were separated and identified by HPLC according to* as follows: the stevioside solution
was filtered through a Millipore membrane (13 mm diameter, 0.5 pm pore size) and analyzed using HPLC with
a stevioside standard as an internal standard (10 mg/ml). Different extracts of stevia leaves were injected into an
HPLC instrument (Shimadzu, Tokyo, Japan; model SPD-6AV) equipped with an LC-GA UV-vis detector and an
Alex C-R 4 A recorder. The separation was carried out on a Zorbax NH2 column (25cm x 0.4 mm L.D.; Dupont,
Wilmington, DE, USA) with acetonitrile (HPLC grade, Fisons Co., England) as the mobile phase (acetonitrile:
water (80: 20v/v), adjusted to pH 5 with H;PO,). The flow rate was 2 ml/min; the UV detection wavelength was
210 nm; the recorder chart speed was 20 nm/min; and the analysis was performed at ambient temperature (25 °C).
Two samples per variety were analyzed, and the quantities of stevioside and rebaudioside A were calculated from
the area under each peak.

PCR amplification of the stevia UGT76G1 gene. Fresh leaf samples of three stevia varieties (three
months old), namely, Chinal, Egyl and Sponti, were used to extract total genomic DNA using the DNA Mini-Prep
Kit (BIO BASIC, Canada). The stevia UGT76G1 gene was amplified by using gene-specific primers UGT76G1 FP
(5" AACGTCAGTCAAACCCAATG3’) and UGT76G1 RP (5’ CTCACATAACCAACAACCATCC3') according
to*. The PCR was performed in a 25-pl reaction mixture containing 1 ul of 100 ng/ul DNA, 1 pl of each primer
at a concentration of 0.01 nmol/pl, 12.5 ul of master mix (2.5l of 10 x PCR buffer, 1.5 ul of 25 mM MgCl,, 2.0 pl
of 2.5mM dNTP, and 0.125ul of Taq DNA polymerase) (BIOLINE, UK) and 9.5 ul of water (H,O). The PCR
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Gene Primer sequence Reference

F-5' CCCGCCATGTATGTCGCCATTCAA 3’
Stevia actin Madhav et al. (2012)
R-5' TCAGTGAGGTCACGACCAGCAAGA 3’

F-5' AACGTCAGTCAAACCCAATG 3/
UGT76G1 Yang et al.®
R-5' CTCACATAACCAACAACCATCC 3’

Table 1. Primer set designed for QRT-PCR used in the current study.

program was as follows: denaturation for 5min at 95°C; 35 cycles of 40s at 94°C, 40s at 55°C and 2 min at 72°C;
and 72°C for 10 min. Then, 2% agarose gel electrophoresis with ethidium bromide was used to separate the PCR
product. The image was recorded using a gel documentation system (Alpha Image, USA). Clearly separated DNA
bands of PCR products (approximately 1500 bp) were cut from the gel and purified using the GF-1 AmbiClean
Kit (PCR & Gel, Vivantis, WE CARE, Malaysia). Then, the purified PCR products were submitted for sequenc-
ing at Macrogene (Korea). The sequences were analyzed and compared by NCBI BLAST (http://blast.ncbi.nlm.
nih.gov); the sequences were aligned to generate a phylogenetic tree by using Molecular Evolutionary Genetics
Analysis (MEGADS) software. The sequences were submitted to GenBank (gb-admin@nbci.nlm.nih.gov), and each
sequence was assigned a GenBank accession number.

Gene expression analysis of UGT76G1 (QRT-PCR). RNA extraction and cDNA synthesis. Total RNA
was isolated from stevia leaves using the BS82314-50 Preps EZ-10 Spin Column Plant RNA Mini-Prep Kit (BIO
BASIC, Canada). For cDNA synthesis, the first strand of cDNA was synthesized using M-MuLV reverse tran-
scriptase (New England Bio Labs Inc.). The samples were incubated at 42 °C for 1hr and then 72°C for 10 min-
utes. cDNA samples were stored at —20°C. Every 20 ul of the reverse transcription mixture contained 1 ul of
template RNA, 2 ul of oligo (dT) primer, 2l of 10 x M-MuLV buffer, 1 ul of M-MuLV RT (200 U/ul), 1 ul of
10 mM dNTP mix, and nuclease-free water to a total volume of 20 pl.

