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ABSTRACT: Stevia rebaudiana, member of an Asteraceae family, has a unique property of sweet leaves.
The sweetness is because of the secondary metabolite produced, which is a glycoside. Amongll glycosides,
primary sweetening agents are Stevioside, rebaudioside A and C. Production of these glycosides are very less in
vivo hence there are several attempts performed where these are produced in vitro. Various extraction procedures
had been applied for maximum steviol glycosides extraction. Further purification and analysis techniques are also
used to the samples for having pure steviol glycosides. Previous studies indicated various ill effects of steviol
glycosides on human health. Later on, it was proven safe for human consumption in its purest form. Further
researches for finding new steviol glycosides are still going on. However, even much work is needed for its
biotechnological production. This literature focuses on the work done of in vitro production, extraction and health
effects of steviol glycosides.
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INTRODUCTION

Stevia rebaudiana, a member of Asteraceae family one of the 154 members, is also known as
Stevia, Sweetleaf, Honey leaf and Candy leaf. It is also known as the sweet herb of Paraguay
as after much dormancy Dr M.S. Bertoni again studied it in 1988 at Paraguay [1]. Stevia
rebaudiana is a perennial shrub attaining the height of about 1 m and bears 2-3 cm long
elliptical, sessile and oppositely arranged leaves. It can be grown in the kitchen garden. The
optimum pH requirement is 6.5-7.5, well-drained sandy loam and red soil [2]. It has a weak
and woody stem at the bottom and slightly branched roots bearing composite flowers
surrounded by an involucre of epicalyx. Flowers are light purple and are pentamerous
[3](Madan et al., 2012). Among their 152 co-family members, only two species are found to
produce sweet steviol glycosides, which are used as food additives and non-caloric sweeteners
in Brazil and Japan [3]. It is proven that steviol glycosides are 300 times sweeter than
conventional sugar’s 0.4% solution [4]. The chief components of steviol glycosides include
Stevioside, steviolbioside, rebaudioside A, B, C, D, E, F and dulcoside A [5, 6](Medicinal and
Aromatic Plants — Industrial Profiles, 2002). Recently a new glycoside is discovered named
rebaudioside M [7].

Stevia is naturally grown in semi-humid sub-tropical regions of 200-400 meters above sea
level. Average rainfall for cultivation should be 1500-1800 mm, and temperature conditions
are from -60 to 43°C. Stevia rebaudiana is indigenous to Central and South America [8] as well
as in Japan [9].
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SECONDARY METABOLITES OF STEVIA REBAUDIANA

Itis found to be proven that the leaves of Stevia rebaudiana are the chief source of secondary
metabolites. Various qualitative and quantitative analysis of Stevia leaves reveals the following
data of their composition, macro and micro mineral contents and secondary metabolites.
Yadav, S. K., & Guleria, P. (2012) has reported protein to be 20.42%, carbohydrates to be
35.20%, fat to be 4.34% and Ash content to be 13.12% on a dry weight basis., macro elements
are Potassium, Calcium, Magnesium, Phosphorus, Sodium and Sulphur and microelements are
Copper, Cobalt, Manganese, Zinc, Selenium, and Molybdenum [10].

The phytochemical analysis reveals the presence of following in the plant:

Tannins, Alkaloids, Glycosides, Saponins, Sterols and Triterpenes, Anthraquinones [11].
Different types of diterpenoids, such as non-kaurenoicditerpenoids, labdanesclareol are also
present [12].

Phytosterols are found in the wax of the Stevia leaf [13].

STEVIOL GLYCOSIDES AND THEIR BIOSYNTHETIC PATHWAYS

Steviol glycosides render the immense sweetness to the plant leaves. Chief SGs are
Stevioside, and rebaudioside A. Their amounts in the leaves from various studies are as
Stevioside: 4-14%, Rebaudioside A: 2-4%, Rebaudioside C: 1-2%, Dulcoside A: 0.4-0.7%,
Rebaudioside D, E, F; steviolbioside; rubusoside: >0.4%.

