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Abstract

Background and Objective: Limited research exists on the relationship between different root
structures and the content of steviol glycosides in various genotypes of the Stevia plant (Stevia
rebaudiana Bertoni) under varying levels of drought stress. This study aimed to assess the
relationship between root characteristics and the content of Rebaudioside-A (Reb-A) and Stevioside
(Stev) in two Stevia genotypes under drought stress.
Methodology: This study evaluated the relationship between root attributes, yield characteristics,
and the content of Reb-A and Stev in two Stevia genotypes (Chinese and Indian) under hydroponic
conditions. Seven drought levels (-2, -4, -6, -8, -10, and -12 bars using polyethylene glycol 6000)
were applied in 2023. The experiment consisted of two completely randomized design trials with
three replications each. To begin the experiment, pots filled with a 1:1 ratio of vermiculite and
perlite were prepared, and three uniform seedlings were planted in early April. Throughout the
growth period and the application of drought stress using Hoagland solution, all pots were initially
irrigated with distilled water until the establishment of plants. Once plant establishment was
ensured, drought treatments were administered by irrigating once every three days with 400 mL of
Hoagland solution with varying osmotic potentials based on the designated treatments. After 65
days from planting, all plants were carefully removed from the pots, and their aboveground and
underground parts were separated to measure the desired traits. Steviol glycosides were quantified
using high-performance liquid chromatography (HPLC) with two C18 columns and a UV-Vis
detector at a wavelength of 202 nm. Finally, the results pertaining to each genotype were analyzed
and presented separately.
Results: The results indicated that both genotypes experienced significant reductions in yield and
growth characteristics, including plant height, leaf number, leaf fresh weight, leaf yield, and total
biomass yield, under drought stress conditions. Compared to the control, all mentioned traits
decreased notably under stress. At the -12 bar level, the reduction in leaf yield traits was 59.84%
and 87.9% in the Chinese and Indian genotypes, respectively, while total biomass yield decreased
by 52.51% and 64.19%, respectively. The Indian genotype exhibited a higher average leaf yield at
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non-drought stress levels, whereas the Chinese genotype showed a higher yield at higher drought
stress levels (beyond -8 bars). This suggests that the Chinese genotype displays greater tolerance in
terms of leaf yield under higher stress levels compared to the Indian genotype. Root-related traits,
including fresh and dry weight, volume, length, and density, showed the highest averages in the
Chinese genotype at the -4 bar level and in the Indian genotype at the -2 bar level. In both
genotypes, partial drought stress (-2 bars) resulted in increased average content of Stev when
compared to the non-stress treatment, with the highest content of Reb-A and Stev observed at this
stress level in both the Chinese and Indian genotypes (2.58% and 2.58%, respectively, and 7.8%
and 5.96%, respectively). According to the stepwise regression results, root area, leaf fresh weight,
and total biomass yield were identified as influential traits in increasing the combined content of
Reb-A and Stev.

Conclusion: Based on the findings, severe drought stress resulted in a decline in growth and yield
traits, root characteristics, and the content and yield of the combined Reb-A and Stev. The synthesis
of these two glycosides as metabolites in Stevia plants peaked at the partial drought stress level (-2
bars), highlighting their pivotal role as influential metabolites in imparting stress tolerance. The
Chinese genotype exhibited the highest resistance to drought stress, displaying superior yield and
content of combined Reb-A and Stev compared to the Indian genotype in certain instances. Overall,
this study illustrates that severe drought stress directly diminishes the yield and content of Reb-A
and Stev in Stevia plants. In contrast, certain root-related and yield traits can serve as reliable
indicators of drought tolerance in this plant.
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Table 1. Nutritional composition used in Hoagland solution preparation
Chemical component Source Stock solution mL of stock solution.mL™ of
concentration Hoagland solution

KNO; KNO; (2 M) 202g.L? 25

H,PO, KH,PO, (pH to 6.0) (1 M) 136 g.L! 05

Ca(NO3), Ca(NO3),*4H,0 (1 M) 236 9.0.5L" 2.5
NH;NO; NH,NO; (1 M) 80g.L* 1

Iron Sprint 138 iron chelate 15g.L* 15
MgSO, MgSQO,+7H,0 (2 M) 493g.L* 1
HsBO; H3BO; 2.86g.L* 1
MnCl, MnCl,*4H,0 1.81g.L* 1
ZnS0, ZnS0,+7H,0 0.22¢g.L" 1
Cuso, CuSQ,+5H,0 0.051g.L*" 1
Na,MoO, Na,MoQ,+2H,0 012g.L" 1
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Table 2. Root traits calculation

