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ABSTRACT.-“Hairy root” cultures ofStevia rebaudiana, whose leaves contain the sweet di- 
terpene glycoside stevioside among other steviol glucosides, were induced upon infection with 
Agrobarterirrrn rhizogenes strain 15834. Steviol glucosides were not produced by the hairy root cul- 
tures in the dark. Addition of cytokinins (kinetin and benzyladenine) to solid medium resulted 
in a morphological change of hairy root cultures in the light into callus. Stevioside was not de- 
tected in the cultures. The primary shoot tip cultures from the in vitro cultured plantlets pro- 
duced stevioside in liquid medium in the light. Our results suggest that the organ for the syn- 
thesis site ofsteviol glucosides is leaves, not roots in the whole plants. The shoot tip culture ofS. 
rebaudiana in liquid medium may be useful to produce stevioside. 

The leaves of Stevia rebaudiana Bertoni (Compositae) contain the diterpene 
glucosides stevioside and rebaudioside A, among others, which are used as natural 
sweeteners (1). Micropropagation ofS. rebaudiana (2,3) and the formation of stevioside 
in callus culture (4) have been reported. However, the formation of stevioside in organ 
cultures in vitro has not been reported. It is not yet known which plant organ is the site 
of synthesis of stevioside andor its precursors containing steviol. 

The aglycone of the sweet diterpene glucosides, steviol ( 13-hydroxy-ent-kaurenoic 
acid), is biosynthesized from ent-kaurenoic acid, which is known to be an intermediate 
in gibberellin biosynthesis. It is thought that steviol is synthesized through the same 
pathway as gibberellin and is substituted with glucose (5). 

W e  have established “hairy root” cultures of S. rebaudiana upon infection with Ag- 
robactwium rbizogenes and studied the synthesis of steviol glucosides in these systems as a 
production system of sweet compounds. No  steviol glucoside was detected in the hairy 
roots cultured either on solid or in liquid 1/2 Murashige and Skoog’s (MS) and White 
media without phytohormone in the dark. We then examined whether a morphological 
change of the hairy root cultures into calli or shoots in the light induces or enhances the 
formation of stevioside. In addition, we examined the effects of phytohormones on the 
various cultures and the production of steviol glucosides. 

RESULTS AND DISCUSSION 

DISTRIBUTION OF STEVIOL GLUCOSIDES IN s. REBAUDZANA PLANTLETS IN 
VITRO.-In the cultured plantlets, stevioside and rebaudioside A were detected in the 
leaves (stevioside 12.9 mg/g fresh wt, rebaudioside A 95 pg/g fresh wt) and the stems 
(stevioside 2 . 1  mg/g fresh wt, rebaudioside A 5 ~ g / g  fresh wt) but not in the roots. 

‘Present address: Division of Food Additives, National Institute of Hygienic Sciences, I-  18- 1 
Kamiyoga, Setagaya-ku, Tokyo 158, Japdn. 
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Steviolbioside, the precursor of stevioside, was detected in all the three organs (275 kg/ 
g fresh wt in leaves, 265 kg/g fresh wt in stems, and 17 pg/g fresh wt in roots). 

EFFECTS OF HIGH SUCROSE CONCENTRATION ON HAIRY ROOT CULTURES IN 
LIQUID MEDIUM.-NO steviol glucoside was detected in the hairy roots (6 clones) cul- 
tures in liquid 112 MS and White media containing 2% sucrose without phytohormone 
in the dark for a month. 

It has been reported that osmotic stress affects secondary metabolism in tissue cul- 
tures from some species of plants (6). We examined the effects of sucrose concentration 
on the hairy root cultures that were cultured in liquid medium containing 2-14% suc- 
rose in the dark for 4 weeks and harvested for analysis. High concentrations of sucrose 
(5-11%) resulted in increased fresh wt of the hairy root cultures grown in 1/2 MS 
medium. The cultures in the 8% sucrose medium reached a 3 . 3  times higher fresh wt 
than the cultures in the 2% sucrose medium. The cultures in 14% sucrose had one-half 
the fresh wt of the cultures in 2% sucrose medium. Sucrose concentration had no effect 
on the growth of the hairy root cultures in White medium. It appears that osmotic 
stress was not able to induce the synthesis of steviol glucosides, because no steviol 
glucoside was produced in the hairy root cultures in 1/2 MS and White media contain- 
ing any concentration of sucrose. 