Quantitative real-time PCR analysis (QRT-PCR). Primer design for the UGT76G1 gene is recorded in Table
(1). The stevia actin gene was used as an internal control for data normalization. For relative quantification of
gene expression, qRT-PCR was conducted in an Eppendorf Master Cycler ep realplex using the following PCR
cycling conditions: 2 min at 95 °C, followed by 40 cycles of 5s at 95°C, 10s at 60°C and 5 s at 72 °C; then, melting
curve analysis was performed according to®>. Expression of the UGT76G1 gene was determined by quantitative
qRT-PCR on a Thermo Scientific PikoReal 96 real-time PCR system (www.thermoscientific.com/pikoreal) with
the SYBR Green SensiFAST™ SYBR® No-ROX Kit (BIOLINE). Relative quantification by real-time PCR was
performed in a 10 pl volume containing 1l of cDNA, 5l of 2 x SensiFAST SYPBR® No-ROX mix, 0.5 ul of
each primer, and 3 ul of H20. For quantitative real-time PCR data analysis, relative expression of UGT76G1 was
calculated based on the threshold cycle using the 27244 method*. The expression levels of target genes were
normalized using the stevia actin gene as an internal control, and the relative transcript levels were calculated as
follows according to®.

ACq (Control, Treatment) = Cq(Target gene) — Cq(Reference gene),

where A ACq expression = 27"¢1%

Statistical analysis. Data analysis was performed by using the Excel software program; gene expression was
examined for three biological replicates of each variety. A t-test at p < 0.05 was applied to determine significant
differences in gene expression between the three varieties, and standard deviations were calculated for the means
of the biological replicates.

Compliance with Ethics requirements. This article does not contain any studies with human or animal
subjects.

Results

Chemical analysis of stevia sweeteners. HPLC was used to determine the levels of stevioside and
rebaudioside A. The results shown in Table (2) and Fig. (1A-C) indicate that the highest stevioside content was
observed in the Sponti variety (21.46%), followed by Chinal (0.18%) and finally Egy1 (12.27%). The range from
lowest to highest value was 12.27 to 21.46% (with a 9.19% increase observed for the Sponti variety, Table 2). The
highest levels of rebaudioside A were observed in Chinal and Egy1 (15.54% and 14.48%, respectively), while a
value of 13.02% was observed for the Sponti variety (Table 2).

PCR amplification of UGT76G1. The UGT76GI gene was amplified from the stevia varieties by PCR using
the designed primers (UGT76G1 F and R). The PCR assay showed an amplification product of the expected size
(1.51kb), as shown in Fig. (2). These data are consistent with*, in which a product with same molecular weight
was detected.

UGT76G1 gene sequencing and phylogenetic analysis. The polymerase chain reaction amplification
products of the UGT76G1 gene were sequenced and analyzed to determine nucleotide similarity among the three
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12.27 14.48 14.18 15.54 21.46 13.02

Table 2. Percentage of the stevioside and rebaudioside A sweeteners in stevia leaves (values are the means of
two readings for each variety).
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stevia varieties, as shown in Fig. (3). Data were submitted to GenBank for identification of the accession numbers
for each sequence (Table 3, Figs 4 and 5). The partial sequence of the UGT76G1 gene was aligned and compared
to the sequences in GenBank. A dendrogram was generated using MEGAS5 software to examine the phylogenetic
relationship of UGT76G1 among the three stevia varieties, namely, Egyl, Chinal and Sponti. The observed simi-
larity might be the result of the existence of a common ancestor for Egyl and Sponti, and this ancestor might dif-
fer from the ancestor of Chinal (Fig. 6). The generated genetic similarity dendrogram for the three stevia varieties
classified the populations into two major groups: Group I (Egyl and Sponti) and Group II (Chinal). The results
showed that Egyl and Sponti belong to the same cluster (Figs 6 and 7).

