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Abstract

Background and Objective: In contemporary times, the importance of medicinal plants and
their identification in advancing national, regional, and global objectives, such as achieving
health, pharmaceutical self-sufficiency, fostering employment, and promoting economic
development, is indisputable. Mentha suaveolens x Mentha piperita, commonly referred to as
grapefruit mint, is recognized as a valuable medicinal plant within the Lamiaceae family. Drought
stands out as a major limiting factor for global plant growth, constituting the most prevalent
environmental stressor that disrupts the balance between reactive oxygen species and antioxidant
defense mechanisms, thereby inducing oxidative stress. Nanotechnology emerges as a modern
approach with notable potential to enhance plant resilience against drought stress. Among various
nanomaterials, carbon quantum dots, discovered in 2004, possess distinctive characteristics,
including dimensions below 10 nanometers, reduced toxicity, and superior biocompatibility
compared to metal-based alternatives, owing to their carbonaceous structure. Due to these unique
attributes, carbon quantum dots have attracted significant research interest in recent years.
Therefore, this study aimed to evaluate the effects of carbon quantum dots on the growth, yield,
and essential oil composition of grapefruit mint (Mentha suaveolens x piperita) under drought
stress conditions.
Methodology: This research was conducted as a factorial experiment in a completely randomized
design with four replications in pots during the spring and summer of 2023 at the research
greenhouse of Maragheh University, East Azerbaijan, Iran. The first factor was irrigation at 90%
of field capacity (FC) as control (normal irrigation), irrigation at 70% FC (moderate stress), and
irrigation at 50% FC (severe stress). The second factor consisted of different levels of carbon
quantum dots (0, 5, 10, 15, and 20 parts per million). Data collected from sampling were analyzed
using SAS statistical software, and means were compared using the least significant difference
(LSD) test at the 5% level.
Results: Analysis of variance indicated that the effects of different irrigation regimes, fertilizer
treatments, and their interaction on all measured traits were significant. The findings revealed that
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the application of 15 ppm carbon quantum dots under normal irrigation increased fresh weight,
dry weight, chlorophyll a, and chlorophyll b contents by 110%, 86%, 184%, and 163%,
respectively, compared to no CQD application under severe drought stress. Under moderate
stress, the use of 15 ppm carbon quantum dots increased essential oil content by 135% and
essential oil yield by 298% compared to severe stress without CQD. Furthermore, the highest
linalyl acetate content was obtained with 15 ppm carbon quantum dots under 50% FC, showing a
50.1% increase compared to the control treatment. Similarly, the highest linalool content was
recorded under normal irrigation with 10 ppm carbon quantum dots, representing a 67.4%
increase compared to no CQD application under 50% FC. Moreover, under normal irrigation, 15
ppm carbon quantum dots reduced malondialdehyde and hydrogen peroxide contents by 51% and
58%, respectively, compared to no CQD application under severe stress. Additionally, under mild
stress, 15 ppm carbon quantum dots enhanced the activity of superoxide dismutase, guaiacol
peroxidase, and ascorbate peroxidase enzymes by 123%, 111%, and 72%, respectively, compared
to no fertilizer application under normal conditions.

Conclusion: The results indicate that applying 15 ppm carbon quantum dots can promote growth
by modulating secondary metabolites and strengthening defense mechanisms through the
activation of antioxidant enzymes and increasing the accumulation of osmolytes such as proline
and total soluble sugars, thereby reducing malondialdehyde and hydrogen peroxide levels. This
enhancement in grapefruit mint plants contributes to improved drought resilience, ultimately
enhancing both the quantity and quality of the essential oil.

Keywords: antioxidant enzymes, drought stress, secondary metabolite, essential oil yield,
nanoparticles, sustainable agriculture.
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S.O.V. df. Pl.ant Fresh weight D.ry Essential oil content  Essential oil yield
height weight
Field capacity (FC) 2 756.27" 3900.28™ 735.48™ 2.18™ 0.29™
Carbon quantum dots (CQD) 4 312.88™ 484.46™ 83.95™ 0.511™ 0.16™
FC x CQD 8 202.33™ 752.91™ 132.68™ 0.05™ 0.09™
Experimental error 2.34 16.13 1.90 0.008 0.002
C.V. (%) 4.69 6.22 451 7.72 12.57

**: significant at 1% probability level.

mC mCQD5ppm

CQD 10 ppm ®=CQD 15ppm =CQD 20 ppm

50 a
— Chef b
E 40 d ef de
o1 P fg 9
o h . T
S 30 a | ij ! i
[] s
< k pm i B
S 20
o

