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Abstract

Background and Obijective: Thymus daenensis Celak. is an endemic medicinal plant of Iran
valued for its high thymol content and essential oil content. A novel approach to enhancing plant
tolerance to environmental stress is applying nanoparticles as bioelicitors. Nanosilicon and
nanoselenium are among the nanoparticles that can enhance stress tolerance and improve plant
performance by influencing physiological and biochemical pathways. This study assessed the
combined effects of nanosilicon and nanoselenium treatments on the agronomic, phytochemical,
and physiological traits of T. daenensis under drought stress.
Methodology: The study was conducted in a research field using a split-plot experimental
design. The experimental factors consisted of two water-stress levels (control and irrigation
cessation before flowering) and five concentrations of the combined nanosilicon and
nanoselenium treatment (0, 10, 20, 40, and 60 mg/L). We measured agronomic traits, including
dry matter yield, essential oil yield, and thymol yield. We also determined mineral element
concentrations (nitrogen, phosphorus, potassium, calcium, magnesium, and iron) and
physiological indices (chlorophyll, malondialdehyde, and hydrogen peroxide). Multivariate
regression analysis and artificial neural network (ANN) modeling were used to analyze the
observed trends and model the data.
Results: The results showed that drought stress significantly reduced dry matter yield, essential
oil yield, and thymol yield, with more pronounced reductions during the second harvest. Nano-
elicitor application positively affected certain agronomic traits, particularly at a concentration of
10 mg/L, which increased dry matter yield by 18%. However, concentrations above 20 mg/L
produced adverse effects and reduced plant performance. Regarding mineral element
concentrations, nano-elicitor application increased the uptake of nitrogen, phosphorus, calcium,
magnesium, and iron, whereas potassium levels remained largely unchanged under stress
conditions. Physiological assessments showed that drought stress increased malondialdehyde and
hydrogen peroxide levels, indicating enhanced oxidative stress. However, applying the nano-
elicitors at 10 mg/L effectively reduced hydrogen peroxide levels under drought stress. ANN
modeling demonstrated greater predictive accuracy than conventional regression models and
proved to be a reliable approach for predicting plant performance under different stress and
treatment conditions. The ANN model exhibited a lower standard deviation and a higher
coefficient of determination (R?), exceeding 95% when predicting essential oil and thymol yield.
The modeling results further demonstrated that artificial neural networks, as an artificial
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intelligence approach, provided more accurate predictions than six other commonly used
regression models.

Conclusion: Overall, the findings indicated that nanosilicon and nanoselenium can positively
affect certain agronomic and physiological traits of T. daenensis, although these effects depend
on the application concentration and the prevailing stress conditions. Under drought stress, the 10
mg/L treatment produced the most favorable overall outcomes, as it improved yield and helped
reduce oxidative stress. ANN modeling also demonstrated strong predictive performance and
offered a useful and optimized approach for managing medicinal plant cultivation under stressful
environmental conditions. Further research should examine the molecular mechanisms through
which nano-elicitors influence plant regulatory and metabolic pathways. The findings suggest that
applying nanosilicon and nanoselenium at appropriate concentrations may serve as a practical
strategy to improve the performance of medicinal plants exposed to drought stress. However,
additional studies are needed to clarify the physiological and molecular mechanisms through
which these nanoparticles act in plants and to evaluate their long-term impacts on soil properties
and the environment.

Keywords: Drought stress, nanosilicon, nanoselenium, thymol, artificial neural network,
regression modeling.
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Table 1. ANOVA of Thymus daenensis yield traits under nanoelicitor, drought stress, and harvest time

treatments
S.O.V. d.f. M.S.
Dry weight yield Essential oil yield Thymol yield Essential oil content