Gene expression analysis of UGT76G1. The data presented in Table (4) and Fig. (8) indicate that the
gene expression of UGT76G1 varied significantly between the three stevia varieties under investigation. Based
on the obtained results, Chinal showed the highest gene expression level, exhibiting a AACq value of 0.178,
followed by Egyl, which exhibited a relatively low expression level (AACq value of 0.119). The lowest gene
expression level was reported for the Sponti variety, which showed a AACq value of 0.074, and these values were
significantly different for the three varieties (p =0.05). The relative gene expression of UGT76G1 was significantly
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Figure 2. PCR products of the UGT76G1 gene amplified from Egyl, Chinal and Sponti.

(A)

AGAGTICTIGGTIGTIG TGAGTGCCTCGGGGCGCGGAGATAATATIATICCCGGTACCATTTCAAGGCCACATTAACCC
AATGCTTAAACAGCCAATGGGTGACTCCAMAGGATICAGTATCACCATCTTICACACCAACTICAACAAACCCANAGCA
TCTAAGTACCCTCACTICACTITICGATICATCCTCGACAACGACCCGCAAGACGAGCTCATTICCAATCTACCGAGTTA
TGGGCCGGTCGCTCTIAAGCGAAAATGATIATCACCGAATGGGAGCTGGCAGGGGTTACGATATTIGGACTGTIGATAT
TCTIGCTGAGCCGAGGAAGATTATC TGATITITICAGGATATGC ACGGGTATGGATATATCAGGGGTGAGTTATGC CCC
AATGCGGGTIGTTITTIGGGGTITATGGTGGTACTAATCATG TG TTIGATICATGC GG GG TIGCTAAAATGGGAGTCATC
GGGAAGGCTIGCTATIG TG TATGCATTAGC TCTGTCAAAGGGG

(B)
GTTACGGGGACCCGTICGCGGCGCCGGAGATAATATTATICCCGGTACCATTICAAGGCCACATATAACCCAATGCTICAG
CTAGCCAATGTGTIGTACTCCAAAGGATICAGTATCACCATCTIICACACCAACTICAACAAACCCAAAACATCTAATTAC
CCTCACTICACTTICAGATICATCCTCGACAACGACCCACAAGACGTACGCATTICCAATCTACCGACTCATGGTCCGCTC
GCTGTTATGCGGATIC TGATTATC AACGAACACGGAGC TG ACGAATTACGACGCGAACTGGAACTG TIGATGTIAGCTICT
GAAGAAGATGGAGAGGTATCG TG TTTAATCGCCGATCAGATTTGG TACTICACGCAATCTGTIGCTGACAGTCTTAACCTC
CGACGGCTIGTITIGATGACAAGCAGCTIGTTTAATITICATGCACATG TTTCACTICCTCAG TTIGATGAGCTIGG TTACC
TCGATCCTGATGACAAAACCCGTGAGTCATTAATTAATTTAGTTICTCG TITITATG TTTCAGTTACG TIGTGAATIATTIIG
ATTTAAGGTTIGGAAGAACAAGCGAGGGGGTTICCTATGC TG AAAGTGAAAGATATCAAGTGTGG

(©)

TTICTGGTCCCTIGTATITAGTCTCGCCGGCGCCGGAGATAATATIATICCCGGTACCATTIC AAGGACACATTAACCCAATGG
TCGAGGGGGGGGAGGGAGTCCAAAGGATICATATCACCATCTITCACACCAACTICAACAAACCCAAAACATCTAATTACCCT
CCCTTCACTTICCTATICATCATCGACAACGACCCACACAACGAACGGATTACCAATCTACCGACTCCTGGTCCTGTCCCTGTT
GAGAGGAATCACCCTIATCAMACAACCATGAGTTIGGAAGG TG TICAACATCTG TG ACAGCGAGTGCAACACTGCTACGGAA
AGAGAGATCTACGCGGTCGTITICAGGTTTIGCCCCAGGTIC TIGG G TAAAGTCTCCGGTIGGACAGTATG CCAGTAACGAGC
TIGCTITTATACGGCGAATTIGGAGGGGCAACAACCTGGGTGGCTGTAACCTCCAGGGATCTGGGAACTCCGAGAAATCACAC
GGAGGACGCTITGCTATIGTATATGGCGTG TIGCTCCTCTCCAACCANAT