SGs are specifically tetracyclic diterpenoids, highly sweet, non-toxic and non-mutagenic
[14]. The leaves of Stevia rebaudiana have almost nine types of different SGs, and each of
them is formed of varying glycosylation and hence possesses distinct organoleptic properties.
There is much difference in the sweetness of Stevioside and rebaudioside A [15]. Rebaudioside
A is sweeter and less bitter [16]. After extensive functional analysis [17] prove that SGs
synthesis is restricted to the green tissue.

Total of 16 enzymes is identified for SGs biosynthesis. These enzymes are classified into
three groups according to the similar pathway they follow in other plants. SGs biosynthesis
occurs via three distinct pathways. They are MEP pathway, GA biosynthesis pathway and
remaining steps are specific for SG biosynthesis [1]. From the initial seven steps,
isopentenyldiphosphate (IPP) and dimethylallyldiphosphate (DMAPP) are synthesized.
Pyruvate and Glyceraldehyde 3-phosphate is the precursors for these reactions. These steps are
common within the MEP pathway [18]. These IPP and DMAPP are converted into
Geranylgeranyl Diphosphate (GGDP). GGDP is converted to kaurenoic acid in the next four
steps. These steps are common within the GA pathway [19]. Kaurenoic acid underwent
hydroxylation and converted to steviol. From steviol, the biosynthetic pathway diverges, and
SG synthesis specific steps are involved [17]. The remaining four steps are catalyzed by UDP-
glucosyltransferases (UGTs). Out of these four UGTs, three are identified which converts
steviol to steviolmonoside, steviolbioside to Stevioside and Stevioside to rebaudioside A. one
UGT which converts steviolmonoside to steviolbioside is not yet identified [17].

SGs biosynthesis also takes place in different locations of the leaf tissue because the
associated enzymes are related to the various parts. Formation of kaurene occurs in the
chloroplast. The enzymes for the formation of steviol from kaurene are associated with
Endoplasmic reticulum. The four UGTs from which 3 UGTs named UGT85C2, UGT74Gl,
and UGT76G1 are present in the cytoplasm [20].
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IN VITRO PRODUCTION OF SGs

Different tissue culture methods had been incorporated for the in vitro propagation of Stevia
rebaudiana which includes somatic embryogenesis [21] cell line development from colchicine-
treated diploid cell suspension culture [22] and multiple shoot generation from nodal
segments[23]. Totté, N. et al., 2003 has reported that in vitro production of Stevioside depends
on the biomass yield and cultivation, medium components and osmotic stress [4]. Plant tissue
culture is advantageous technique over conventional farming for secondary metabolite
production as a minimal amount of plant material is used for quite a high cell growth and
biogenesis and desired product may be produced in a notably short period. Efforts have been
made to develop suitable media for the production of biomass, Stevioside and rebaudioside A
in callus as well as in cell suspension culture. In a study of media standardization by changing
its components and its strength wherein various media formulation such as Nitsch media,
Murashige and Skoog media, Linsenmayer and Skoog media and Gamborg's B5 media with
multiple concentrations of auxins and 2,4-D was examined for sustainable growth [24]. Media
composition for different carbon sources was also discussed. Different sugar viz. glucose,
sucrose, galactose, and fructose were examined for carbon utilization in Stevioside production
[25]. Babu P. et al., 2011 has done compiling work on above and concluded that explants
cultured on the half-strength MS medium containing 3% sucrose accumulated higher biomass
and produced maximum Stevioside followed by glucose [26].