Parameters Formula Reference
Root length (RL) RL= (roots weight) x 0.890
Root area (RA) RA= 2 (root volume x & x RL)*® Ganjali et al. (2003)

Root diameter (RD)

RD= 4 x root fresh weight/(RLxm)"®
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Figure 1. Rebaudioside-A and stevioside standard curve

om ol Sieen a3 8 el 70 Jlas| CL 3
— il 5 wls sl §aame loime b ks 6 Olio
slalsle 5 sl ealandd b gus; 3 Ses slas 5 A
VA a5 Minitab 5 Y-\Y 1.5 Microsoft Excel

Slsime o 52 45 28w o s S5 ases s Pl

Wosls Jodoni g 525
Al oo Jl sl s besls gs)ﬂ@-? BIEY
a5 SAS lle 5 5 eslamal b ole) s s 555
alie s sl sl S b LB s 40
(LSD) Sl ine Ml J8las 05051 L Wasls :ils



§oy

JB Joms 25 VG pohe 0 g sl S0 S
i 5 b oamlie 53 S Shee s 5l 55058
2 S Shes Sl J2alS ass (Y Jsa) il
WS ol oz )Y S s ek a5 Gl ke
e85 Ol g gl e S gl sy e plis
A4S osba oy i (alas Foba 50) e
GAd B 0 s MOVAY e gl o alS

el Gy ZAV/AY

ady,; b b e sl el b
ozl azy b bs e G ull &0 pls mls
ains 5 o5 J&s ‘CL.W Jsb = W SE 5 505
23 S e 4 ) S 05y Cod 5 SB e 4y
Mc%;ﬁ;\ﬁ'wémﬁmﬁjfﬁﬁ
(8 50 sbadsan) amzh o b s pne Ol S
(e s sbesl oSl i s bl
5 YO/Y) Sas 5 5 oods ol SShe oYL
b deaSe sl YEV) e (25 F/2)
SEs g susle FY/F) mhu sl F/TV)
&ﬁf'GﬁﬁM)(v’S“ﬁ‘sﬁL“ﬁf;ff)
che 4 by (/0¥F 5 - /Y00) S e 4 4z,
Slio (Sl op i oS S s s L -F Ses
sesle Yo/F o 8 0/Y8 5 YR/ (e e S
0 S FE/Y e el TY/A e sl F/VY S
R ROR RIS CVRS ¥ NTIRVA § 2 WPLORC I Ve

(A 5V sladsas) s sanlin JL -y Sas Cl“‘ 53

¥ooolad Feoade ol eme 5 o)l LS Sladss aslilas

ity Olio 5l ize olsiea 23,808 55 e
Jite e plsiea azo; b s e Slio 5 g3 Sdes
s ol Minitab i 531 i 51 eslisl L 5

o Sbes 5 gud), olio
el aiy 5 o Ses Slio &S 0b ol ms
s S ee S 5 ods sl slaw oS slaw iy i
3 2 Sas i Gl s IS elesn s Slas 5 S
Azl sl 5556 5o andliaals oo e Sl s 55
el ey S g Sl S s s 4 o
o AYL bl (Sas L =Y e C:J‘M Y Jsa)
ol & Xog iS5 o ead S5 Slio (:Sila
S s S & e U T Sis S
ol (Sas 15 5YL ke & Jb s s oliso
Sl gl cails o oo ) Slio o) ke s e
Loawlis 5o 5L -VY as clzw 2wy gl olas
5 AYV/NA a5 e clsS 0d o4 bl
slaws JEV/YY 5 U /AY @y 5s S slaw AFY/NE
S IEF/0 S 5 o SO/ o S AN /YO Lg 4o axla
s Se 5 ZAV/A 5 TOA/AY S s Shes JYV/YO
(F Joas) dal Gy ZEF/NA 5 LOY/ON IS oless
S a5 50 om sesls 5:lke anylis b el
GBS S A eh e o S o Shee
cobe 50 8 I s o VL SSle Glls sas
s el Ob A Bl ra) Sas s YL
S At Olgiee ol ply sl olas |y e 5 Shae