Figure 3. Nucleotide sequencing of the UGT76GI gene from stevia plants of different varieties: (A) Egyl
(519bp); (B) Chinal (634); (C) Sponti (549).

Variety Gene Length (bp) | Accession number
Egyl UGT76G1 519 MHO087463
Chinal UGT76G1 634 MHO087464
Sponti UGT76G1 549 MHO087465

Table 3. Accession numbers of the UGT76G1 gene in GenBank.

high between Chinal and Egy1 (value of 0.002), followed by Chinal and Sponti and Egy1 and Sponti (0.0001 and
0.0007, respectively). These results support the finding obtained using HPLC analysis that showed a significant
increase in rebaudioside A concentrations in Chinal compared to Sponti.

Discussion

The stevioside content observed in this study was higher than that reported by Parris et al.*?, in which the con-
centration ranged from 2.8-5.49% and 6.98-12.16%. For rebaudioside A content, Chinal exhibited the highest
value (15.54%), while Sponti exhibited the lowest value (13.02%). A low value for rebaudioside content was also
reported by*’. The variation in stevioside content and rebaudioside A content was further speculated to be asso-
ciated with increasing altitude, resulting in decreasing temperature and in turn in accumulation of stevioside.
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Egyl AGAGTTCTTGGTTGTTGTGAGT--GCCTCGG-GGCGC-GGAGATAATATTATTCCCGGTA
Chinal ————————— GTTACGGGGACC--CGTTCGC-GGCGCCGGAGATAATATTATTCCCGGTA
Sponti -———TTTCTGGTCCCTTGTATTTAGTCTCGCCGGCGCCGGAGATAATATTATTCCCGGTA
* Kk * * kk hkhkhkhkhk AAKKAKKKAKAKKRAKAKKAKRKAKR KAk ki
Egyl CCATTTCAAGGCCACAT-TAACCCAATGCTTAAAC-AGCCAATGEGTG-—ACTCCARAGG
Chinal CCATTTCAAGGCCACATATAACCCAATGCTTCAGCTAGCCAATGTGTTGTACTCCARAGG
Sponti CCATTTCAAGGACACAT-TAACCCAATGGTGGAGGGGGGGGAGGG—————AGTCCARAGG
Akhkkhkkhkhkhkhkhkkhk Khkkkhkk khkkhkhkkhkkkhk * * * * K *k kkhkkkkkkk
Egyl ATTCAGTATCACCATCTTTCACACCAACTTCAACAAACCCAAAGCATCTAAGTACCCTCA
Chinal ATTCAGTATCACCATCTTTCACACCAACTTCAACAAACCCAAAACATCTAATTACCCTCA
Sponti ATTCA-TATCACCATCTTTCACACCAACTTCAACAAACCCAAAACATCTAATTACCCTCC
Ahkhkhkhk KAAAAAAAAhhhhhhhhhhhhhhhkhhhkhkhkhkhkhkhkhkhkhkihk hkhkhkhkhkhkkhk KAhkhkhhihk
