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Abstract

Background and objectives: The cultivation of medicinal and aromatic plants has long held
an important place in traditional Iranian agricultural systems, which have contributed to
agricultural diversity and sustainability. In recent years, agricultural soils contaminated with
heavy metals have received considerable attention because of their adverse effects on
agroecosystems. Cadmium (Cd) contamination can alter various morphological, physiological,
biochemical, and molecular processes in plants. This study aimed to investigate the
morphophysiological responses of grapefruit mint plants to carbon quantum dot nanoparticles
(CQD-NPs) and arbuscular mycorrhizal fungi (AMF) under Cd stress conditions.
Methodology: To investigate the effects of carbon quantum dots and mycorrhizal fungi on the
morphophysiological characteristics of grapefruit mint under Cd stress, a factorial experiment
was conducted based on a completely randomized design (CRD) with three replications in the
greenhouse of the Department of Production Engineering and Plant Genetics, Faculty of
Agriculture, Maragheh University. The first factor consisted of four Cd concentrations (0, 10, 20,
and 40 mg Cd kg~ * dry soil), the second factor consisted of four CQD-NP concentrations (0, 5,
10, and 20 mg L~ %), and the third factor consisted of AMF inoculation and non-inoculation.
Grapefruit mint rhizomes were initially cultivated in small pots and transferred to larger pots after
three months. To contaminate the soil, cadmium nitrate was applied between layers of sieved soil
before planting the grapefruit mint seedlings. In the biofertilizer treatments, 100 g of Mycorot
biofertilizer was added at planting. Three weeks after the plants were fully established in the pots,
CQD-NPs were foliar-applied at four growth stages, corresponding to plant heights of 10, 20, 30,
and 40 cm. Finally, the data were analyzed using SAS statistical software, and treatment means
were compared using the least significant difference (LSD) test at the 5% significance level.
Results: The results showed that increasing Cd stress significantly reduced plant height, leaf dry
weight, leaf length, leaf number, chlorophyll index (SPAD), and root colonization percentage.
The highest values for these traits were observed under non-stress conditions with the application
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of 20 mg L™ * CQD-NPs and AMF. In contrast, essential oil (EO) content and antioxidant enzyme
activities increased with increasing Cd stress. The highest EO content was observed under
moderate Cd stress with the combined application of 20 mg L™ * CQD-NPs and AMF, whereas
the lowest value was recorded under severe Cd stress without CQD-NP or AMF application. In
addition, the application of CQD-NPs and AMF increased EO content by 87% compared with the
control. Notably, the chlorophyll index (SPAD) decreased by 52% with increasing Cd stress
intensity, even with the combined application of CQD-NPs and AMF. The highest activities of
ascorbate peroxidase (APX) and guaiacol peroxidase (GPX) were observed under severe Cd stress
(40 mg kg~ * soil). The application of CQD-NPs and AMF increased APX and GPX activities by
76.91% and 88.72%, respectively, compared with the control.

Conclusion: The combined application of CQD-NPs and AMF mitigated some adverse effects
of Cd stress by improving the growth of grapefruit mint plants and modifying the essential oil
content of this medicinal species.
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Table 2. ANOVA of carbon quantum dot nanoparticles (CQD-NPs) and mycorrhizal fungus (AMF) effects on morphophysiological traits of Mentha
suaveolens x piperita under cadmium (Cd) stress

g 3 2
£ g o g 2 S s 5
b= =) < © e 3 S = = = b
. =) 5} 5 K > 5 S o = o o N
> - T s = 4 23 £ = 'S 2 3 I=
o 35 = > 2 Nt = a S = o = S
2 5 Z g 3 SE 3 g £ g 2 g
o 3 - E 8 ® S 2 5 3 3
(=] =)
z i u 2 5] o
cd 3 2612.461™ 543633 55238 1015067.594" 550.863" 762.9359" 35152 0320 512010 0.01203"  1051.983"
CQD-NPs 3 172670 50330 5960~ 52103455 44266  91.7428" 04851  0.024™  0.36086" 0.00098"  215.999"
AMF 1 86260~ 10434  2.835™  17577.094 13127 938126 0.1611"  0.007™  0.04532" 0.00097" 108059.182"
Cdx CQD-NPs 9 1.658" 4350  0.333" 1586.705™  0.9215°  4.4284™ 00682  0.001°  0.09086™  0.00072™ 7.795
Cd x AMF 3 3.072" 0780  0.120"s 543.455™ 04956"s  2.9981*  0.0128" 0.00005" 0.00991  0.00078"  1051.983"
CQD'NPSX n.s n.s n.s kil n.s n.s n.s n.s * * **
AME 3 1.836" 0.203"s  0.092" 380.538 0.0373" 1.762"  0.0040"  0.00002"  0.00295"  0.00005 215.999
Cd XX%QN'?F'NPS 9 12140 0.405"  0.136"S 279.936™ 01276  19454°  0.0112°  0.0002"s  0.00214"  0.00004" 7.795™
EXp‘;rr'r’;‘f”ta' 64 0.718 0.233 0.117 19.885 0.3229 0.7025 00049 00002  0.00059  0.00001 1.426
C.V. (%) 2.205 2.038 6.755 0.796 25811 2.4539 7.8607 5.478 219550  16.36692 3.560