Block (B) 3 0.008™ 84.96™ 7.30m 0.039 ™
Drought stress (D) 1 142.03" 242484.35™ 69208.43" 38.08 **
BxD 3 0.008™ 30.26™ 13.28™ 0.002"
Nanoelicitor (N) 4 2.36™ 7198.12™ 2669.04™ 1.12*
DxN 4 0.38™ 173.08™ 55.34™ 0.02™
BxDxN 24 0.021" 68.72™ 14.58m 0.004"
Harvest time (H) 1 33.31™ 4838.32™ 1092.73" 0.677"
DxH 1 0.61" 11.56™ 2.30m 0.008"
BxDxH 6 0.01" 27.15™ 46.93™ 0.001"
NxH 4 033" 20.62™ 55.64" 0.001"
NxDxH 4 0.23" 0.72** 41.39™ 0.001"
Experimental error 24 0.01 29.37 10.42 0.002

C.V. (%) 20.30 16.27 16.16 7.04

", *, and ™: non-significant, significant at 5, and 1% probability levels, respectively.
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Table 2. Mean comparison of nanoelicitor, drought stress, and harvest time main effects on yield-related traits in
Thymus daenensis

Treatment Level Dry weight Essential oil Thymol yield Essential
yield (t ha'l) yield (L ha) (L hat) oil (%)

Drought stress Control 8.972 310.152 228.728 5.252
Irrigation cutoff 6.31° 420.26° 169.89° 3.87°
Nanoelicitor (Silicon + Control 7.55¢ 362.66° 195.41°¢ 4.54P
Selenium) 10 mg L! 7.58¢ 367.43° 195.28¢ 4.59°
20 mg L 8.15% 395.092 218.55? 4932
40 mg L1 7.82° 365.54° 203.69° 4,570
60 mg L 7.11¢ 335.29¢ 183.61¢ 4.18°
Harvest First 7.00° 357.43° 195.61° 4.47°
Second 8.29° 372.98° 203.00° 4.65°

Means with common letters are in the same statistical group at 5% probability level (LSD test).
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Figure 1. Mean comparison of drought stress x nanoelicitor interaction on yield-related traits in 7hymus

daenensis
Means with common letters are in the same statistical group at 5% probability level (LSD test).
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Figure 2. Taylor diagram comparing the accuracy of fitted multivariate regression and artificial neural network

models for yield-related traits of Thymus daenensis

ANN: Artificial neural network; MLR: Multiple linear regression; PCR: Principal component regression; PLSR: Partial least square
regression; PR: Polynomial regression (Second order); SR: Stepwise regression; SVR: support vector regression.
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Table 3. Comparing the accuracy of multivariate regression and artificial neural network models for modeling

yield-related traits of Thymus daenensis

Model R?

Trait Thymol yield Essential oil yield Dry matter yield
Artificial Neural Network (ANN) 0.974 0.972 0.786
Linear Multiple Regression (MLR) 0.860 0.900 0.749
Second Order Regression 0.942 0.955 0.781
Principal Component Regression (PCR) 0.859 0.897 0.755
Partial Least Squares Regression (PLSR) 0.859 0.905 0.755
Support Vector Regression (SVR) 0.852 0.902 0.746
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Table 4. Comparison of R? values obtained from training, validation, and testing of artificial neural network
model for yield-related traits of Thymus daenensis

Training Validation Testing
Algorithm R RMSE” Re RMSE R? RMSE
Thymol yield "y 0977 0.096 0.966 0.098 0.964 0.103
Essential oil yield Art';‘:t'\f\‘l'o’:ﬁ“ra' 0977 0008 0.963 0.107 0.956 0.131
Dry matter yield 0756 0253 0.861 0.221 0.830 0.243