Egyl CTTCACTTTTCGATTCATCCTCGACAACGACCCGCAAGACGAGCTCATTTCCAATCTACC
Chinal CTTCACTTTCAGATTCATCCTCGACAACGACCCACAAGACGTACGCATTTCCAATCTACC
Sponti CTTCACTTTCCTATTCATCATCGACAACGACCCACACAACGAACGGATTACCAATCTACC
khkkhkkkhkkk hkhkkhkhkhkhk KhkkAkkkhkkhkhkhkikhk K%k kkk x hkkk hkhkkhkkkhkkihkk
Egyl GAGTTATGGGCCGGTCGCTGTTAAGCGAAAA—-TGATTATCACCGAATG-GGAGCTGGCA
Chinal GACTCATGGTCCGCTCGCTGTTATGCGGATTC-TGATTATCAACGAACACGGAGCTGAC-
Sponti GACTCCTGGTCCTGTCCCTGTTGAGAGGAATCACCCTTATCAAACAACCATGAGTTTGGA
Ak Kk kkk KkKk kk khkkkk * Kk Kk kkkkkk * Kk kkk Kk
Egyl GGGGTTACGAT--—-ATTTGGACTGTTGATATT -~ CTTGCTGAGCCGAGGAAGA-~TTAT
Chinal ~GAATTACGACGCGAACTGGAACTGTTGATGTTAGCTTCTGAAGAAGATGGAGAGGTATC
Sponti AGGTGTTCAAC---ATGTGTGACAGCGAGTGCAACACTGCTACGGARAGAGAGATCTACG
* * k Kk ] Ak Kk * * * * kk ok *
Egyl GTGATTTTTTCAGGATATGCACGGG——TATG—————— GATATATCAGGGGTGAGTTATGC
Chinal GTGTTTAATCGCCGATCAGATTTGG-—TACTTCACGCAATCTGTTGCTGAC-AGTCTTAA
Sponti CGGTCGTTTTCAGGTTTTGCCCCAGGTTCTTGGGTARAGTCTCCGGTTGGACAGT —ATGC
* * * Kk * * * * ® w * kk *
Egyl CCCAATGCGGGTTGTTTTTTGGG—————— GTTTATGGTGGTACTAATCATGTG--TTTGA
Chinal CCTCCGACGGCTTGTTTTGATGACAAGCAGCTTGT TTAAT T TTCATGCACATG-—TTTCA
Sponti CAGTAACGAGCTTGCTTTTATACGGCGAATTTGGAGGGGCAACAACCTGGGTGGCTGTAA
* * kkk Kkkk * * *k * Kk Kk
Egyl TTCATGCGGGGTTGCTAARATGGGAGTC -~ —ATCGGGAAGGCTTG———~CTATTGTGTATG
Chinal CTTCCTCAGTTTGATGAGCTTGGTTACCTCGATCCTGATGACARAAC-CCGTGAGTCATT
Sponti CCTCCAGGGATCTGGGAACTCCGAGARATC -ACACGGAGGACGCTTTGCTATTGTATATG
* * x * %k % & £ d % , Kk
Egyl CATTAGCTCTGTCARAAGGGG-—————————=————~— ———
Chinal AATTAATTTAGTTTCTCGTTTTTATGTTTCAGTTACGTTGTGAATTATTTGATTTAAGGT
Sponti GCGTGTTGCTCCTCTCCAACCAAAT ———— -
*
Egyl - - B
Chinal TTGGAAGAACAAGCGAGGGGGTTTCCTATGCTGAAAGTGAAAGATATCAAGTGTGG
Sponti = = < 0————mmmeeem e s i

Figure 4. Multiple DNA sequence alignments of UGT76G1 genes with the genes from three different varieties
of stevia. Completely conserved residues across all the aligned sequences are marked with an asterisk (*) below.
Absent nucleotides are indicated by dashes (—).