ns * and ™: non-significant, significant at 5, and 1% probability levels, respectively.
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Figure 1. Influence of cadmium stress and carbon quantum dot nanoparticles (CQD-NPs) on root
colonization in Mentha suaveolens % piperita

Means with common letters are in the same statistical group at 5% probability level (LSD test).
The error bars on the columns are based on the ... .
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Table 3. Mean comparison of leaf number, SPAD, essential oil percentage, and antioxidant enzyme activities
in Mentha suaveolens x piperita under cadmium (Cd) x carbon quantum dot nanoparticles (CQD-NPs) x
mycorrhizal fungi (AMF) interaction

- (5] @

8 T 8 - @

= c 2 o =3}
= o~ g 3 5 =€ .  RE_
< z75 =3 = £ =~ s = £ STt £
Sg A5 > o a IS - 828
= o€ < g < = 2 = = S ==
g’ O~ € o = 8 © o % o o

— = » 5 5 £ '© £

=z 2 SIC 53

w < o

0 7429 36.63¢" 0.634K 0.705* 0.00119
5 AME 757 38.80°f 0.694Kk 0.734v 0.00129
10 ! 830.6¢ 40.40¢ 0.699k 0.754"w 0.00152
20 883° 41.76% 0.820N 0.791t 0.00193
0 755 37.56" 0.674k 0.721™ 0.00134)
AMF> 771.3¢ 39.46% 0.772i 0.745v 0.00160
10 852.3¢ 42.73° 0.821N 0.764 0.00184/
20 8932 45.232 0.840N 0.808¢ 0.003471
555.3" 34.43 0.849N 0.815 0.0136!
10 AMFy 591.3' 34,73 0.9259" 0.852p" 0.0139!
10 619.3 36.58¢" 1.051°f 0.873m 0.0142!
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£ 3 2
- g 2 3 5 £
= 2~ g 3 5 2 E _ 2E_
< Z .4 =S 5 £ =~ T = = S S
Sg (o)) 2 o a °g o E 8 SE 8
= O£ < g < = £ 5 £ 3 =8
> o< Qo o = 8 © o % o &
E g % S 5 E = §
3 2 S 3 S 3
w < o
20 622i 37.26%1 1.068¢f 0.922M 0.0150
0 593.3 34.93K 0.929¢h 0.835¢5 0.0140
5 AME 611.6% 35.97 1.017% 0.8630 0.0145
10 2 644 37.81 1.035% 0.8820 0.0158"
20 674h 381 1.158% 0.935m 0.0162"
411 30.400 1.019% 0.945m 0.0167M
AME 453t 31.40p 1.237¢ 0.965™ 0.0171"
1 .
10 501.6 32.5M 1.278° 0.9904 0.0185"
20 20 536.3° 32.6m0 1.591° 1.170i 0.0191"
4275 32.9m 1.055¢f 0.955™ 0.0174"
5 AME 483.6" 33.9m 1.268 0.975'm 0.0181"
2 . .
10 513.3° 35.1H 1.499 1.016¢ 0.0195"
20 574.3m 36.4M 1.906° 1316 0.0212¢h
0 2612 217 0.282¢ 1.403" 0.0265%
5 304.3% 26.06% 0.398% 15831 0.0281f
10 AMF1 308.6% 27.25 0.503™° 1.896¢ 0.0531¢
40 20 364.3" 28.6' 0543 2.046b 0.0615°
0 2952 257t 0.35700 1.4939 0.0353¢
5 AME, 312y 27.03¢ 0.467™ 1.726¢ 0.0493¢
10 344 28.7° 0.518™ 1.940¢ 0.0826"
20 385V 29.9% 0.587km 2.166° 0.0960°

Means with common letters are in the same statistical group at 5% probability level (LSD test).
AMPF;: Non-inoculation with AMF and AMF;: Inoculation with AMF.
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Table 4. Mean comparison of plant height and leaf dry weight in Mentha suaveolens x piperita under
cadmium (Cd) x mycorrhizal fungi (AMF) interaction

AMF Cd Plant height Leaf dry weight
(mg.kg* soil) (cm) (9.Pot™)
0 48.79° 29.41°
10 42.204 24.39¢
AMF1
20 35.37f 21.469
40 23.62" 18.26f
0 50.082 30.382
10 44.04¢ 24.74¢
AMF2
20 36.91° 21.804
40 26.549 19.24f

