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Introduction. Grapefruit mint (Mentha suaveolens x piperita) is a medicinal plant of considerable value, renowned
for its wide-ranging therapeutic properties, and is utilized in various industries, including food, pharmaceuticals, and
cosmetics. However, optimizing the cultivation of this plant under diverse environmental conditions, particularly water
stress, remains an area requiring further investigation. Concurrently, modern technologies such as the use of
nanoparticles for fertilizer coating have emerged as promising strategies to enhance plant tolerance to environmental
stressors and improve agricultural product quality. One such innovation is the use of chitosan-coated NPK
nanoparticles, which has the potential to significantly influence plant growth and secondary metabolite production. This
study aims to evaluate the effects of chitosan-coated NPK nanoparticles on the growth, physiological characteristics,
and secondary metabolite production in grapefruit mint under varying water stress conditions.

Materials and Methods. The present study was conducted as a factorial experiment based on a completely

randomized design (CRD) in a greenhouse in 2024. The experimental factors consisted of three levels of water stress
(full irrigation at 90% field capacity, moderate water stress at 60% field capacity, and severe water stress at 30% field
capacity) and four fertilization treatments (control, complete chemical fertilizer (NPK), chitosan nanoparticles, and
chitosan-coated NPK nanoparticles). The evaluated parameters included plant height, chlorophyll @ and b content, dry
matter yield, anthocyanin content, ascorbic acid, carotenoid content, essential oil content, and essential oil yield.
Additionally, antioxidant enzyme activities, including peroxidase, catalase, and guaiacol peroxidase, as well as
malondialdehyde (MDA) and hydrogen peroxide (H20:) levels, were assessed to evaluate oxidative damage.

Results and Discussion. The results indicated that water stress, particularly under severe conditions, significantly
impaired plant growth and physiological functions of grapefruit mint. Plants subjected to severe water stress exhibited
notable reductions in plant height, chlorophyll @ and b content, and dry matter yield. These reductions are attributed to
a decrease in photosynthetic efficiency and limited water and nutrient uptake due to the imposed water scarcity.
However, application of chitosan-coated NPK nanoparticles under non-stressed conditions led to substantial
improvements in these traits, likely due to the nanoparticles' ability to facilitate nutrient absorption and enhance nutrient
transport within the plant, thereby improving photosynthetic efficiency and overall growth. Under moderate water
stress, chitosan-coated NPK nanoparticles demonstrated significant mitigation of the negative effects of stress,
particularly enhancing anthocyanin and ascorbic acid concentrations, which suggests the activation of the plant's
defense mechanisms against oxidative stress. Both anthocyanins and ascorbic acid are known antioxidant compounds
that plants produce in response to environmental stresses to reduce oxidative damage and to prevent cellular
degradation. Furthermore, under moderate stress conditions, an increase in carotenoid levels and antioxidant enzyme
activities, including peroxidase, catalase, and guaiacol peroxidase, was observed. These enzymes play a crucial role in
scavenging reactive oxygen species and protecting plant cells from oxidative damage. In the case of severe water stress,
the chitosan-coated NPK nanoparticles treatment significantly reduced the levels of MDA and H>O», two key indicators
of oxidative damage. The reductions of 62.3% in MDA and 76.2% in H20: in this treatment under severe stress
conditions demonstrate the potential of this fertilizer to alleviate oxidative damage and enhance plant tolerance to water
stress. Additionally, the treatment increased both the essential oil content and yield, with a 314.2% increase in essential
oil content and a 332.4% increase in oil yield compared to control treatments under severe stress. These results highlight
the potential of chitosan-coated NPK nanoparticles to enhance secondary metabolite production, such as essential oils,
which serve as a plants response to environmental stress. The enhancement in the quality of the essential oil was
particularly notable, with the highest concentrations of key compounds such as linalyl acetate, geranyl acetate, and 1,8-
cineole found under moderate water stress. These compounds are primarily responsible for the plant's aromatic and
medicinal properties, and their increased levels could significantly elevate the plant's value in various industries.
Moreover, under non-stressed conditions, the highest concentration of linalool, a principal compound in the essential
oil, was observed in plants treated with chitosan-coated NPK nanoparticles.