Ll o 5 e o 55 oo SNes 5 i, Olio (S 25 80 Gulls s Y Joae
Table 3. ANOVA of drought stress effects on growth and yield traits of Stevia rebaudiana Chinese and Indian genotypes

M.S.
S.0.V. d.f. Plant height Number of leaves Number of branches Leaf fresh weight Leaf yield Total biomass yield
Chinese Indian Chinese Indian Chinese Indian Chinese Indian Chinese Indian Chinese Indian
Drought 6 78277 76.07" 514.77 700.7" 0.09™ 0.74" 59.85" 65.4" 3.93" 235" 17.54" 105.2"
Experimental error 20 28.16 32.30 171.3 2475 0.26 0.39 26.26 30.8 1.68 7.72 7.77 39.6
C.V. (%) - 6.67 14.05 14.01 18.58 27.88 23.59 23.83 14.12 19.97 22.74 18.33 21.36

n.s., *, and **: non-significant, significant at 5, and 1% probability levels, respectively.

Table 4. Means comparison of drought stress effects on growth and yield traits of Stevia rebaudiana Chinese and Indian genotypes

Lol i 5 xS 55 o, Shee 5 sad, Slio  (Sis (25 50 ke anglio —F Jour

Plant height 1 1 Leaf fresh weight Leaf yield Total biomass yield
Dmu(%r;ritress (cm) Number of leaves.plant™ Number of branches.plant (g.plant™) (g.plant™) (g.plant™)
Chinese Indian Chinese Indian Chinese Indian Chinese Indian Chinese Indian Chinese Indian
0 44.5+1.2° 35.1+3.4° 52.4+3.4° 60.3+4.0° - 2.83+0.29° 20+3.0° 35.742.9°  539+0.27°  7.4+0.03° 13.9+2.2° 24.3+1.3°
-2 44.7+2.6° 29.1+2.2%® 51.8+1.5° 50.3+9.3% - 2.33+0.3% 17.7¢1.7%  31.9+2.2% 528+1.03*° 6.82+0.75®°  12.2+2.5,  21.5+0.9°
-4 42.3+1.1° 28.2+1.7% 39.8+3.1° 48.74£3.1% - 2.33+0.3% 1742.3%  305+1.0°° 4.81+0.55® 6.34£0.18®° 11.3+0.64*°  18.7+1.5,
b- b-
-6 37.6+1.2° 25'21(,0'61 30.1+4.4° 37.7+0.3 - 2.33+0.3" 15.4+2.8% 27'1§0'l 452+0.76® 536+0.79"  10.2+1.8°  14.3+0.42,
b_
-8 36.9+1.6°  235+1.1°%  26.5+0.76" 38+1.5° - 240.3*¢ 12.7+1.6™ 26.9%4.9 421£0.14®  1.95+0.25°  9.6+0.46""  14.4+0.37™
-10 33.2+0.88™ 22+2.8% 24.4+2.3% 20.3+0.88° - 1.67+0.28" 11.7+2.8"  23.8+2.5% 3.37+0.34° 1.35+0.53°  8.4+1.3% 9.2+1.2°
-12 32.4+0.92°  20.3+1.2¢ 20.5+2.6° 19.742.6° - 1.33+0.28° 6.7£0.92°  22.4+16" 2.16+0.24°  0.89+0.3° 6.6+1.9° 8.7+1.0°
LSD =0.05 453 6.44 8.60 12.78 - 0.87 6.03 7.0 1.48 171 331 5.93

In each column, means (+SE) with common letters are in the same statistical group at 5% probability level (LSD test).
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Figure 2. Changes percentage in Stevia rebaudiana leaf yield under drought stress compared to control treatment in Chinese (A)
and Indian (B) genotypes
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Table 5. ANOVA of drought stress effects on root characteristics of Stevia rebaudiana Chinese genotype

M.S.
S.O.V. df  Rootfresh Root  Root dry Root Root Root Root RFW/SO RDWI/SO Root
weight  volume  weight length area diameter density  ratio ratio  fineness
Drought 6 263.8™ 133.0™ 6.08™ 4827  290.8”  0.07™ 449.0™ 0.013™ 0.00032™  0.0005™
Experimental
error 20 93.26 55.64 2.04 1.62 102.0 0.09 151.4 0.004 0.0001 0.0005
C.V. (%) - 18.69 25.90 16.10 1611  20.54 10.16 16.04 18.69 16.11 18.24

n.s., *, and **: non-significant, significant at 5, and 1% probability levels, respectively.