Means with common letters are in the same statistical group at 5% probability level (LSD test).
AMF;: Non-inoculation with AMF and AMF,: Inoculation with AMF.
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Table 5. Mean comparison of plant height, leaf dry weight, leaf length, canopy temperature, and essential oil
yield in Mentha suaveolens x piperita under cadmium (Cd) x carbon quantum dot nanoparticles (CQD-NPs)

interaction
a g

= 4 - £ 2 3
3 g g - B g z T
8% g = & ze =3 §2 T 8
g & = g ° § g 57

= S 5 g i

O

46.08¢ 27.624 6.25¢ 17.66! 0.226)
48.41° 28.58¢ 6.50°¢ 17k 0.2481
0 10 50.50° 30.45° 7.250 16.16 0.270M
20 52.75% 32.942 7.662 15.75' 0.293¢
40.66¢ 23.27" 5¢ 21.25N 0.3117
10 42f 23.99¢ 5.25% 20.83" 0.330¢f
10 44.25¢ 25.04f 5.58¢ 18.91 0.339¢
20 45,584 25.968 6.16° 18.25i 0.367¢
32.41 20.94% 4.33f 25.58¢ 0.415¢
20 351 21.43Kk 4.41f 24.668 0.429¢
10 37.33" 21.911 4.41f 23.41f 0.452°
20 39.38¢ 22.241 5¢ 22.339 0.5212
21.66" 16.21° 2.58 29.412 0.155!
40 24.83™ 18.68" 3.33M 28.66° 0.158'
10 26.16' 19.74m 3.41h 26.58¢ 0.206K
20 27.66% 20.37' 3.919 25.75¢ 0.215k

Means with common letters are in the same statistical group at 5% probability level (LSD test).
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Table 6. Essential oil composition of Mentha suaveolens x piperita under different treatments of cadmium (Cd), carbon quantum dot nanoparticles

(CQD-NPs), and mycorrhizal fungi (AMF)

Essential oil

Row compound RI T T2 T3 Ta Ts Te T7 Ts To T Tu Te T3 T Tis T
1 Thymol 1289 2.11 223 265 219 323 252 235 236 355 322 236 260 342 250 219 275
2 Neryle acetate 1361 1.08 105 138 120 139 170 159 165 166 179 146 167 179 155 160 184
3 Trans- 1417 215 208 275 238 277 335 315 327 336 362 295 338 359 310 321 3.68

Caryophyllene

4 1,8-Cineole 1026 061 057 08 074 079 111 107 102 088 09 099 115 099 094 104 1.17
. 433 43.6 431 450 440 448 443 445 4377 426 435 447 43.6 40.7 445

5 Linalool 1096 41.69 5 5 5 7 7 7 0 0 3 3 6 9 3 9 6
6 Nerol 1227 3.39 373 474 364 560 369 352 318 6.02 533 382 419 588 414 345 456
7 Carvone 1239 070 074 09 074 107 08 083 083 115 109 081 089 105 116 086 0.77
. 411 376 403 347 362 360 367 327 338 384 357 316 368 403 335

8 Linalyl acetate 1254 43.15 7 3 5 2 6 7 5 7 0 7 4 5 8 4 9
9 Limonene 1025 0.79 074 104 092 08 126 124 120 098 112 116 128 116 117 119 1.36
10 n-Decane 1000 0.82 072 120 09 094 151 143 141 105 134 123 142 127 138 133 1.63
11 S-Pinene 974 0.03 004 0.04 004 003 005 005 005 003 003 004 004 003 005 004 0.06
12 1-Octen-3-ol 977 0.08 009 110 008 008 011 0.12 011 008 0.09 009 010 009 011 010 012
13 Viridiflorol 1592 080 077 045 080 061 072 084 063 082 078 075 091 087 082 075 0.88
Total indentified 97.40 972 983 971 971 972 971 967 968 969 967 969 965 974 968 96.9

(%) ' 5 9 6 6 3 3 6 5 0 6 3 5 3 9 6
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Continued Table 6. Essential oil composition of Mentha suaveolens x piperita under different treatments of ...