Conclusion. The application of chitosan-coated NPK nanoparticles substantially improved plant growth and
secondary metabolite production in grapefruit mint under water stress conditions. This treatment, particularly under
moderate and severe water stress, significantly mitigated oxidative damage, enhanced antioxidant enzyme activity, and
improved both the quality and quantity of essential oil production. The incorporation of chitosan-coated nanoparticles
in agricultural practices presents a viable and sustainable solution to enhance plant resilience to environmental stresses
and improve the quality of agricultural products. These findings suggest that this innovative technology could play a
pivotal role in improving agricultural productivity and quality, particularly in the face of climate change and
environmental challenges.
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secondary metabolites of grapefruit mint (Mentha suaveolens % piperita) under water stress conditions. [ranian Journal of Field
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Sources of Variation df Plant height Dry matter yield Essential oil content
Drought stress (DS) 2 1171.79™ 477.96™ 1.89™
Fertilizer treatments (FT) 3 107.22* 180.82" 1.04"™
DSxFT 6 4.75° 1.34™ 0.117*
Error 232 0.588 0.006
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S sS glin il Sl 5 0355 bl 5 (K23 25 1Y Jgas

90% FC 60% FC 30% FC
Compounds RI C CS NPK NPKCS-C C CS NPK NPKCS-C C CS NPK NPKCS-C
1 beta.-Pinene 974 0.038 0.042 0.039 0.039 0.037 0.023 0.022 0.028 0.03 0.042 0.046 0.031
2 1 -octen-3-ol 977 0.069 0.097 0.077 0.093 0.076 0.06 0.107 0.051 0.067 0.1 0.105 0.069
3 .beta.-Myrcene 988 0 0 0 0 0 0 0 0 0 0 0 0
4 n-Decane 1000 1.826 1.874 1.711 1.32 1.448 1.235 1.678 0.622 1.333 2.305 1.136 0.976
5 p-cymene 1024 0.522 0.026 0.023 0.037 0.023 0.027 0.036 0 0.023 0 0.033 0
6 liminene 1025 1.32 1.461 1.235 1.12 1.117 0.972 1.294 0.585 1.038 1.082 1.242 0.877
7 1,8-Cineole 1026 1.154 1.026 1.236 1.08 1.118 0.947 1.22 1.517 1.042 0.994 1.175 0.827
8 ocimene<(E)B 1044 0.049 0.043 0.03 0.034 0.031 0.036 0.053 0 0.031 0.034 0.049 0.026
9 TERPINOLENE 1054 0.452 0.439 0.415 0.391 0.406 0.344 0.459 0.224 0.4 0.358 0.551 0314
10 LINALOOL 1096 19.989 28.671  23.539 24.23 26.084 25.635 25.268 20.098 25.119 26.774 24.489 24.627
11 Borneol 1186 0.481 0.145 0.175 0.213 0.183 0.195 0.241 0.156 0.185 0.184 0.229 0.182