Researchers have also examined the effects of different stress conditions. Effect of salts
particularly NaCl and Na.COs on callus and suspension culture for SGs production experiment
reveals that the quantity of SGs increased by 1.43 and 1.57% with 0.10% NaCl and 0.25%
Na>COsrespectively compared to 0.27% in control in callus. Whereas 2.61% and 5.14% in cell
suspension culture compare to 1.36% in control [27]. Effect of drought stress has been
examined by using proline and polyethylene glycol. Proline plays an important role in the
osmotic adjustment in osmotically stressed plant tissue and the protection of plasma membrane
integrity. At the same time, PEG is a non-ionic water polymer and used in vitro to induce water
stress in plants. The highest amount of fresh and dry weight in callus and suspension culture
was obtained with 5mM proline, and 5% PEG and SGs content increased from 0.27 (control)
to 1.09% and 1.83% with 7.5mM proline and 5% PEG in callus and from 1.36% (control) to
5.03% and 6.38% in suspension culture [28]. It was also proven that SGs are synthesized in
green tissues; hence, it is imperative to have green callus for the initiation of cell suspension
culture for the biosynthesis of SGs. For obtaining such green callus, several experiments have
suggested various combinations of plant hormones. The study suggests that MS medium
fortified with combinations of BAP, NAA and 2,4-D produce green callii [29].

Newly emerged method of tissue culture, namely BIT®, had also been employed for the
production of biomass as well as total Stevioside. From the study, it was concluded that
morphological quality was best and fresh and dry weight was seen seven times in BIT®
compare to the semi-solid or liquid medium. The total Stevioside quantity was also higher in a
bioreactor [30].

An overall brief review of the in vitro culture studies by far of Stevia rebaudiana for various
purposes are listed below in chronological order. (Table 1)
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Table 1

The technique

:;ii;gh u§ed or treatment  Result of the study Reference
given
Callus induction
];rsoinmg Ifhag gﬁ?é?gﬁ Medium supplemented with Q.l mg/l
1981 concentration of of NAA and 10.0 mg_/l of 2-iP, the (Wada et al.,
IAA BA. Kinetin hlghest callus forma_tlon and 4- PU 1981)
Zeatin, 2_’ ip and 4 induced root formation.
PU
Establishment of Seeds were cultured on %2
multiple shoot MS+0.01mg/L NAA then multiple
culture from nodal  shoots were obtained in MS + 2.1 [23](Abeyaratne
1990 segments with mg/L BAP and then 2.0 g of above & Bandara,
NAA and BAP and  culture was added to liquid hormone-  1990)
subculturing them  free MS medium in bioreactor and the
in a bioreactor hardened on Sand: vermiculite (1:1)
Shoot primordia were cultured and
Mass propagation multiplie_d in quuic_i s_hake cultures in
of shoots of Stevia MS medium containing O._l rng/1
1994 rebaudiana usin NAA, 1 mg/l BA from which 10 g/L
ga . : : . [25]
large scale prlmordla was inoculated ina
bioreactor bioreactor which resulted in 64.6 kg
fresh weight shoots, and then 90 % of
them were acclimatized in soil.
Comparative study
S’:eg}glpé?)?clf)(;:ilg:SOf The hi_ghest amount of f[otal steviol _
in in vivo plants, in g_lycomdes were found in leaves of in
2001 vitro callus Cultu’re vitro plants viz., 5900 pg/g firy weight [65]
of stem and leaf and_the Iovx_/est amount was in
and suspension dedifferentiated callus viz., NIL.
culture, was done.
. Maximum shoot generation was
Eg\i%tgt?;t?;:]?gim achieved with 8.87 uM BA, and'5.71
different cytokinin uM TAA and the maximum rooting
2003 and Auxin was response was shown in half-st_rength [66]
examined for in MS medlum_supplementgd with 4.90
vitro culture of uM IBA giving _12-13 thick roots per
Stevia rebaudiana shoot and cocopit was found to be
most effective for acclimatization.
Highest multiple shoots were induced
Development of a in the MS medium supplemented with
2007 method for clonal 1.5 mg/L BA and 0.5 mg/L Kinetin [75]

propagation of
Stevia rebaudiana

whereas highest rooting response
(97.66%) achieved on MS medium
with 0.1 mg/L IAA.
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Use of
cyanobacterial

Leaf explants of Stevia rebaudiana
Bertoni induced callusing when
putting on a mixture of different
cyanobacterial cultures as a medium
for regeneration. Maximum