Recently, stevia has received much attention. Rebaudioside A represents 30-40% of total glycosides*', but in the
current study, the rebaudioside A levels of the stevia varieties Chinal, Egyl and Sponti were 15.54%, 14.48%
and 13.02% of the total glycosides, respectively. Therefore, these varieties are considered good materials for the
study of the synthesis of steviol glycosides. The results of the present study are consistent with those of previous
studies that determined stevioside, rebaudioside A and steviol levels via different methods*2. HPLC and NIR
spectroscopy models have been used to directly measure the steviol glycoside content in S. rebaudiana Bertoni
to decrease the cost and complexity of operation®®. The UGT76G1 gene was amplified from the stevia varieties
by PCR using the designed primers (UGT76G1 F and R). The PCR assay showed an amplification product of
the expected size (1.51kb), which is in accordance with Li et al.**. The phylogenetic analysis indicated that the
three sequences were grouped with UGT76G1 in the same cluster, indicating a close relatedness between UGTSr
and UGT76G1. The phylogenetic analysis showed a close relationship between UGTSr and UGT76G1*. The
UGT76G1 obtained from the Egyl variety (accession number MH087463) was closely related to S. rebaudiana
KC631816.1 and AY345974.1 (UGT76GI1 genes), with a nucleotide sequence similarity of 88%. Additionally, the
nucleotide sequence from Chinal (accession number MH087464) showed high nucleotide sequence similar-
ity (98%) with Stevia rebaudiana KC631816.1, AY345974.1 and FJ607329.1 (UGT76G2 genes). In contrast, the
nucleotide sequence obtained from Sponti (accession number MH087465) was closely related to KC631816.1
and AY345974.1 with a similarity of 87%. Moreover, Chinal showed high similarity with XM_022150661.1
(Helianthus annuus UGT76G1), while Egyl, Chinal and Sponti showed low similarity with FJ607329.1 (Stevia
rebaudiana UGT76G2), XM_022150639.1 (Helianthus annuus UGT76G1), XM_022150662.1 (Helianthus annuus
UGT76G1), and GQ259127.1 (Stevia rebaudiana UGT76G1). In a previous study, a mutation in the UGT76G1
gene was found to cause a reduction in rebaudioside A accumulation to 0.2% compared to normal plants, which
usually exhibited 30-40% accumulation of total glycosides®. It was concluded that these three UGTs were
not expressed at higher levels than any of the other UGTs. The expression of these genes was in the follow-
ing order: UGT85C2 > UGT76G1 > UGT74G1. In the present study, we used qRT-PCR, a highly sensitive and
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ATTAAARAATGGAGACTACCET TEECCECCACCEEAGGT AATTATGTT TCCGT TACCAT
ATTAARR 3 AT GEAGACTACCET TEEC0ECCACCEEAGGT AT TATGTI TCCETTACCAT
AX-AAARAATGGAGACTACCET TGGCCGT CACCGEAG GT AATTATGTI TCCGT TACCAT
ARAATAR 3 ACGEAGACTACCET TOGCCEGOGCCGEAGR AT AATAT TATT COCGGTACCAT
ARAATARAACGGAGACCACCET TOGOCEGOGCCGEAG AT AATAT TATT COCGGTACCAT
ARAATARAACGEAGACTACCET TOGC0EGOECCEEAG AT AATAT TATT COCGGTACCAG
-——-GT TACGGEEACC -~ CET TCGC-GEOGCCOGEAG -TAATAT TATT CCOGGTACCAT
ARAATAR A ACGEAGACCACTET TOGCCEGOGCCGEAG AT AATAT TATT COCGGTACCAT
TCTTGET TG TETGAGTGOCT CREEE0G-—~CEEAG ~TAATAT TATT CCOGGTACCAT
TTCTGGT COCT TGTATT TAGT CTOGCCGGCGCCGEAG ~TAATAT TATT COOGGTACCAT