12 Pinocamphone <cis-> 1227 0.011 0.023 0.012 0.02 0.025 0.022 0.039 0.019 0.021 0.027 0.029 0.024
13 Terpineol <o-> 1239 6.582 6.151 8.623 6.007 6.758 6.299 7.043 3.22 6.78 5.421 7.54 5.657
14 Nerol 1254 1.705 1.482 1.5 1.185 1.29 1.26 1.323 0.683 1.252 0.973 1.745 2.153
15 Linalyl acetate 1289 45.743 45.963 47.36 53.211 50.112 51.922 50.724 64.111 51.817 52.182 49.194 53.416
16 Thymol 1298 3.937 3.511 4.409 3.539 3.841 4.961 3.929 2.081 3.783 3.088 4.079 3.543
17 Neryl acetate 1361 1.935 2.175 1.98 1.634 1.757 1.507 1.617 0.679 1.712 1.475 1.952 2.617
18 Geranyl acetate 1381 3.796 3.34 3.643 3.13 3.444 2.93 3.162 4.898 2.964 2.799 3.841 3.308
19 trans-Caryophyllene 1417 0.015 0.04 0.037 0.03 0.043 0.035 0.04 0.025 0.025 0.044 0.023 0.028
20 Germacrene D 1454 0.299 0.326 0.252 0.255 0.31 0.248 0.211 0.154 0.312 0.175 0.214 0.248
21 bicyclogermacrene 1481 0.189 0.042 0.039 0.039 0.037 0.023 0.022 0.028 0.03 0.042 0.046 0.031
Total 90.11 96.97 96.29 97.38 98.10 98.65 98.46 99.15 97.93 98.05 97.77 98.92
(S S gl Sz Clao o355 lalest 5 (St A Sl iy 4o & Jge
Mean squares
Sources of Variation df  Chlorophyll a Chlor[;)phyll Carotenoids Ascorbic acid Anthocyanin  Catalase pg'l(l)ilifl(:;e Peroxidase ];i];i;gig:: di;\;l(;:l(:; de
Drought stress (DS) 2 88.53" 79.71* 124.47" 64521.36™ 5.01° 48.99™ 421 1.07™ 33.81" 89.54™
Fertilizer treatments (T) 3 7.75" 7.54" 13.38" 4434.76™ 0.34™ 3.44™ 0.46" 0.08" 2,67 8.73"
DSxT 6 3.89™ 0.30 1.24" 634.75™ 0.14" 0.049" 0.04™ 0.002" 0.60™ 0.67"
Error 0.18 0.09 0.319 107.82 00.9 0.034 0.005 0.001 00.2 0.11
CV (%) 1.28 3.45 5.36 3.31 8.93 4.37 7.89 8.07 2.09 1.35
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Chlorophyll Peroxidase Catalase Guaicoll
Chlorophyll a Carotenoids  (umol min®  (umol min™ peroxidase
Treatments A b Y a1 a1 .1
(mg g"' FW) o (mg g” FW) mg mg (umol min
(mg g” FW) protein) protein) mg”' protein)
Control 15.84de* 8.26¢g 6.431 0.183k 1.61j 0.26j
CS 16.26bc 9.57d 7.70h 0.3071 2.08i 0.41i
FC 90% NPK 16.38ab 11.42b 8.76g 0.326hi 3.02g 0.56h
NPKCS-C 16.57a 1191a 7.22hi 0.246j 2.75h 0.36ij
Control 12.82h 7.37h 11.36d 0.435¢g 4.26f 0.98e
FC 60% CS 15.96d 8.85f 12.79bc 0.668d 5.67¢c 1.05de
? NPK 15.59¢f 9.12ef 13.56ab 0.815b 6.05b 1.24c
NPKCS-C 16.03cd 10.68¢ 14.34a 0.898a 6.42a 1.80a
Control 9.66j 532k 9.67f 0.385gh 401g 0.70g
CS 14.14g 6.80i 12.03cd 0.607¢ 4.74¢ 1.10d
FC30% NPK 11.23i 6.27] 10.50e 0.517f 4.97de 0.85f
NPKCS-C 15.40f 9.41de 12.05¢d 0.748¢ 5.18d 1.55b
LSDy.0s 0.26 0.43 0.81 0.059 0.27 0.10