IN THE LIGHT.-NO steviol glucoside was detected in the hairy roots (16 clones) cul- 
tured on solid 1/2 MS and White media in the dark for 2 months. It has been reported 
that “green hairy roots” from some plant species grown in the light produce higher 
levels of useful secondary metabolites characteristic of aerial parts than hairy roots 
grown in the dark (7-9). Photosynthetic/photoautotrophic root cultures may thus be 
made to produce secondary metabolites. We examined the cultures of S.  rebuudium 
hairy roots on solid 1/2 MS and White media in the light. No steviol glucoside was de- 
tected in the green hairy root cultures. 

We examined whether a morphological change of the hairy root cultures into calli 
or shoots in the light induces the formation of stevioside. The hairy roots were cultured 
on solid 1/2 MS medium containing 0-100 p M  bentyladenine (BA) in the light for 11 
weeks and harvested for analysis. Addition of BA (2 1 p M  BA) to 1/2 MS medium re- 
sulted in a morphological change of the hairy root cultures into calli (Table l) ,  de- 
creased fresh wt, and decreased chlorophyll levels (Figure l). No shoot nor bud forma- 
tion occurred in any cultures. A trace amount of “steviolbioside-like compound” was 
detected by hplc, though no steviol glucoside was detected to tlc. We were not able to 
identify the “steviolbioside-like compound,” because the amount of it was too little to 
measure the absorption spectra of the peaks on chromatograms that had the retention 
time corresponding to steviolbioside. The ratio of the absorbance of steviol glucosides 
at 220 nm to that at 200 nm (reference: air) was 5%. When the small peaks on the 
chromatograms at 200 nm had a retention time corresponding to steviolbioside and had 
no or negligible peaks on the chromatograms at 220 nm, we considered the peaks 
“steviolbioside-like compound. ” No other sreviol glucosides were detected by hplc. 
These results show that BA did not induce the synthesis of steviol glucosides. Addition 
of kinetin ( 2 3 0  kM kinetin) also resulted in a similar morphological change and had no 
effect on the induction of steviol glucoside synthesis. In both experiments, the roots 
showing small or moderate amounts of callus induced by exogenous cytokinins showed 
a trace level of “steviolbioside-like compound,” but from the viewpoint of the produc- 
tion method of steviol glucosides, the amount is negligible. The complete morphologi- 
cal change of the hairy roots into callus resulted in decreased activity in growth and 
biosynthesis. The biosynthesis of stevioside was not induced in any light-grown hairy 
root cultures. 

EFFECTS OF PHYTOHORMbNES ON HAIRY ROOT CULTURES ON SOLID MEDIUM 
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FIGURE 1 .  Effects of benzyladenine on 

Stevia rebaudiana hairy root cul- 
tures. The hairy roots ( 1  g fresh 
wtiplace) of clones #3  (O), # 16 
(A), and #38 (0) were cultured 
on solid 1/2 MS medium con- 
taining benzyladenine in 18 h 
lighti6 h dark for 1 1  weeks and 
harvested for analysis. The 
chlorophyll content was mea- 
sured by the spectrophotometri- 
cal method of Harborne (10). 

INDUCTION OF s. REBAUDZANA CALLUS CULTURES.-we investigated the for- 
mation of stevioside in callus cultures induced on solid MS medium containing 10 pM 
a-naphthaleneacetic acid (NAA) and 1 pM BA in the light as reported by Lee etal. (4). 
They detected stevioside in the extracts from callus cultures by n-BuOH partition and 
tlc analysis. W e  found that a large amount of sucrose in the extracts from the callus or 
root cultures interfered with the development of compounds, including stevioside, on 
tlc plates even after n-BuOH partition. In addition, some unknown compounds in the 
extracts showed R,-values similar to those of steviol glucosides and grayish-green color 
(characteristic of sugars and glucosides) with the vanillin-sulfuric acid reagent ( 10). In 
order to remove a large amount of sucrose and the unknown compounds, silanized Si gel 
cc was used, followed by tlc and hplc analyses. W e  were not able to reproduce the 
stevioside production by callus cultures reported by Lee et al. (4) .  It appeared that tlc 
analysis of the extracts purified only by n-BuOH partition may lead to erroneous con- 
clusions. 