10

90% FC

70% FC 50% FC

Irrigation level

S S gl s gl g ] X S el B U ke aglie -\ S
Figure 1. Means comparison of carbon quantum dots x irrigation effects on Mentha suaveolens x piperita plant
height

90% FC, 70% FC, and 50% FC: normal irrigation, mild, and severe drought stresses, respectively.
Means with common letters are in the same statistical group at 5% probability level (LSD test).
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Figure 2. Means comparison of carbon quantum dots X irrigation effects on Mentha suaveolens x piperita fresh and

dry weight

90% FC, 70% FC, and 50% FC: normal irrigation, mild, and severe drought stresses, respectively.
Means with common letters are in the same statistical group at 5% probability level (LSD test).
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Figure 3. Means comparison of carbon quantum dots X irrigation effects on content and yield of Mentha suaveolens

X piperita essential oil

90% FC, 70% FC, and 50% FC: normal irrigation, mild, and severe drought stresses, respectively.
Means with common letters are in the same statistical group at 5% probability level (LSD test).
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Table 3. Effects of carbon quantum dots and drought stress on essential oil constituents of Mentha suaveolens x piperita

Treatment
009%F  90oer  90%F  90%F T0%F  70%F  70%F 50%F  50%F
No Compound RI 2 LIT.RI C C 90%FC  70%FC  70%FC C C c 50%FC  50%FC  50%FC c C
CQD1 CQD1 CQD20  CQDO CQD5 CQD1 CQD1 CQD2 CQD0O CQD5 CQD10 CQD1 CQD2
cQDo QDS 0 5 0 5 0 5 0
1 n-nonane 898 900 tr 0.1 - tr tr tr 0.1 - 0.2 - 0.3 - - tr -
2 B-pinene 972 974 0.1 0.1 0.1 0.1 0.1 0.1 0.1 - tr - - - tr 0.1 0.1
3 1l-octen-3-ol 975 977 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
4 myrcene 988 988 0.3 tr 0.2 - tr 0.1 tr 0.5 tr tr 0.1 0.1 0.1 0.3 0.3
5  n-decane 998 1000 1.3 1.5 1.8 1.6 1.2 15 15 15 14 21 0.8 0.9 11 0.9 11
6  p-cymene 1021 1024 0.1 tr tr tr 0.1 tr tr tr tr tr tr - tr tr tr
7 liminene 1025 1025 11 1.2 1.4 0.6 11 1.2 14 13 1.1 1.9 0.7 0.8 0.5 0.8 1.4
8  1,8-cineole 1027 1026 1 1.1 1.3 0.3 0.1 1.8 1.2 13 0.2 0.8 0.6 0.6 0.7 0.6 25
9  y-terpinene 1035 1032 - - - tr tr - tr. tr. - tr tr. tr tr. tr tr
10  terpinolene 1045 1044 0.1 0 0.2 0.1 0.1 tr 0.2 0.2 0.3 0.2 0.1 0.1 - 0.3 0.1
11 linalool 1055 1054 395 398 459 419 384 26.5 29.6 222 283 262 27.4 25.1 25.4 235 228
12 o-terpineol 1084 1086 - - - - - tr - - 0.2 - 0.5 - - - -
13 n-dodecane 1102 1096 0.4 tr - - tr. - - 0.1 - - - - - - -
14 nerol 1168 1172 4.8 45 6.7 4.1 4.8 5.1 1.7 24 1.2 2.7 4.2 4.5 1.6 4.2 34
15 carvone 1187 1186 0 tr 0 11 0.1 tr tr - - tr - tr 0.1 - tr
16  linalyl acetate 1198 1200 403 412 283 389 37.9 52.1 55.3 574 605 533 54.7 54.6 63.2 57.2 531
17 thymol 1225 1227 29 2.7 3.9 2.1 29 31 15 2.3 13 1.8 2.3 2.4 1.2 2.5 2.3
18  carvacrol 1239 1239 - 0.1 tr 0.9 - tr - tr. tr. - - tr tr tr. 0
19  neryl acetate 1257 1254 11 15 1.8 1.7 1.4 2.4 15 22 1.4 21 11 13 11 1.2 1.3
20  geranyl acetate 1290 1289 2.7 2.8 3.6 3.3 2.8 2.8 3.1 4.5 2.3 2.3 2.3 2.2 2.3 2.2 21
21  E-caryophyllene 1299 1298 tr. - tr. 0.1 - - tr. - tr. - - tr. tr 0.1 tr
22  E-p-farnesene 1363 1361 - - 0.1 0.8 tr 0.2 0.4 - 0.1 0.1 0.4 0.4 0.1 tr tr
23 bicyclogermacrene 1413 1417 - tr tr 0.1 - 0 - - tr - - tr - tr -
24 viridiflorol 1454 1454 0.5 0.5 0.5 0.2 0.7 0.5 0.5 0.6 0.9 0.6 0.8 0.6 0.7 0.5 1.9
Total 963 972 959 989 91.8 97.5 98.2 966 995 942 96.4 93.7 97.1 945 924