2008 medium for in vitro liferati btained di [67]
callusing of Stevia proliferation was obtained on media
rebuadiana containing cyanobacterlql _m(_adla

(5ml/l and 10ml/1) for initiation and
maturation medium respectively +
Sucrose (3% w/v)+ CaCl, (0.44mg).
Juvenile leaf produced the highest
amount of callus on MS medium
supplemented with 11.31 uM 2,4- D
Indirect and 2.22 uM BAP. Highest shooting
organogenesis response from this callus was achieved

2009 studies on leaf with MS medium supplemented with  [68]
derived callus of 4.44 uM BAP and 1.34 uM NAA in
Stevia rebaudiana 28 days to which highest rooting

response was achieved with half-
strength MS medium supplemented
with 2.46 uM IBA
Adventitious roots were induced on
Murashige and Skoog (MS 1962)
media supplemented with 10.7 uM of
NAA. These cultures were
successfully maintained in the same
medium for six months with regular
Incorporation of a  subcultures after four weeks. After
roller bottle system  that, the 1.0 to 1.5 cm long segments
for the of the roots were transferred to the

2011 establishment of roller bottle system containing a fresh ~ [69]
adventitious root root inducing liquid MS medium
culture of Stevia supplemented with 10.7 uM NAA. In
rebaudiana Bertoni this study, the best conditions for

cultivation were investigated,

considering culture volume (25 ml),

culture period (4 weeks), salt

concentrations in the nutrient medium

(33%) and optimal initial inoculum

(0.2 g) of S. rebaudiana roots.
Optimization of MS medium supplemented with 2,4-D
media composition  was found to best for callusing.

2011 and gtrength_ for Stevioside content was not found to be [26]
maximum biomass  dependent on the strength of the
and stevioside medium, but the highest biomass was
contents achieved on half strength.

Development of an  Liquid culture MS hormone-free
2012 efficient method for medium with 1% sugar exhibited [70]

micropropagation
of Stevia

better multiplication of nodes and as
well as increased shoot length as
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rebaudiana

compare to multiplication on solid
medium. The maximum numbers of
roots per shoot (21.2) were observed
in medium containing half strength of
MS salt and 100 ppm charcoal with an
average root length of 4.22 cm.

Study of effects of
different
concentrations salts
(NaCl and Na2COg)
on callus and

Incorporation of sodium salt in growth
medium resulted in the inhibition of
growth, and at lower concentrations
viz., 0.1% of NaCl and 0.025% of

2014 suspension culture ~ Na>COs resulted in higher level [27]
of Stevia accumulation of stevioside and
rebaudiana for the  rebaudioside A both in callus and
steviol glycoside suspension culture.
production
Effects of drought
on the production Highest biomass produced in the
of stevioside and callus as well as suspension culture
rebaudioside A in with five mM proline and 5 % PEG. In
callus and comparison, maximum production of
suspension culture  steviol glycoside in callus and
2015 . ? . : [28]
of Stevia suspension culture was achieved with
rebaudiana by 7.5mM proline and 5% PEG. The
incorporation of overall amount of steviol glycoside
proline and was higher in case of suspension
polyethylene glycol culture then callus culture.
in growth medium
NaCl and proline found to be better
for shoot induction then Na>CO3z and
PEG. Highest (2.60%) amount of total
Eﬁect of salt and SGs (Stevioside and Rebaudioside A)
rought stress on . .
2016 the production of were found with shoots treated with [71]
SGs in in vitro 0.025% !\Ia2003followed by 5.0
generated shoots mMProline -1.65%, 0.10% NaQI-
1.25% and 5% PEG-1.15%, which
were 3.3, 2, 1.6 and 1.5 times higher
than control (0.79%) respectively.
Callus produced with the combination
of BAP, NAA and 2,4-D was good to
initiate cell suspension culture and
Study on the gave the highest yield of SGs
establishment of compared to other treatments used in
2016 callus and that study. Callus was generated on [29]

suspension culture
for production of
SGs.