"RMSE: Root Mean Square Error
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Figure 3. Regression of predicted vs. observed values from the artificial neural network model for yield-related
traits of Thymus daenensis
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Table 5. Essential oil composition in the first harvest of Thymus daenensis as affected by drought stress and

nanoelicitor treatments

fov

First harvest

Drought stress treatments

Rlc Rls Irrigation cut-off Control
No Compound Nanoelicitor treatments Nanoelicitor treatments
Control 10 20 40 60 Control 10 20 40 mg 60
mg mg mg mg mg mg L? mg
Lt Lt Lt L? L? L? Lt
1 923 924 a-thujene 2.3 1.9 2.4 2.2 2.2 2.3 2.3 2.2 2.0 2.2
2 930 932 a-pinene 1.2 1.4 1.0 0.9 1.1 1.3 1.2 1.2 1.2 1.2
3 944 946 camphene 0.4 0.5 0.5 0.7 0.6 0.5 0.5 0.4 0.5 0.4
4 971 969 sabinene 0.4 0.6 0.6 0.8 0.7 0.5 0.6 0.5 0.5 0.5
5 975 974 B-pinene 0.4 0.6 0.6 0.8 0.7 0.5 0.5 05 0.5 0.5
6 990 995 myrcene 0.4 0.5 0.5 0.7 0.7 0.5 0.5 0.5 05 0.4
7 1002 1003 o -phellandrene 0.5 0.7 0.7 1.0 0.9 0.6 0.7 0.6 0.6 0.6
8 1009 1008 Jd-carene 1.3 15 1.1 1.0 1.2 1.4 1.2 1.3 1.3 1.3
9 1014 1015 a-terpinene 3.7 3.6 3.6 3.6 3.6 3.6 3.9 3.7 3.9 3.7
10 1020 1021 p-cymene 5.0 3.9 4.0 3.9 3.9 3.9 4.4 4.0 45 4.2
11 1027 1026 1,8-cineole 0.5 0.7 0.7 0.9 0.9 0.6 0.7 0.6 0.6 0.6
12 1045 1044 f-ocimene 0.4 0.6 0.6 0.8 0.8 0.6 0.6 0.5 0.5 0.5
13 1054 1054 y-terpinene 15.2 13.0 12.6 12.3 114 12.7 125 12.6 13.0 12.6
14 1063 1065 cis-sabinene 0.4 0.6 0.6 0.8 0.8 0.6 0.6 0.5 0.5 0.5
hydrate
15 1087 1086 a-terpinolene 0.4 0.6 0.6 0.7 0.7 0.5 0.5 0.5 0.5 0.4
16 1096 1096 linalool 0.9 1.3 1.4 1.6 1.6 1.2 1.3 1.1 1.1 1.0
17 1097 1098 trans-sabinene 0.4 0.6 0.6 0.7 0.8 0.5 0.6 0.5 0.5 0.5
hydrate
18 1240 1241  carvacrol methyl 2.3 35 3.3 3.4 3.7 3.6 3.0 3.6 3.5 3.6
ether
19 1288 1289 thymol 535 53.3 56.4 54.7 55.9 53.7 53.4 55.0 56.5 54.4
20 1297 1298 carvacrol 2.6 3.9 3.7 3.8 4.2 4.1 3.3 4.1 4.0 4.1
21 1415 1417 E-caryophyllene 1.1 1.1 1.1 1.0 1.1 1.1 1.1 1.1 1.1 1.2
22 1448 1452 a-humulene 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
23 1504 1506 a-bisabolene 0.6 0.6 0.5 0.5 0.5 0.6 0.6 0.5 0.5 0.6
24 1579 1582 caryophyllene 0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.2
oxide
Total 94.1 95.2 97.6 97.0 98.1 95.0 94.1 95.8 98.1 95.2

Rlc= Calculated Retention Indices, RIs= Standard retention Indices based on Adams, 2017



for

\’aj\.»i‘ﬁ‘&‘Q\ﬂ\}uj@j)‘abb\fga\;ﬁ;ﬁuw

el 50 5 208 2 bl o s el aas cls s puiled OLS 5 ao s -F Jae

Table 6. Essential oil composition in the second harvest of Thymus daenensis as affected by drought stress and
nanoelicitor treatments