Essential oil
Row RI Ti7 Tis Tie Tao Ta Tz Tas  Taa Tz Tae  Tor Tas T Tz T Ta
compound
Thymol 1289 314 213 177 270 203 223 18 153 232 348 273 341 231 364 237 201
Neryle acetate 1361 144 179 136 166 189 164 1.60 1.02 207 156 189 209 191 162 170 190
3 Trans- 1417 290 364 275 339 370 330 326 201 417 316 382 423 386 329 348 3.64
Caryophyllene
4 1,8-Cineole 1026 088 093 078 092 087 098 116 0.79 1103 095 120 122 126 094 096 1.07
5 Linalool 1096 4523 40.26 39.54 43.13 39.03 42.09 40.08 42.74 36.13 45.84 41.88 44.03 39.68 42.98 43.90 48.50
6 Nerol 1227 585 339 442 5 299 358 3 261 334 697 458 566 332 7.03 4.04 274
7 Carvone 1239 097 075 062 093 072 078 065 084 081 115 094 115 080 120 0.83 0.99
8 Linalyl acetate 1254 33.67 40.73 37.93 36.21 40.78 38.60 4191 4472 43.19 31.05 36.06 31.14 38.75 27.44 36.03 35.09
9 Limonene 1025 1 110 098 106 135 127 112 106 123 102 130 126 141 105 117 1.15
10 n-Decane 1000 115 124 108 191 147 153 119 097 151 120 155 150 144 114 135 130
11 S-Pinene 974 0.04 0.04 0.04 0.05 004 004 004 005 003 003 004 0.04 0.03 0.03 0.04 0.04
12 1-Octen-3-ol 977 009 0.09 010 0.0 011 011 011 009 009 008 010 009 010 010 011 0.11
13 Viridiflorol 1592 075 063 08 077 072 177 079 089 091 088 058 077 086 134 0.69 0.91
Total indentified
%) 97.11 96.72 92.23 97.83 95.70 97.92 96.76 99.32 96.90 97.37 96.67 96.59 95.73 91.80 96.67 99.45

T, (Cdo+ CQD-NPs, + Non-inoculation with AMF), T, (Cdy+ CQD-NPss + Non-inoculation with AMF ), T5 (Cdo + CQD-NPs;, + Non-inoculation with AMF), T, (Cdo + CQD-NPsy + Non-inoculation
with AMF), Ts (Cdo + CQD-NPs, +Inoculation with AMF), Tg (Cdy + CQD-NPss + Inoculation with AMF), T; (Cdo + CQD-NPs,, + Inoculation with AMF), Tg (Cdy + CQD-NPsy + Inoculation with
AMF), Tg (Cdy + CQD-NPs, + Non-inoculation with AMF), T, (Cdy + CQD-NPss + Non-inoculation with AMF), Ty; (Cdy + CQD-NPsyo + Non-inoculation with AMF), Ty, (Cdyg + CQD-NPs;o +

Non-inoculation with AMF), T3 (Cdyo + CQD-NPs, +Inoculation with AMF), T14 (Cdio + CQD-NPss + Inoculation with AMF), Ts (Cd;o + CQD-NPs+ Inoculation with AMF), and T (Cdyo + CQD-

NPsy + Inoculation with AMF), Ty (Cd+ CQD-NPs, + Non-inoculation with AMF), Ty (Cdae+ CQD-NPss + Non-inoculation with AMF ), Tg (Cd,o + CQD-NPs;+ Non-inoculation with AMF), Ty

(Cdy + CQD-NPs,, + Non-inoculation with AMF), T,; (Cdy + CQD-NPs, +Inoculation with AMF), Ty, (Cd, + CQD-NPss + Inoculation with AMF), Ty; (Cd, + CQD-NPsy, + Inoculation with AMF),

T4 (Cdy + CQD-NPsy + Inoculation with AMF), Tos (Cdg + CQD-NPs, + Non-inoculation with AMF), Ty (Cdg + CQD-NPss + Non-inoculation with AMF), Ty; (Cdg + CQD-NPs;, + Non-
inoculation with AMF), T,g (Cd4 + CQD-NPs,, + Non-inoculation with AMF), T,g (Cdgo + CQD-NPs, +Inoculation with AMF), T3 (Cdg + CQD-NPss + Inoculation with AMF), T3; (Cdg + CQD-
NPs;o+ Inoculation with AMF), and T3, (Cdso + CQD-NPs,, + Inoculation with AMF).



Yy

P A5 gl 5 Ak 3 e Sl Wl 5 g g 53l S 0 S S
Sl S aale banlis ) dos ool mlbs b s
2l Gl B 6 g el 5 ady, Job cay; slaws