MS medium supplemented with 1
mg/L BAP, 1 mg/L NAA and 2.5
mg/L 2,4-D. Suspension culture was
also established on the same medium.
This treatment gave 33.87 mg per
gram of tissue SGs content.
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Study of Plant
Growth Regulator
Effects on In vitro
Propagation and

Researchers suggest plant growth
regulator free medium for getting
maximum production of stevioside

2016 Stevioside and rebaudioside A. Biomass yield [74]
Production in was higher in woody plant medium
Stevia rebaudiana  supplemented with BAP and NAA.
Bertoni
Study on the effect
of zinc o?<|de (£n0) Maximum shooting response and
nanoparticles on hiah lation of SG
hysiology and ighest accumulation of SGs was
pnys . achieved in the MS medium
2017 steviol glycosides ; [72]
2 supplemented with 1 mg/L ZnO
production in i
. nanoparticles compared to control and
micropropagated .
. other concentration used.
shoots of Stevia
rebaudiana Bertoni
Comparative study  Morphological quality of BIT®-
of different in vitro  derived shoots was best and coupled
micropropagation with shoot fresh and dry weight that
methods of Stevia ~ was more than seven times higher in
2017 rebaudiana B. BIT® compared with [30]
including micropropagation in liquid or semi-
temporary solid media. In turn, the total content
immersion of steviol glycosides produced was
bioreactor (BIT®)  also higher in bioreactors.
Reduction of nitrogen and phosphate
Stuo!y of the effect levels to half resulted in tallest shoots.
of nitrogen and . . .
. An increased concentration of nitrogen
phosphate on in significantly lowered the amount of
vitro growth and S .
2018 rebaudioside A accumulation [73]

metabolite profiles
of Stevia
rebaudiana Bertoni
(Asteraceae)

compared to control. The highest
amount of stevioside was found in the
micropropagated plants on half
phosphate MS medium.

EXTRACTION, ISOLATION, AND ANALYSIS OF SGS

Extraction of SGs from ex vivo and in vitro material has always been the subject of interest
and extensively studied using different chemical methods to get the purest form of Stevioside
and rebaudioside A.

Persinos, G. J., 1980 was the very first attempt recorded for the extraction of SGs in
1973 [31]. The patented invention noted the extraction of SGs from the grounded, defatted and
extracted with organic solvents. Afterwards, various patents are given in this field based on the
choice of different solvents [32], ion exchange [33], adsorption chromatography [34] and use
of solvent plus decolorizing agent [35]. Conventional methods include steps like agueous or
solvent extraction, ion exchange, precipitation or coagulation with filtration followed by
crystallization and drying. Reports are there for the pretreatment of the extracts with lime [36].
The advanced techniques applied for extraction of SGs involves supercritical fluid extraction
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with CO2 and co-solvents such as methanol, ethanol and acetone, selective adsorption on
zeolites X and A [38], supercritical fluid extraction by two-step process [39], pressurized fluid
extraction using water or methanol [40]. More recent techniques developed include advanced
techniques like sonication [41], ultrasound-assisted extraction [42], microwave-assisted
extraction [43] and pressurized hot water extraction [44]. Use of sonication for extraction gave
the highest value of 3561 mg/g of rebaudioside A when power is kept 360 W with time 18 min.

In comparison, ultrasound-assisted extraction gave highest 36.92 mg/g content of
rebaudioside A with probe diameter 22 mm and 10 min time. MAE resulted in a total of
2.34%content of rebaudioside A in 1 min time with power 80 W at 50°C. Above all, the most
suitable technique seems to be PHWE as it provides effective green extraction method. From
studies, it had been concluded that water changes its polarity at high temperatures and thus can
dissolve many nonpolar compounds also. Rebaudioside A can be extracted using PHWE at
100°C, 11-13 bar pressure with 1.5 ml/min flow rate in 15 min.