PRODUCTION OF STEVIOSIDE IN SHOOT TIP CULTURES.-It has been reported 
that shoot cultures from some species ofplants grow vigorously in liquid medium in the 
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light and produce high levels of secondary metabolites ( 1 1,12), and that low concentra- 
tion of cytokinin had effects on shoot formation and proliferation in liquid medium 
(12). W e  investigated the effects of kinetin on the production of steviol glucosides in 
primary shoot tip cultures in liquid medium. 

S. rebaudiana shoot tips from the sterile plantlets were grown in 1/2 MS medium in 
the light for 4 weeks. No roots appeared. The shoot tips grew vigorously both in the ab- 
sence and in the presence of kinetin. Stevioside was detected in these cultures both in 
the absence and in the presence of kinetin as shown in Table 2. One FM kinetin en- 
hanced the growth of shoots and the synthesis of stevioside. A small amount of steviol- 
bioside (15-20 Fg/g fresh wt) was detected in all the cultures. No rebaudioside A was 
detected in any cultures. 

TABLE 2. Effects of Phytohormones on Stevia rebaudiana Shoot Culture 
in Liquid Medium in the Light." 

Stwiosideb 
Kinetin ( KM) Fresh wtb(g) 

I 

0 . . . . . . . . . . . .  
1 . . . . . . . . . . . .  369 2223 
3 5.7 228 1313 
10 . . . . . . . . . . .  5.0 128 650 

. . . . . . . . . . . .  

T h e  shoot tips (1 node, 5 mg) ofS. rebaudiana plantlets were cultured in liq- 
uid 1/2 MS medium containing phytohormones described in the table in continu- 
ous light for 4 weeks and harvested for analysis. 

%e values are the averages obtained from duplicate cultures. 

ORGAN CULTURE FOR PRODUCTION OF STEVIOL GLUCOSIDES.-we examined 
the possibility of the production of the sweetener by S. rebaudiana organ cultures, espe- 
cially the hairy root cultures or the whole plantlets reproduced from the hairy roots. The 
root cultures of S. rebaudiana were not able to produce stevioside. On  the other hand, 
the shoot cultures in liquid medium in the light were able to produce steviol 
glucosides. Our results suggest that roots ofS. rebaudiana plants are not the main site of 
synthesis of stevioside and that steviol glucosides are synthesized in leaves. The root 
cultures may be of no use in producing steviol glucosides. W e  did not measure the 
amount of steviol, the aglycone of the sweet glucosides, in the cultures, because steviol 
is not sweet. There is, however, the possiblity that steviol is produced in the roots or in 
the callus cultures. W e  were not able to get the whole plantlets reproduced from the 
hairy roots. S. rebaudiana may be one of the plants in which reproduction of whole 
plants from hairy roots is difficult. 

EXPERIMENTAL 

CULTURE MEDIA.- 1/2 Murashige and Skoog's (112 MS) medium (13) contained one half of the 
macroelemental salt formula and 2% sucrose (if not otherwise noted). White medium (14) contained 2% 
sucrose (if not otherwise noted). Solid medium contained 0.2% &kiteTM (Kelco). 

INDUCTION OF s. REBA UDIANA HAIRY ROOT CULTURES.-hrik s. rebaudiana plantlets were 
maintained on hormone-free solid 1/2 MS medium at 25" in 18 h light/b h dark. Small pieces of the stem 
internodes were infected with A .  rbizogeaer strain 15834 grown on YEB agar medium (15) .  The inoculated 
internodes were cultured on solid 112 MS medium for a week and then on solid 112 MS medium containing 
0.5 g/liter of cefotaxime sodium salt for 6-7 weeks in the dark. Segments of the hairy roots were cut off and 
subcultured every month on solid 1/2 MS medium containing cefotaxime sodium. After 3 passages, the an- 
tibiotic was omitted. Sixteen clones were developed and subcultured every 2 months on solid 1/2 MS 
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medium in the dark. Moreover, 6 clones from the original 16 clones were transferred and subcultured every 
month in liquid 1/2 MS medium in the dark. 

CULTURE OF S. REBAUDlANA HAIRY ROOTS.-Hairy roots (1  g fresh wddish) were cultured on 
solid 1/2 MS medium containing 1-300 p M  kinetin or 0.1-100 p M  BA at 25" in 18 h light (photon flux 
density 100 pmol/m2 per sec) /6 h dark for 11 weeks until the most vigorous cultures became almost con- 
Burnt in the dishes, and they were harvested for analysis. Hairy roots (0.1 g fresh wdflask) were also cul- 
tured in liquid 1/2 MS and White media containing 2- 14% sucrose without phytohormone in the dark for 
4 weeks, and they were harvested for analysis. 