ol i oad Gl Bl Lol plas i s ol s
55 g Sl e 28 S e S s 15 6 sl
9 0l b Jen S st N5 poneslS N sk |5
el 5 ams 2alS], CO2 cuws s o gsupe.}\ ol
(Cikil1 & Samet, 2023) 35 8 cud s IS Slsle 5o Pl
0 siw) J5 NS srism adsl Sl o &S 00l oLt ba o,
Sirsd sl O w3l il 5 (ALA) sl S gl
L oiskesn 4 ALA Jias oS (ALAD) 56las ol
4 Cod J5 S s Jolm n F e Sl a0 g ol
o DA & S DIl 050 e O e S 58
sl K5 e S5 IS e 2S5 ALAD il e
S s ey S5 JS e il ol 3 Sl
s o palS 53 Jds IS sl 228 Lol LY S
Prasad & :Manio et al., 2003) ¢l i ole
A3 p S e Yo 508 iass ol Lo (Freitas, 2003
sl o Oyl ) 355 ol g Ols pglsS S
Ol 55l 00 S 15 s 8 oS 8y S Lanls 5 sy
ol @ e b ke J8s IS 05 ol s JB 2sbay
SaS o Sl (65 Sl 5 Jid oS e 050 4 45 S0
osSele S5 Sos s 5 5 (Lietal, 2021) 480
i) s SR s 5o dis o) ol Al
RO TR SRR PR JUWC 7 IS RS P™ 6U=p-zﬂ
Wahab et al., 2023) aas 2l 3  5eeslS

dos b S ol ol e cal ml rzes
RS 00 p B ke Vo) ppeenlS bawgie i s Ll
Sl psalsS S s 10k g8 il o8 L (S
oSG 5 CusS g 05l S Sl ] ey
I3 o b )l LS lid sl 456 sl sl
olelis o5 ool plE (Bakhtiari et al., 2023)
Ngd e amla YU SlaSl sl el | (Lamiaceae)
s 4 bas sl 5T cuo\s (Aebisher etal., 2021)

\’a)\.«..i‘fY&‘Q\ﬂ\}uj@j)‘aob\fga\;ﬁ;ﬁuw

1S sy pamedlS oS Sl oy 5 SU ks 5l S

Sanaet) aS oo nug ) Jsame oo g 5 2lhe Coldl
pelS iy el 5l sel cy s b (@l 2024
sl 5 S JIsb Sy S s s i) 2l
o o slael slo 15l s Sy sy S el ol S S
(gdne sl e Jlil 5 O) e Lo sl 4§l 5 e psmedlS
Ay B e gtlie 53 N g5 lann] ] 2 3
Hu ) s pm o)lal plalS s3alse (2alS 5 sy 2als
55 008 e Ol o (IS, b (et al., 2021
53 b 350 58 Ul aas e LialS 1 plalS Ses
oo ol 5 a3l oS Sas p3s s, Bl e
Bakhtiari ) 5, o Y4 1, a5 woolheb Lyl e 4 olS
2 L e 5l oS umes et al, 2023
Sgm S I3 canlials gla 1 2l (g 1, S0
Baas 1525560 £, (Mazumder et al., 2025) & , .
Nl g 5 S oo ol [ oS Luy gike olse G
A8 S oloe oS L bl s S
sl Job 5 )b laan, LS LIS,
i Lot VT 5o 8 &S Lo gl 28 15800
o i el S5 oLle (Lietal., 2023) 1l ol s
b e el 1800 C)L’ 2, s ce e
Lil,e cou wlge b ol 5 sas ol LS
J)L)J~MMJ}GWJ\@1393LBU@
oblS s 1y s wly e oSSk T8 (s on
g8 orimed S ol e s ol 4 el 5 s
b Ja g sns sba) polaead) i LS L1y, S0
ol LS o |y Jass cdy; S5 505850 i b S
G 35 b 3 o0 5 Gl 3l el 5 A8 e sl
cslandlas 5o (Riazetal., 2021) s i o _Sdne 3150 5 &)
psedlS aS s S S (YY) o, s Amirmoradi
S 5 g St 55 NS e il el s
Metha) il gl olS ulil aoss 5 olS gl
wsls olas 55 (Y- YV ) Dong 5 Gong ..y S (piperita L.



ce oS U s 5550k (s 558 i S

A Jols 1Sl 256 b il 5 ol 2 gl oS 0 S 1 5o
Ol dizadl 5 15558500 2,6 5 Ol o5l S 0 S S5 5ba
YY/AN 5 YE/YY Co s |, ol W 5 JJW) olS s
b o Lula) cble alpl ams ()l as)s
WS s sl 3l 5 S e 2l 4 ol e 15 2
Aibe ST ol Sl il s 5 a08
ol 5 bgs o LS 5 (6l s ol (San p gadS
o st Sieran (Mirzaie et al., 2020) 5,118 5l
3l 5 (sloae S S S5 5 aad sy 5 chle 2l
Mentha piperita L.) Jasgls il oS
S 44 5 (Lavendula angustifolia) s 5> skl
chle )5l el s sanlaw (Origanum vulgare L.)
a el 5,0l b pasls bl zeil 5l e oS5 5
Kapoor et al., ) cul oas oals Cos baoss S5 2l 5l
osSole g~ (2007; Morone-Fortunato et al., 2008
a3 el ) asls ol s Jlb OS5 ol sime &l e
Lol ole s Olaw 4 by sl (See Qb o
(Tavarini etal., 2018) sxly DLS 5 cpl siwsm 5o S
cble s ghaw sbel el 15,500 g8 el 2 edle
S el dend (S5 el S 51 2US Sl g0 53 528
lesd S5 dagsospsid ool &5 0580 S5
Srlieg M5 4 i Calg 3 g 0ls Ll B uild saiSpa 5
Lazzara .(Kapoor etal., 2017) 552 . 4 56 o e
Ol 450 e plie Ll Bl (YY) oS
JZ s (Pseudohypericin) e s 55 5wy 5 (Hypericin)
sl g b beas il (Hypericum perforatum) <!,
a1 il cal s S G158 eas el QLS s
et 5> Sl ad b Slpanls e s
b Glame L Wlg e &S Aol Cad 58K
53K e sl (Hypericin)
gl 3 G s i s o B elS L5 s
Sl bzl 1 o 5l ol 5 258 0 webis 5
.(Javadian et al., 2022) 58 sslizal sy, wbi o