Second harvest

Drought stress treatments

Rlc  RIs Irrigation cut-off Control

No Compound Nanoelicitor treatments Nanoelicitor treatments
10 20 40 60 10 20 40 60
Control mg mg mg mg Control mg mg mg mg
Lt Lt L? L? L! Lt Lt Lt
1 923 924 a-thujene 24 19 25 2.3 2.3 2.3 2.3 2.3 2.0 2.3
2 930 932 a-pinene 1.3 1.4 11 0.9 1.1 1.3 1.2 1.3 1.2 1.2
3 944 946 camphene 0.4 0.5 0.5 0.7 0.7 0.5 0.5 0.5 0.5 0.4
4 971 969 sabinene 0.4 0.6 0.6 0.8 0.7 0.5 0.6 0.5 0.5 0.4
5 975 974 S-pinene 0.4 0.6 0.6 0.8 0.7 0.5 0.6 0.5 0.5 0.5
6 990 995 myrcene 0.4 0.5 0.6 0.7 0.7 0.5 0.5 0.5 0.5 0.4
7 1002 1003 a-phellandrene 0.5 0.7 0.7 1.0 0.9 0.6 0.7 0.6 0.6 0.6
8 1009 1008 d-carene 13 15 1.2 1.0 1.2 14 1.3 1.3 1.3 1.3
9 1014 1015 a-terpinene 3.8 3.6 3.7 3.7 3.6 3.6 3.9 3.7 4.0 3.8
10 1020 1021 p-cymene 5.1 4.0 4.1 4.0 4.0 3.3 4.5 4.1 45 4.2
11 1027 1026 1,8-cineole 0.5 0.7 0.7 0.9 0.9 0.6 0.7 0.6 0.6 0.6
12 1045 1044 JB-ocimene 0.4 0.6 0.6 0.8 0.8 0.6 0.6 0.5 0.5 0.5
13 1054 1054 y-terpinene 154 132 128 125 116 12.9 127 128 132 128
14 1063 1065 cis-sabinene hydrate 0.4 0.7 0.6 0.8 0.8 0.6 0.6 0.5 0.6 0.5
15 1087 1086 a-terpinolene 0.4 0.6 0.6 0.7 0.7 0.5 0.5 0.5 0.5 0.5
16 1096 1096 linalool 0.9 1.3 14 1.6 17 1.2 1.3 11 1.2 11
17 1097 1098 trans-sabinene 04 06 06 075 08 | 05 059 05 053 049

hydrate

18 1240 1241 Carvac;g}'e?‘ethy' 23 35 33 33 37| 37 30 36 36 37
19 1288 1289 thymol 53.6 529 561 555 557 53.9 529 544 557 538
20 1297 1298 carvacrol 2.6 4.0 3.8 3.8 4.2 4.1 34 4.1 4.0 4.1
21 1415 1417 E-caryophyllene 1.2 11 11 1.0 11 11 11 11 1.2 1.2
22 1448 1452 o-humulene 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
23 1504 1506 o-bisabolene 0.6 0.6 0.5 0.5 0.5 0.6 0.6 0.5 0.6 0.6
24 1579 1582  caryophyllene oxide 0.2 0.2 0.2 0.1 0.2 0.1 0.1 0.1 0.1 0.2
Total 94.8 954 979 983 987 95.2 942 957 979 952

Rlc= Calculated Retention Indices, Rls= Standard retention Indices based on Adams, 2017
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Figure 4. Mean comparison of drought stress x nanoelicitor interaction on hydrogen peroxide content in 7hymus

daenensis

Means with common letters are in the same statistical group at 5% probability level (LSD test).
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Table 7. ANOVA of Thymus daenensis elements concentration under nanoelicitor and drought stress treatments