. . . R ) . LR LR L
ATCAAGGCCACGT-ARACCCGATGTTTCAGCT TGCT AATCTT CTCTACT CTAAAGGCTIC
ATCAAGGCCACGT-AAACCCGATGT TTCAGCT TGCT AATCTICTI TACT CTARAAGGATIC
ATCAAGGCCACGT-AXACCCGATGT TICAGCT TGCT AATCTTCTCT ACT CTAAAGGCTIC
TTCAAGGCCACAT-TAACCCAATT CTTCAGCTAGCCARTGTGT IGTACT CTAAAGGATIC
TTCAAGETCRCAT-ARACCCRATCCT TCAGCTAGCCARTGTGT TG TACT CCRAAGEATTC
TTCAAGGCCACAT-TAACCCAATT CTTCAGCTAGCCAATGTGT TGTACT CCAAAGGATIC
TTCAAGGCCRCATATAACCCRATGCT TCAGCTAGCCARTGTGT TG TACT CCRARGGATIC
TTCAAGGCCACAT-TAACCCAATT CTTCAGCT AGCCAATGTGT TGTACT CTAAAGGATIC
TTCAAGGCCACAT-TAACCCRATGCT TAR A - AGCCAATGGET —GACT CCRAAGGATTC
TTCAAGGACRCAT-TAACCCRATCET GRAGGEEEEEREEE AGTCCARAGGATTC
PR LR . AR sas s . . . . A EE R LR
AGTATCRACCATCTITCACACCAR TTCAACAAGCOCCAR AR CCTCCARCTACCCTCACTIC
AGCATCACCATCTITCACACCAM TTCAACAAGCOCCAR AACCT CCAACTACCCTCACTTC
AGTATCACCATCTITCACACCARCTTCAACAAGCOCCARAACCTCCAACTACCCTCACTIC
AGTATCRCCATCTITCACACCARTTCAACARACCCAR AACATCTAATTACCCTCACTIC
AGTATCACCATCTITCACACCAACTTCAACAAACCCARAACATCTAATTACCCTCACTIC
AGTATCACCATCTITCACACCARTTCAACARACCCAR A ACATCTAATTACCCTCACTIC
AGTATCACCATCTITCACACCAMTTCAACARACCCARAACATCTAATTACCCTCACTIC
AGTATCACCATCTITCACACCAACTTCAACARACCCARAACATCTAATTACCCTCACTTC
AGTATCACCATCTITCACACCARCTTCRACRAACCCARAGCATCTAAGTACCCTCACTTC
A-TATCACCATCTTTCACACCAMTTCAACAAACCCARAACATCTAATTACCCTCECTTC
R LR - LR L Sasasa sas
ACTTTCAGAT TCATCCTCGAC AR GATCCACACRT@ACGCTACGCCAATI TACCGCTG
ACTTTCRGAT TCATCCTCGACARCGATCCACACR TG ACGCTACGCCRATI TACTGCTG
ACTTTCAGATTCATCCTCGACAMGATCCACACR TG ACGCTACGCCAATTI TACCGCTG
ACTTTCRGATTCATCCTCGACARCGACCCACAAG CERACGCATT TCCRATCTACCGACT
ACTTTCAGAT TCATCCTCGACAMGACCCACAAG CETACGCATT TCCAATCTACCGACT
ACTTTCAGAT TCATCCTCGACAR GACCCACA AR CGTACGCATT TCCRATCTACCGACT
ACTTTCRGATTCATCCTCGACARGACTCACAAG CETACGCATT TCCRATCTACCGACT
ACTTTCAGATTCATCCTCGACARCGACCCACAAG CGACGCATT TCCRATCTACCGACT
ACTTTTCGAT TCATCCTCGACARGACCCGAAGR CRGCTCATI TCCRATCTACCGAET
ACTTTCCTATTCATCATCGACARGACCCACACAACGACGEATT ACCAATCTACCGACT
L D LR L L . . . IR L
CAAGEATGEEGECGTITTCTCG-AATT TTCT TAT TCAAT AR ATCCGEEGIGGAT-~CAR
CAAGGCATGGEGECGTTTTCICG- AATTATCT TAT TCAAT AR ATCCGGGGOGGAT-~CAA
CAAGECATGEEEECGTITTCTCG-AATT TICT TAT TCRAT AR ATCCGGEGEIGGAT-~CAR
CATGETCCETCRCTGETATGCG-GATTCOGAT TATCRACRACACGRGLTGAC--@A
CATGGETCCGTCGCTGT TATGCG-GATTCTGAT TATCAACR ACACCRGCTGAC-~@A
CATGGETCCGTCACTGTTATGCG-GATTCTGAT TATCRACGR ACRCORGCTGAC-~@A
CATGGETCCGTCGCTGITATGCG-GATICTGAT TATCAACR ACACGRGCTGAC--@A
CATGETCCE TR T GETATGCG-GATTCCEAT TATCAACE ACACORGLTGAC-~@A
TATGGECGETCGCT GITAMGCG-ARA-ATGAT TATCACCRATG -CRGIT GEAGTEE
CCTGETCCTETCCCTGT TGAGAGEARTCACCCT TATCRAARCRACCAT R GTITCRAGET
LR - . - . . e i - .
TTACGOCACCAACTGRACTGEAACTGT - 066 - —CGRAR-GATGAACCACCTGTGTCAT
TTACGCCACCAACTGRACTCEAACTGT - 066 - —CEAR ~GATGAACCACCTGTGTCET
TTACGOCACCAACTGRACTGGAACT T - 066 - —CGRAR ~-GATGAACCACCTGTGTCGT
TTACGACGOGARCTGRACTCT TGATGT ~TAGCTI CTGAR ~GAMGATGRAGAGGTATCGT
TTACGACGCGAACTGRAACTGT TGATGT - TAGCTI CTGAA ~GAMGATGGAR GGTATCGT
TTACAMCGCGAACTGRAACTGI TGATGT - TAGCTI CTGAA ~GAMGATGGAGAGGTATCGT
TTACGACGCGAACTGRAACTGT TGATGT - TAGCTI CTGAA ~GAMGATGGAGAGGTATCGT
TTACGACGOGARCTGRAACTGT TGATGT - TAGCTI CTGAR ~GAMAT G AGAGGTATCGT
TTACGAT-—-ATTTGGACTGCT TGATAT - ICT TR TR GCCEAGEAAR T TATGIGATTT
GTTCAACATGTGTGACAGCRGTGCAN ACTGCTACGEARMGAG GATCTACGCGETCCT
. . - LR