Root fresh weight to soil volume ratio (RFW/SO ratio); Root dry weight to soil volume ratio (RDW/SO ratio)
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Table 6. ANOVA of drought stress effects on root characteristics of Stevia rebaudiana Indian genotype

5.5

M.S.
S.O.V. d.f. Root fresh Root  Rootdry Root Root Root Root RFW/SO RDW/SO fi Root
weight  volume  weight length area diameter density  ratio ratio Ineness
ns
Drought 6 20677 2758 5117 404" 4038™ 0142 4200  0015"  opo02” 00018
Experimental 20 0.0017
error 1132 1153 1.89 150 1462 0.109 155.0 0.005 0.00009 :
C.V. (%) 21.59 25.90 23.09 2390 2351 10.81 24.26 21.59 23.09 25.07

n.s.

, ", and ™" non-significant, significant at 5, and 1% probability levels, respectively.

Root fresh weight to soil volume ratio (RFW/SO ratio); Root dry weight to soil volume ratio (RDW/SO ratio)
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Table 7. Means comparison of drought stress effects on root characteristics of Stevia rebaudiana Chinese genotype

Drought Root fresh Root Root dry Root length  Root area Root Fr esh root Dry root
stress weight (g) volume weight (g) (cm) (cm?) density weight to soil  weight to soil
(bar) gntig (cm®) gnttg (g.cm™) volume ratio  volume ratio

0 23.442.6%  10.7+1.8™  3.7240.35%  3.31+0.31%  28.6+2.6™  31+3.0°  0.169+0.019%°  0.027+0.002%°
-2 25.242.4%  203+64%  4.45+0.17° 3.96+0.15% 374453  34.8+22%®  0.182+0.017%®  0.032+0.001%
-4 35.241.9°  34.742.08*  4.91+0.15° 4371013  436%1.6,  44+1.09°  0.255+0.013°  0.036+0.001%
b-d b-d

-6 168£3.3™  1634144° 2774050  247+052"  223+x31¢ 22g+a5 012220024 0.02+0.004"
b-d b-d b-d

-8 13242119 1124055 2/3*0.3477 24320307 1g5,039¢  oxp7%  0.096x0.015¢  0-02+0.002
-10 0.743.0°  11.5+0.37° 1.75+0.28%  1.55+0.25%  14.9+1.09  13.7+2.4%  0.07x0.022¢  0.013+0.002
-12 6.842.3%  10.4+0.32°  1.47+0.06° 1.31+0.06¢ 1340.17%  10.6+1.8°  0.049+0.016°  0.011:+0.0005°

LSD =0.05 10.29 11.95 1.26 1.12 10.48 10.73 0.07 0.009

In each column, means (+SE) with common letters are in the same statistical group at 5% probability level (LSD test).
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Table 8. Means comparison of drought stress effects on root characteristics of Stevia rebaudiana Indian genotype

¥ooolad Feoade ol eme 5 o)l LS Sladss aslilas

Drought Root fresh Root Root dry Root length  Root area Roqt FF esh root_ I_Dry root .
stress weight (g) volurane weight (3) (cm) (cm?) dens@g/ weight to sc_)ll weight to s<_)|l
(bar) (cm?) (g.cm™) volume ratio volume ratio