Y5¥

Wi oM g sn 5 aile LS 456 e sl 552y
oS 5o s Lt 5 by S8 daas JSI a5
S S Jsb 3 4l cbodabe ool
4 ol b ol ol s My Ay e sl
sdde 5o ol Sl Gl s OV pame olsie
2 e b 28 450 bed gl e 3 ks alS
Sl sl e b5 Ly 0 ol 5l il
2 oblE (38 L s ol st s S oS
BROS ol 31 5 4l (2l 318 5 Ll ol e 25 L
Chaturvedi & Gupta, ) 1S o S g aLS slacsl &
n 5355 LS5 b ld a4 a5 | (2021
2 ol 5 e 3l olgie 4 a8l 63 0 S 5 S
R = T P U
PO W W [ VRS X I P - S PO [
B 5 0598 5 b i 4 S8 5 b SIAMF )L
36 55 Sae 5T s 5 L5 JS A s ol ol S
2 5 S 53 Sl ol e Sl B o e e il LS
Nobg eaols LS Lulld asns aldl g
by opl slbasl (opl e de (Sangwan et al., 2001)
GRIA 3 550 Dl SR Ol 05318 0 S S s ol
My ol s @y ey S gls oS bl ao)s
oy gals oS 53 o s poeedlS Olas Jlis 4 Ll
(Salvia officinalis) JS. » 5 (Ocimum basilicum L.)
.(Raveau et al., 2021 ¢Fattahi et al., 2019) s sonliw
Salvia) v = 5l sl sS 55 (VYY) o, s 5 Leggat
sl £, &8 51 s 4 wis S suslie (rosmarinus
S g Gl S e il a5 Sl 5 05 0l
3L O pen S gl oS Luilad ao s s ssdle
o5 a5y b Saosle s 558 5 Slagy S il

Gt 45 Sty ol Sl S (s ol mls e seelS

N N P e PRGN e UV SEN
e CLJJ Sl W S5 oo VL cpimen
Rk Yo 3 S L (S p SGkS 530 S Jue ¥e) Lo e



\Rg®

Jlael a8 o sl pilanS) ol il 55 6lS 5l 500 S
w5 JB b Wge pblS 4 (Cd) oS o
o BB Bl 4 e 5 a8 5l 15 6T GSH sy
D5k S s g 058l 5 (H202) 2S5 ch~ NSEPECL
Soslgar 55 (ASAGSH) ol Sul-g55b 8 as >
Ll 281y 2z Jolz ASA-GSH as > .5 ls 25 WWROS
&j 4l Johe o050 HaO2 lawl 5laees) C)\e),SwT pe.}'T
25 (MDHA) &5 ST 5505 550 45 olar 8o oo
SIMDHA S Jae 5 S0 sias ol sie 4 ASA 5l eas
(MDHAR) iS55, by Sl 55080 5 50 Jos @b
4 25 4 0 S S bbb ol Sl
DHA L3lea GSH 352 o s (DHA) &l 58Ty 500
C»\u:gwb)v\:m bog S a8 s ol C»\ujng 40
208 (GSSG) adl v (63 01556 58 4 (DHAR) LS,
GSH 4 1, GSSG (GR) 5iSs3, 055l 58 e 358 o0
w5l s ASA SGSH 31 7l b Sl a8 e cls|
AsA- GSH ... ;> & DHAR ; MDHAR GR APX
Tahir) oS Jass | slaes) o il Wl g5 oo cdizess Joao
3 5 51550 7,6 (Zhouetal., 2023 etal., 2024
o 1y Sl s 3Tl ol ol o 5018 0 S
el wilg g gl wals GulBl pplS i Lal
v Sy JSUE Slans), Sl Sl a5l
2, BROS mez 5 (l 3 1 SYUE 5 50 semss a0
L oblS Slasl gl 2y e 5wy a8 (LS
cu .Su et al., 2018 Zhao et al., 2024) suS co o
W lap 58158 o S o s ol 51 oS o5 555 s
VYO/AN olse 4 1y 3ol 3T b ol il
o Abdelhameed .(Li et al., 2020) awas )5l as)s
Hibiscus ) 25 ¢l ol 555 2 (Y-YF) LK
0ol denSligs Ol p g5l S 0 S 45 Wiy ()L (sabdariffa
VO R PO RGN 1P P IR YA YA TE
2o YAY 5 Y4/0 e 4 1) slaesl 5 5YLS sl