)5l gixe gl Ao yd gy Jloisl pdaw )3 LSD yg0j Lolusl 2yt y2 53 S yiitio gy ghyls (gl SSlo*

S i bl b dawlie p3 5908 @l)dgil b odds o yiibey NPK 5 )8 cawgio  Siid i bayl i )0 ooyl pogMe
o5 bl b )3 (0 Jgan) ol lis w3l culled il o yd VOV 5 OV OYYY ol 098 Cyme (ygdy g L
295 DNA 5 bayetig -« Joloo (slalis &y sl sl wiilys oo 45 0555 o )18 ST (sla JIS00l) 200 )3 lalS ((Sis
Jud claaisS ol U b o ialidl amer b6 jebar JlawST T claes 51 cullsd o plplo (Chiappero et al., 2019)
(St 5 o) S Cal 03l Ui ldss diwly opl ) (Batool ef al., 2020) sub ialS lacuwl 5 oad (5 5enS]
Las oS gl Jols b el ils8l (Lavandula angustifolia L.) wg3gshawl olS 5> Sl 51 (clags 3 oyl
Glp Jobs S sy 508 ©lpdgil b odds o yidbgy NPK I oslaiwl ksl oyl y> ((Haghaninia ef al., 2024b) 4.
Spiign ol & lie polie 5 (silunl il ol gl 8 WS e Jue cslia a5 e Jli
Cogl el g Miud 659y (ShwnS] 5l clags 3l 5w ¢l (gdae dlge oyl (Balusamy et al., 2022; Sami et al., 2022)
S ) gAlS yaie lgieds 59550 oedy (Sadak er al., 2022) Mg oo suliST oyl ply yd olS 2185w
dllio (gl ol s g ) esliy 5 0LS (5531 Slapiun 3,Slos 5 St )3 s ¢ JlpnST Bl slag T g oSy
M ibe sdgS jl edlawl L5, i)l58 i do (slaadl Ayl )> .(Haghaninia ef al,, 2024a) cuol 3o Sis L
1S Tl ygSanl ¢35 gom > deanS T 39 YL ales 51 Sl 51 (olanes 35T cdlad iol58l & yoxie )l3908 <l 3936 b o
[(Jabeen ez al., 2024) si iS5 cov LS 4
T 3 S 55l et 51 AT
i (lwgil 5 SopgSslinl slyie p ()l e ;b (395 bl 5 (Sutd (i o5 ol Gl )bl b
O/ ity bawgio G5 g (15 pis @y Capd sl S g8l lgime s G5 bl )3 (F Joaz) il (g bcn S
bousgio G5 g GO ple 4 Conad b G5 bl 13 55 (plwgil (slgime big) ol it (F JSU2) bl QI8 VIV
o rYL lieuS @ldeib b odds o yiudgy NPK ¢ 6365 (slaylos e 5o (¥ JSK5) oly Hlis iol381 OR/Y 4 ¥ Y/ s ey
g Sl Syl (slgizmo ;3 VONF iali3l el bl b awnlio ;5 Hlegs opl 0,8 i 1) Cpslwgisl 5 auwl S yoSinl 3o
ROS (5l s b ecsaulS (slo a1l 5o oo SenppSal ol (F JS) 02 (obunsl lgioes 3 03 YY/5
i i & gl jd Sledly i Sldllas oyl (Sis 4 olS Jezs o Sl (i ¢ ol 0 solinsT Jole pula
QS o Joo S 3l plgied s oS 5 ol (Li et al, 2022) sob o iol33) Ko ySwlinnl g wilwgsl clgio
Napar et al., 2022;) x5l jiss Giaold je plp 0 olS 5l cladbre ¢ s idlS ((giewl Hlid oulas o &KL
Jle u.:l.L.«SlL;ul OluS y wdg o Sid i bl il 0 0,8 )liS o Kiegh i jeboay .(Haghaninia ef al., 2025
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@ olS wyiwod iali8l G 5l eSSl ¢ opl pogMe (Amir et al., 2021) il i3l pwlawgs] § Koyl !
3559,25,595 Vg8V g PAL aile Sl 5l OluS 5 5w (sloyume 55 i3> (o 1 cudlad 3400 9 (gdie dlge
Sheikhalipour ef al,, 2021; ) Xgd o SoygSwliuwl 5 poluwgs] (cloime iul3él el (Haghaninia et al., 2024c)
S5 1y itiwen s pmo b lagye layi by gy S olgeas olieuS @l)dgil ¢ picren (Riseh er al., 2024
Xad o inli8l i w1y ol Cuglis O] 9 S g5l ] 3gup0 dles L;;l.\,JIU:JT s C 05 by g 03,5
oS 1y (ol slaaidl 5008 95U g (olowd (sladgS g (Suid (i die) 40 sddipbul wladss (Ashraf er al., 2022)
9 ‘_i..aﬁfwj.\..w] dlﬁb“’ dgudp 4 e OI)’};’,..{ Q‘)S}EU 9 u"L‘""""" dl.zm?f )'] onlatwl wiily )LQ‘EI u‘)—i“*“’e)’ ..\Jlob)f
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=i cud )b doyd £o FC 60% (a5 (o) (=5 udyls 0oy A+ (FC 90% . )lj9uS” ©lydgil b o jlo i gy NPK:NPKCS-C g jgns l)d9il

ool oy s Jleis ] s )0 5 dze iglas saiad )l calidee By > (apd (Sl (55) 25 syl aoyd 0+ FC 50% o(lawgio (Suis i)
ol LSD 9051

039398 A1 g WINT 530 gl (slgine AT
s Wl Slsme 2 (5l sine yoba o] Llite 31 g (055 slojlos ( (St (15 &S 3 Gt uilly 4520
Lalyd 53 (5,0 3anS Ty 5 25412 009)le liee i (¥ Jgi2) Cels 16 Sgyhn S lisi ol 53 ()3gyded Sy
L oads Jbide NPK jloss )3 sidllioagglle lade (yieS (Jlde )3 bl odaliin 398 Bpae (g 9 Al (SWdS 5
O Llyd 53 (B JS3) el Cedaty dald 1> 5,0 Sl liee yeS 5 GBS pas Lyl cod i gl
OS5 o9 bl s 4 Cund o3 VAIY g oyd YFIA it 3ephe STy g aiill oo glle (elgime s  Sis
SYIY 1y a5l oo 9lle (slgiomo ¢ i pae Lol pb 4> o598 )39k b oads s yiubos NPK I odlial ¢ ol p> .ol yiol38]
Al ooy gle (B JSKi) aly ialS 598 5018 gy g s (Suid 55 b duwlie 13 2o )3 VEIY 1) y59,0m duuS Ty g duoyd
oo slalis & ol oo i gl (el 5 2igd g 4l siilagusT oyl slaadls Glyisar o35 dm somsTyy 5
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