2 Linear retention indices on DB-5 MS column, experimentally determined using homologue series of n-alkanes; ° Relative retention indices taken from Adams.
90% FC, 70% FC, and 50% FC: normal irrigation, mild, and severe drought stresses, respectively. tr = less than 0.05%.
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Table 4. Carbon quantum dots and drought stress effects on some physiological traits of Mentha suaveolens x piperita

Carbon Superoxide  Guaiacol Ascorbate
Chlorophyll  Chlorophyll . H,0, . dismutase  peroxidase peroxidase  Total soluble  Proline
Field capacity quantum d_OtS Carot_en0|ds (nmol.g” Malondla_ldehyde (umol.min~  (umol.min"  (umol.min~  carbohydrates (mg.g*
(CQD) foliar ) 1 (mg.g'FW) (nmol.g* FW) o o o o
treatment (mg.g* FW) (mg.g* FW) FW) .mg. .mg. .mg_ (mg.g™ FW) FW)
protein) protein) protein)
Control 8.12¢% 5.19% 7.97¢f 3.50" 2.68 3.55! 0.193" 1.72" 0.63% 1.76%
CQD 5 ppm 11.26% 7.41° 8.01¢f 3.25 3.46™ 4,99 0.177h 1.61" 119 2.46%"
90% FC CQD 10 ppm 10.98° 8.12% 7.92¢ 3.04% 3.33%" 4.4 0.159% 1.49 0.911 3.07f
CQD 15 ppm 12.042 8.41° 7.76%9 347 3.29" 475 0.134) 1.26/ 0.84 2.29"
CQD 20 ppm 10.54° 7.81% 7.35%" 3.39 3.88 3.89% 0.104k 1.04% 0.93 2.021
Control 7.72¢ 4.54% 8.45%¢ 5.21¢ 5.08% 6.76° 0.331% 2.43° 1.22" 2.659
CQD 5ppm 8.82¢ 5.12% 9.74% 4,76 5.06% 7.55P 0.378° 2.73° 1.44f 3.36°
70% FC CQD 10ppm 9.55¢ 5.41¢ 9.13d 4.68f 4.69° 6.93¢ 0.351° 2.86% 1.58¢ 2.21
CQD 15ppm 9.53¢ 4,551 10.712 4.299 4.61° 7.88% 0.4112 2.96% 1.33¢ 4,119
CQD 20ppm 8.86% 4,517 9.19% 4.219 3.92f 6.22¢ 0.312¢ 2.36% 1.251 3.17¢f
Control 4.24" 3.18 5.01 7.15° 6.812 5.119" 0.2019" 1.869 1.67¢ 3.38¢
CQD 5ppm 5.419 4,219 6.34M 6.39¢ 6.28% 5.87¢ 0.243¢ 2.11¢ 2.27% 4,57®
50% FC CQD 10ppm 5.28¢ 3.92n 6.6591 5.12% 5.59% 5.39f 0.234¢f 2.279 2.342 4.742
CQD 15ppm 6.89f 4.85°f 7.01" 5.07¢ 5.87% 5.34f9 0.251¢ 2.03¢f 2.25° 4.43%
CQD 20ppm 4,919 3.551 5.86 6.75" 6.03% 5.69¢ 0.224% 1.94% 1.96¢ 4.27%
LSD 0.888 0.436 1.21 0.101 0.555 0.260 0.251 0.143 0.079 0.220
S.0.V. df Significance Levels
Field capacity (FC) 2 77737 57.08™ 50.13" 34.58™ 36.02™ 19.44™ 6.22™ 26.97" 9.84™ 5.41™
Carbon quantum dots (CQD) 4 38.06™ 10.13" 4,345 3.24™ 3.19™ 1.63™ 1.25™ 7.09™ 1.61™ 1.28™
FC x CQD 8 24.69™ 11.69" 9.21™ 6.26™ 6.65™ 0.81™ 1.28™ 6.44™ 0.088"™ 1.19™
Experimental error 1.04 0.24 0.83 0.23 0.16 0.028 0.019 0.17 0.018 9.83
C.V. (%) 7.53 5.69 10.95 10.25 8.6 3.32 6.83 7.48 4.45 9.83

**: significant at 1% probability level.
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