For determination of distribution and content of SGs in in vivo as well as extracted samples,
various analytical methods have been employed. Majority of them are thin layer
chromatography [45, 9, 46], overpressure layer chromatography [47], droplet countercurrent
chromatography [48] and capillary electrophoresis [49] & [50]. Stevioside and rebaudioside
were specifically analyzed using HPLC by converting above to their derivative [51],
enzymatically [52], by near-infrared reflectance spectroscopy [53] and HPTLC [43]. The most
successful method for analysis of Stevioside and rebaudioside among all is HPLC coupled with
mass spectroscopy.

HEALTH EFFECTS OF SGS

As Stevia is used in confectionaries and beverages as the natural sweetener with no caloric
value in many parts of the world, it has always been the matter of concern that whether it is
safe for human consumption. Multiple researchers have examined Its effects on various
physiological processes at different time zones.

The significant health associated risk was thought to be associated with carcinogenic
properties of Stevia. Mutagenic properties of Stevia had been examined. Two studies
previously have detected mutagenic effects of steviol extracts [54, 55] while in the same study
steviosides are found to have no such effects. Later in next year study, both the compounds
were found to have no mutagenic effects [56]. However, the final research proves the SGs as
non-mutagenic substance [57], and also various studies showed that stevioside has an
antiproliferative effect on human colon cancer HT-29 cells [58], CPUK 02 an Ent-kaurenoid
derivative of stevioside exhibited demethylating properties and hence exhibited potent
anticancer activity in vivo and in vitro [59]. Stevia was also found safe for consumption by
longitudinal tracking of pancreatic acinar carcinoma development, growth, and lethality in a
sensitized mouse model [60].

As steviosides are used as artificial sweeteners, one question arises that if they have any
effect on pancreatic activity and hence on blood sugar. It was found that stevioside has a blood-
glucose-lowering effect. The study on normal mouse islets and the B-cell line INST for
stevioside and steviol resulted in enhance insulin secretion in the presence of glucose in both
[61]. A study on rebaudioside A proves that in the presence of Ca?", it induces insulin
stimulation at high glucose [62]. Recent studies on TRPM 5, a Ca?* activated cation channel
show induced insulin secretion and can prevent type 2 diabetes [63]. In one such research,
radioactive glucose uptake assay was implemented to assess improvement in insulin sensitivity
in 3T3-L1 cells by elevation of glucose uptake following treatment with stevioside, and the
result suggested that stevioside has direct effects on 3T3-L1 insulin sensitivity via an increase
in glucose uptake and enhanced expression of a protein involved in the insulin-signalling
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pathway [64].
LIMITATIONS AND FUTURE SCOPE OF THE STUDIES

As Stevia has been known to the scientific community since long, almost all type of
necessary studies related to its physiology, composition, genetic makeup, cultivation and
extraction of steviol glycosides have been completed. However, there is scope of transcriptome
analysis with the advancement in molecular biology. Transcriptome level studies can add new
insights about the change in the concentrations of these important glycosides during biotic and
abiotic stress. At present no or less information is available regarding the role of different
transcriptional factors, enzymes and hormones in response to different stresses, age of the plant
and growth conditions for Stevia. Higher Rebaudioside A production at the mass level is still a
difficult task due to paucity of standard protocol and analytical method. Despite all these
achievements, a fundamental need of biochemical method to check the concentration of steviol
glycosides in the extracts is still there.

CONCLUSION

The review presented here focused on the magic herb, its contents and their biosynthetic
pathway and biotechnological approach for their production. Stevioside and rebaudioside A
has been proved to be safe for human consumption; still, Stevia leaf and crude Stevia extracts
are not included in GRAS (Generally Recognized As Safe) and do not have FDA approval for
use in food. Hence there is a great need of having the purest form of safe steviol glycosides-
stevioside and rebaudioside A. Moreover conventional extraction using alcohol from in vivo
explant do not give desirable purity, and amount of above said SGs as well as not safe for
consumption. From the present review, it is concluded that further work is to be done for
rebaudioside A as far as its biotechnological production, green extraction and consumption
studies are concerned.
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