M.S.
S.0.V. d.f. N Ca Fe K Mg P Malondialdehyde Total H,0,
content content content content content  content content chlorophyll  content
Block (B) 2 0.019™ 0.035" 0.001" 0.51" 0.014" 0.008" 0.016" 2.94" 0.011"
Dm“%'g)s"ess 1 083"  1308° 0025 589" 016"  13.09" 140.74™ 53.4™ 61.11"
B xe?ro(r';"St 2 0.012" 0.10" 0.002" 0.012" 0.0004™  0.0002" 0.34"™ 1.28" 0.19"
Nanoelicitor (N) 4 0.27™ 0.32™ 0.02"™ 2.65™ 0.07™ 0.04™ 11.18™ 22.76™ 21.14™
DxN 4 0.13™ 0.07" 0.006" 1.024™ 0.028"™ 0.015™ 0.54" 2.85" 2.84™
Second error 16 0.049 0.050 0.002 0.09 0.002 0.001 0.30 1.06 0.21
C.V. (%) 5.69 6.90 12.78 8.83 8.90 8.81 2.87 3.32 5.48

", *, and ™: non-significant, significant at 5, and 1% probability levels, respectively.
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Table 8. Mean comparison of nanoelicitor and drought stress main effects on biochemical traits in Thymus

daenensis
Treatment Level Malondialdehyde Total chlorophyll Hydrogen peroxide
content (nmol gt FW) (SPAD value) content (umol gt FW)
Control 16.63° 35.36% 6.62°
Drought stress Irrigation Cut-off 20.96% 20.962 9.472
Nanoelicitor (Silicon + Control 16.90°¢ 37.428 6.05¢
Selenium) 10 mg L? 18.19° 33.58° 6.23¢
20mg L1 18.71P 33.580 8.40¢
40 mg L 19.842 32.95° 9.17°
60 mg L 20.35% 32.58° 10.382

Means with common letters are in the same statistical group at 5% probability level (LSD test).

s ol sobie Glsme 1 168 20 5 sl SU bl ol il o S0le anslie -4 S

Table 9. Mean comparison of nanoelicitor and drought stress main effects on nutrients content in Thymus
daenensis
Kcontent Pcontent Ca content Mg content  Fe content

N content (g

Treatment Level 100 g DW) (9100g* (g100g? (g 1009t (g 1009t (g100g?
DW) DW) DW) DW) DW)
b a b b b b

Drought stress | -Cct)-ntro(I: t 3.45 4.52 0.46 2.58 0.61 0.32

e 3.78? 3.630 0.56? 3.89° 0.75% 0.272
Control 3.41° 4.04bc 0.50¢ 3.20%¢ 0.67" 0.29¢
Nanoelicitor 10 mg L? 3.53° 4.41° 0.55° 2.99¢ 0.73° 0.34b¢
(Silicon + 20 mg L1 3.852 4,932 0.622 3.572 0.822 0.442
Selenium) 40 mg L 3.842 3.82¢ 0.47¢ 3.34% 0.63¢ 0.36°
60 mg L1 3.445 3.144 0.394 3.07° 0.52¢ 0.28¢

Means with common letters are in the same statistical group at 5% probability level (LSD test).
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Table 10. Mean comparison of drought stress x nanoelicitor interaction on nutrients content in Thymus

daenensis
Treatment Mg content
Nanoelicitor N content (g K content (g P content (g 100 ot Fe content (g
Drought stress (Silicon + 100g1DW)  100g1DW) 100 g’ DW) @ va)g 100 g’ DW)
Selenium)

Control Control 3.00e 4.54bc 0.45d-f 0.59d-f 0.23f
10mgL* 3.38cd 5.12b 0.47d-f 0.62d-f 0.29d-f
20mg L1 3.74ab 5.90a 0.50cd 0.66cd 0.41ab
40 mg L 3.83ab 3.86d 0.47de 0.63de 0.35b-d
60 mg L 3.31de 3.18e 0.39f 0.52f 0.30c-e

Irrigation cut-off Control 3.83ab 3.56de 0.57bc 0.76bc 0.36b-d
10 mg L! 3.69a-c 3.71de 0.64b 0.85b 0.40b
20mg L1 3.96a 3.97cd 0.74a 0.98a 0.48a
40 mg L 3.86ab 3.79d 0.48d 0.64d 0.37bc
60 mg L 3.58b-d 3.12e 0.40ef 0.53ef 0.27¢f

Means with common letters are in the same statistical group at 5% probability level (LSD test).
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