Aoly ol 3l el 4 s

rw;\s s C}kw u‘“‘ﬁ‘ \J als u\....; PN CJ;‘\ c\...o

\’a)\.«..i‘fY&‘Q\ﬂ\}uj@j)‘aob\fga\;ﬁ;ﬁuw

Jiang et) 5l olS K3 p 5 Oliv L (Sov5 bl
i Ll LS cls of 5 ey L s (@l 2024
Shs 56, Iy sl jal Bl o5 sles pseslS
gl Sl o5l sl gapue b Ol gl S 0 S
5 Tripathi s § o ok Lle haw cww
L selin s i olS 6oy 5 (Y2YF) olSes
23 S il 8
cdl VL sy ol 5l el cesa s b
SR MCSPRN KVORC P PP S R VO ] R P
(‘9:'.-‘-5\5 L a5 ke o Q)Jé‘;":’.; 84*3 oS (Gl
FABS f;gf\“‘ Ve a8 L (S r;rk;ﬁ r;uh‘ ¥
slaa S as Jolo 1,850k 206 5 Ol p5alsS 0 S 50
s pBlS bug ey bE olie ;3 (ROS) Sl ¢y 5]
Lol s pdydsi Gl 3l el &5 sl o pasd poeedlS 25
Fanetal, ) uS o Jume | olewdy slad w5 00
ok et S ol a1 228 (2023
5 VWO A . Rt WS BV | P PO |
(CAT) YU (SOD) Usawss 28l y5m (APX)
x5 (GR) 518535 0556 58 5 (GPX) lans] , JSLE
s 4 bads55,8 5 Sl Sl sl wile IS0,
oblS S wsg el b slelansl sl 5 saSililon
Sanaetal., ) S e sslizal gl 51 WROS &5 5 o 5l s
s 3l lea.ﬂ 4Jl (Muhammad et al., 2023 2024
dupe.}q e s b5l Ha02) Wiy, oissae
a4 5laeSly JSUE 5 slaedl,y ol Sl o) ]
~ 5! (Gutiérrez-Martinez et al., 2020) s, o sl
wbgin olse 4 SbySal 5l sl ol Sl
—oly sl an a5 1) HoO2 5 e35a3 snlial saiSels|
—ol Sl ax a8 e 4 (ASA-GSH) 55,18
SlS 55 s sl 5T s s ol 4 (58S
5500 deuS) IO\ 53 cage 2B 5 358 0 a8 8 L5 5o
S dGSH) 55658 (Singh et al, 2024) )
06 8=, Sl s 659,52 52 55 Ol ]
@,T@,? I, ROS & cul S ke (ASA-GSH)



ce oS U s 5550k (s 558 i S

b 338 s Ll e cov 15,5k g8 5 b
Bld 51 e ady oS o gl 5 oslizad Ay e

oo gid 5 S50 50 98 90 S el o Sas 55
Soslazal gla a4 oS 5 cnl 5 )8 5 250 dly ke oS
ool S ylame Sl cblis Ld 4 ol oS
Al Aled g ¢ 213 Sl Il a5 5 Sl 5ol
S i a3 L sl ol iy ool s IS, by
ssba Sy pea Sl W5 Slio an Sl sl
Pl S U Rl o)y c8l el ()l
O oS Jodws B Sl 5 25500 s 058 5 Ol
Sl cdle 5 Lulel aoss Sissbay a8 W) |,
oals Bl 1 31 s, g b S gls glaas) sl
oS SU el sl s 558 5l salaad ol sl
4 K5I dhr0e Olio 35 b lg e Ol pslsS
rwé\s o Ll e s ol olls S LW

25 e

References

- Abdelhameed, R., Abdalla, H. and lbrahim, A., 2024.
Unique properties of titanium dioxide quantum dots
assisted regulation of growth and biochemical
parameters of Hibiscus sabdarifa plants. BMC Plant
Biology, 24(112): 1-14.
https://doi.org/10.1186/s12870-024-04794-2