CULTUREOFS. REBAUD/ANASHOOTTIPSINLlQUlDMEDIUM.-ShoottipS(~ node, 1 Cm, 5mg)Of 
the sterile plantlets were cultured in liquid 1/2 MS medium containing various doses of kinetin on a gyra- 
tory shaker (120 rpm) at 25" in continuous light (photon flux density 100 pmolim' per sec) for 4 weeks, 
and they were harvested for analysis. 

ANALYSIS OF STEVIOL GLUCOSIDES.-&VzOf g/urosideJ.-Steviolbioside (purity 99%) and the mix- 
ture ofsteviolbioside and rebaudioside B were prepared from stevioside (purity 99% ; given kindly by Dr. 
Tanaka, Hiroshima University, Japan) and Pure MarumilonTM (contents stevioside 58%. rebaudioside A 
18% ; Maruzen Pharmaceutical Company, Japan), respectively, by alkaline hydrolysis by the method of 
Ahmed et al. (16). 

Extraction andpurzfiration.-The culture (2-5 g fresh wt) was ground with MeOH ( 10 ml/g fresh wt) 
and kept at room temperature for more than 1 day. After filtration, the filtrate was evaporated to dryness. 
H,O (3 ml) and n-BuOH (3 ml) were added to the residue, and the solution was mixed well. T h e  n-BuOH 
layer was removrd. The partition was repeated between the aqueous layer and another 1 ml of n-BuOH. 
The n-BuOH fractions were evaporated to dryness. The residue was dissolved in H 2 0  (10 ml) and applied 
to a silanized Si gel column ( 3  g Si gelicolumn) by the method of Fujinuma et al. (17). The column was 
rinsed with H,O (50 ml) followed by 20% MeOH (50 ml). Steviol glucosides were eluted with 50 ml of 
809  MrOH. The 80% MeOH fraction was evaporated to dryness. 

TIcanalyszs.-The samples were dissolved in 75% MeOH or in MeCN-H,O (80:20)and applied to Si 
gel plates. The plates were developed with different solvent systems: (A) EtOAc-iPrOH-H,O( 11:4:2); (B) 
EtOAc-HOAc-H,O (8:3:2); or (C) CHCl3-MeOH-H2O (15: 10:2). The R, values of steviolbioside, re- 
baudioside B, stevioside, and rebaudioside A were 0.34, 0.24, 0.19, and 0.12 (solvent A), respectively; 
0.49, 0.39, 0.32, and0.21 (solvent B), respectively;0.46,0.40,0.36, and0.30(solventC), respectively. 
The bands of steviol glucosides were located with the vanillidH,SO, reagent and heating at 1 10" ( 18). The 
detection limit was 2 0 4 0  pg/fresh wt. 

Hplc analysis (quantitative analysis).-After tlc analysis, the samples were analyzed on a TSK-Gel 
Amide-80 column (4.6 mm i.d. X 25 cm, Tosoh, Japan) with an hplc instrument equipped with an M990 
photodiode array detector (Millipore Ltd., USA), or with an SPD-M6A photodiode array uv-vis detector 
and an SPD-6AV uv-vis spectrophotometric detector (Shimadzu Corporation, Japan) at room temperature. 
The samples were eluted with a linear gradient ofMeCN-H,O (85: 15+(65:35) for 15 min at a flow rate of 
1 mlimin, maintaining the final solvent proportion for 5 min. The retention times of steviolbioside, re- 
baudioside B, stevioside, and rebaudioside A were 9 .5  min, 13.4 min, 14.9 min, and 17.2 min, respec- 
tively. The steviol glucosides have a broad absorption maximum at 197-199 nm in the mobile phase of 
hplc. The ratio of the absorbance of steviol glucosides at 220 nm to that at 200 nm (reference: air) was 5 % .  
W e  measured contour chromatograms at a range of 190-230 nm, and in addition, we compared the 
chromatograms of absorbance at 200 nm and those at 220 nm. Stevioside in the extracts from the shoot tip 
cultures was confirmed by uv absorbance spectra with the photodiode array detector. The amounts of 
steviol glucosides were calculated by measuring the absorbance at 200 nm. The steviol glucosides had the 
same calibration curve when the concentration was expressed in molar amounts. 
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