0 33.2455%  24.1+3.0°  4.74+0.69°  4.22+40.62°  357+4.8°  419+6.3°  0.24+0.03°  0.034+0.005°
-2 36.145.9°  20.4+#9.3%  529+0.64°  4.71+0.57°  33.9+7.0%°  46.2450°  0.261+0.03°  0.038+0.004%
-4 28.2+15°  13.7+26% 451022  4.01+0.20° 26+2.4%  37.7+1.3°  0.204+0.011°  0.033+0.001°
-6 257415  11.3+2.0° 3.5+0.13, 3.12+0.11° 214139 31.6+15%°  0.186+0.011°  0.025+0.0009"
-8 18.8+1.9%  7.8+0.8°  2.64+0.38™  2.35+0.34%  15+0.7%  235+2.7%  0.136+0.014°  0.019+0.002"
-10 15.7+2.3% 8+0.5° 1.94+0.25°  1.7240.22°  13.1+12%  182+2.6%  0.114+0.017%  0.014+0.001°
-12 10.640.84°  7.240.4° 1.740.14° 1.5240.13°  11.7+#0.63° 14.1+1.1°  0.077+0.006°  0.012+0.001°
LSD =0.05 7.86 8.30 0.98 0.87 8.04 8.55 0.057 0.0071

In each column, means (+SE) with common letters are in the same statistical group at 5% probability level (LSD test).
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Table 9. ANOVA of drought stress effects on stevioside (Stev) and rebaudioside-A (Reb-A) content of Stevia

rebaudiana Chinese and Indian genotypes

M.S.

S.0.V. Reb-A (%) Stev (%) Reb-A + Stev content (%) Reb-A + Stev yield (g.plant™)
Drought Chinese  Indian  Chinese  Indian Chinese Indian Chinese Indian
Experimental error 6 1.22" 0.20™ 7.377 6.86" 14.25" 9.23" 0.18™ 0.064™
C.V. (%) 20 0.43 0.07 2.82 214 5.01 2.86 0.06 0.022
S.0.V. B 17.17 6.30 25.17 6.73 18.88 5.01 27.46 20.53

**: significant at 1% probability level
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Table 10. Means comparison of drought stress effects on stevioside (Stev) and rebaudioside-A (Reb-A) content of

Stevia rebaudiana Chinese and Indian genotypes

Drought stress Reb-A (%) Stev (%) Reb-A + Stev content (%) Reb-A+ Stev yield (g.plant™)
(bar) Chinese Indian Chinese Indian Chinese Indian Chinese Indian

0 2.03+0.17% 2.35+0.01% 571+1.2° 5.63+0.34®  7.74+1.4°  7.98+0.35°  0.417+0.10°  0.589+0.018

-2 2.58+0.16° 2.58+0.11%°  7.8+0.30° 5.96+0.15° 10.38+0.30* 8.53+0.25%  0.545+0.10°  0.586+0.072°

-4 2.39+0.13%  2.04+0.09° 6.77+0.42° 4.1+0.04™  9.16+0.28°  6.14+0.05, 0.441+0.05®  0.392+0.015"

-6 2.14+0.22°  1.86+0.07%° 4.39+0.29% 3.14+0.15%  6.54+0.50° 5+0.22% 0.295+0.04°  0.269+0.054°

-8 1.98+0.13% 1.38+0.10% 4.45+0.06% 2.44+0.24° 6.43+0.08" 3.83+0.15“ 0.271+0.004°  0.074+0.019°

-10 1.98+0.20° 1.18+0.01% 4.02+0.04%  2.4+0.19° 6+0.16%  3.57+0.28% 0.202+0.013% 0.049+0.031°

-12 1.84+0.15° 0.83+0.04° 3.9+0.03% 2.22+0.16% 5.74+0.12°  3.05+0.11% 0.124+0.007¢ 0.027+0.017°
LSD =0.05 0.23 0.52 0.62 1.63 0.065 1.79 0.11 0.186

In each column, means (+SE) with common letters are in the same statistical group at 5% probability level (LSD test).
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Figure 3. HPLC chromatogram of Stevia rebaudiana Indian (A) and Chinese (B) genotypes for stevioside (Peak No.1)
and rebaudioside-A (Peak No.2) compounds
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Figure 4. Changes percentage in stevioside + rebaudioside-A content of Stevia rebaudiana under drought stress
compared to control treatment in Chinese (A) and Indian (B) genotypes
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Table 11. Simple correlation between growth, yield, or root traits with stevioside (Stev) + rebaudioside-A (Reb-A) content in Stevia rebaudiana Chinese
genotype under drought stress