Figure 5. Multiple DNA sequence alignments of the UGT76G1 genes with the genes from three different
varieties of stevia available GenBank. Completely conserved residues across all the aligned sequences are
marked with an asterisk (*) below. Absent nucleotides are indicated by dashes (—).

specific method, to accurately measure the transcript levels of the three varieties*. Increased transcript levels of

the UGT76G1 enzymes increased the level of the final product of the biosynthetic pathway, rebaudioside A*>4.

Rebaudioside A accumulation is one of the most important traits contributing to the economic value of stevia
47

crops®.
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Figure 6. Dendrogram illustrating the phylogenetic relationship of different varieties based on DNA nucleotide
sequencing of the UGT76G1 gene.
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Figure 7. Dendrogram illustrating the phylogenetic relationship of different varieties based on DNA nucleotide
sequencing of the UGT76G1 gene and comparison with the same gene listed in GenBank.
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Figure 8. Quantitative estimation of UGT76G1 gene expression in stevia leaves.

Chinal 0.178£0.012 1.00
Egyl 0.11940.007 0.628
Sponti 0.07440.002 0.376

Table 4. Relative gene expression of the stevia UGT76G1 gene in three varieties using RT-quantitative PCR.

Conclusion

The present study investigated the relationship among three Stevia varieties using HPLC and molecular tech-
niques. Sequence analysis was used to determine the nucleotide similarity of the stevia varieties Chinal, Egyl,
and Sponti. The three varieties were clustered into two major groups and showed close similarity to UGT76GI.
Phylogenetic relationships among different sequences of S. rebaudiana UGT76G1 were studied. A dendrogram of
genetic similarities among the three varieties was constructed. The results indicated that the three varieties were
clustered into two major groups: Group I (Egyl and Sponti) and Group II (Chinal). This similarity might be the
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result of the existence of a common ancestor for Egyl and Sponti, and this ancestor might be different from the
ancestor of Chinal. The results obtained for the gene expression of UGT76G1 indicated that Chinal showed the
highest gene expression levels compared to the other two varieties, and the gene expression level of UGT76G1
was significantly higher in Chinal than in the two varieties.
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