Reb-A Stev Reb-A + Stev content Reb-A + Stev yield
Plant height 0.28™ 0.52" 05" 0.69"
Number of leaves per plant 0.54™ 0.68" 0.68™ 0.82™
Number of branches per plant -0.01™ -0.11™ -0.1™ -0.06™
Leaf fresh weight 0.43" 0.53" 0.53™ 0.61™
Leaf yield 05" 0.59™ 0.59™ 0.9"
Total biomass yield 0.44" 0.55" 0.55™ 0.75"
Root fresh weight 0.61" 0.7” 077" 0.77"
Root volume 0.73” 0.73™ 0.75" 0.76™
Root dry weight 0.71" 0.81" 0.81™ 0.75"
Root length 0.71" 0.81" 0.81™ 0.75"
Root area 0.76™ 0.8™ 0.82" 0.8"
Root diameter 0.24"™ 0.29™ 0.29™ 0.52"
Root density 0.66" 0.76™ 0.76™ 0.78"
Fresh root weight to soil volume ratio 0.61" 07" 0.7 0.77"
Dry root weight to soil volume ratio 0.71" 0.81" 0.81™ 0.75"
Root fineness -0.11™ -0.17™ -0.16™ -0.43"
ns.* and ~: non-significant, significant at 5, and 1% probability levels, respectively.
1|09 |-08|-07|-06]|-05|-04]-03|-02] 01 [0]0or| 02 |03|04]|05]06]07]|08]09] 1
High negative correlation Non-correlation High positive correlation
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Table 12. Simple correlation between growth, yield, or root traits with stevioside (Stev) + rebaudioside-A (Reb-A) content in Stevia rebaudiana Indian genotype
under drought stress

Reb-A Stev Reb-A + Stev content Reb-A + Stev yield
Plant height 0.89™ 0.78" 0.85" 0.78"
Number of leaves per plant 0.86™ 0.83™ 0.87" 0.90™
Number of branches per plant 0.54™ 0.56™ 0.58" 057"
Leaf fresh weight 0.51" 0.55™ 056" 0.67"
Leaf yield 0.83™ 0.79™ 0.84™ 0.93"
Total biomass yield 0.75" 0.73™ 0.76™ 0.86™
Root fresh weight 0.99" 0.80™ 0.89" 0.85™
Root volume 0.69™ 0.87" 0.85™ 0.93”
Root dry weight 0.95™ 0.85™ 0.92" 0.90™
Root length 0.95™ 0.85™ 0.92" 0.90™
Root area 0.85™ 0.92" 0.94™ 0.98™
Root diameter 0.15"™ -0.14"™ -0.06™ -0.13"™
Root density 0.98" 0.84™ 0.92" 0.89"
Fresh root weight to soil volume ratio 0.99" 0.80™ 0.89" 0.85"
Dry root weight to soil volume ratio 0.95™ 0.85™ 0.92" 0.90™
Root fineness -0.26™ 0.05™ -0.04™ 0.04"™
ns.* and ~: non-significant, significant at 5, and 1% probability levels, respectively.
1| 09| -08|-07]|-06]-05]-04]|-03|-02| -00 [0o|or|] 02 |03|04|05|06]|07]|08]09]| 1
High negative correlation Non-correlation High positive correlation
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Table 13. Stepwise regression analysis of Stevia rebaudiana Chinese genotype (stevioside + rebaudioside-A
content as a dependent variable and other growth and yield traits as independent variables)

Term Coef SE Coef T-Value P-Value
Constant 1.545 0.415 3.73 0.034
Total biomass yield (X1) 0.1984 0.0482 411 0.026
Root area (X2) 0.4152 0.0347 11.98 0.001
Fresh root weight to soil volume ratio (X3) -49.94 5.91 -8.45 0.003

R-sq(adj) = 98.91%; Y = 1.545 + 0.1984 (X1) + 0.4152 (X2) — 49.94 (X3)
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Table 14. Stepwise regression analysis of Stevia rebaudiana Indian genotype (stevioside + rebaudioside-A content
as a dependent variable and other growth and yield traits as independent variables)

Term Coef SE Coef T-Value P-Value
Constant -2.29 1.30 -1.77 0.035
Plant height (X1) 0.1444 0.0403 3.58 0.002
Leaf fresh weight (X2) -0.0606 0.0327 -1.85 0.022
Root area (X3) 0.1724 0.0225 7.65 0.000
R-sq(adj) = 93.79%; Y =-2.29 + 0.1444 (X1) — 0.0606 (X2) + 1724 (X3)
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