- Adams, R.P., 2007. Identification of Essential Oil
Components by Gas Chromatography/Mass
Spectrometry. Allured Publishing Corporation, Carol
Stream, 809p.
https://www.scirp.org/reference/referencespapers?re
ferenceid=1995590

- Aebisher, D., Cichonski, J., Szpyrka, E., Masjonis, S.,
and Chrzanowski, G., 2021. Essential oils of seven
Lamiaceae plants and their antioxidant capacity.
Molecules, 26(13): 3793.
https://doi.org/10.3390/molecules26133793

- Ahmadi, H., Morshedloo, M.R., Emrahi, R., Javanmard,
A., Rasouli, F., Maggi, F., Kumar, M. and Lorenzo,
J.M., 2022. Introducing three new fruit-scented mints
to farmlands: Insights on drug yield, essential-oil
quality, and antioxidant properties. Antioxidants, 11:
866. https://doi.org/10.3390/antiox11050866

- Amirmoradi, S., Rezvani Moghaddam, P., Koocheki,

524

05,1350 1 R0l oS ol malS a5 ¢ el 5518 0o 5o
et Sl 550l 256 b a5 508 i
L (aala) pgaeslS 25 oy Lol o 55 oy gl 35518 a5
el Gy s gl S A 50 2 8 e Yo 508
Ol 1) Ay (gl 55 IS Ao 55 Sls 2 5158 1 S5 08
WS wlosls olas Sllae 5 5 sl Gail 5l aoys #Y/8)
o sladia S 51 S s psmelS VL chle
5038 S s Sl CJ\S sl pleas;
Jiang et) s 5 oo o gal 58S Aoy oS o il o

.(al., 2016

S S amm
sl s aaob ol ool comsl 4 a5
wlele QLS Gl ose s Ay e S
ol 5 Jess mlpl sl SisdsSl slas S
L;\SJ:L“. gl s o8 S 5 4 gl ols
oS S5 s mdsioge Oleosas 5 Al dpg 4 axs |

A., Danesh, S. and Fotovat, A., 2017. Effect of
cadmium and lead on quantitative and essential oil
traits of peppermint (Mentha piperita L.). Journal of
Agroecology, 9(1): 142-157.
https://doi.org/10.22067/jag.v9i1.51330

- Azimychetabi, Z., Sabokdast Nodehi, M., Karami
Moghadam, T. and Motesharezadeh, B., 2021.
Cadmium stress alters the essential oil composition
and the expression of genes involved in their
synthesis in peppermint (Mentha piperita L.).
Industrial Crops &  Products, 168: 1-7.
https://doi.org/10.1016/j.indcrop.2021.113602

- Bakhtiari, M., Raeisi Sadati, F. and Raeis Sadati, S.Y.,
2023. Foliar application of silicon, selenium, and zinc
nanoparticles can modulate lead and cadmium
toxicity in sage (Salvia officinalis L.) plants by
optimizing growth and biochemical status.
Environmental Science and Pollution Research,
30(18): 54223-54233.
https://doi.org/10.1007/s11356-023-25959-w

- Chand, S., Kumari, R. and Patra, D.D., 2015. Effect of
nickel and vermicompost on growth, yield,
accumulation of heavy metals and essential oil quality
of tagetes minuta. Journal of Essential Oil Bearing
Plants, 18: 767-774.



https://doi.org/10.1186/s12870-024-04794-2
https://doi.org/10.3390/molecules26133793
https://doi.org/10.3390/antiox11050866
https://doi.org/10.22067/jag.v9i1.51330
https://doi.org/10.1016/j.indcrop.2021.113602
https://doi.org/10.1007/s11356-023-25959-w
https://doi.org/10.1007/s11356-023-25959-w

Yryv

https://doi.org/10.1080/0972060X.2015.1029992

- Chaturvedi, S. and Gupta, P., 2021. Plant secondary
metabolites for preferential targeting among various
stressors of metabolic syndrome. Studies in Natural
Products Chemistry, 71: 221-261.
https://doi.org/10.1016/B978 - 0 -323 -91095-
8.00012-X

- Chen, Y., 2022. Effect of carbon quantum dots on
dissimilatory iron reduction and cadmium
transformation in soil and its microbial mechanism.
Master’s  Thesis, Guangdong University of
Technology, Guangzhou, China.

- Cikili, Y. and Samet, H., 2023. Assessment of growth,
metallic ion accumulation, and translocation of
lavandin (Lavandula x intermedia) plant in cadmium
stress. Journal of Agricultural Sciences, 29(2): 655-
664. https://doi.org/10.15832/ankutbd.1075749

-Du’ci’c, T., Milenkovic, 1., Mutavdzic, D., Nikolic, M.,
de Yuso, M.V.M., Vucinic, Z., Algarra, M. and
Radotic, K., 2021. Estimation of carbon dots
amelioration of copper toxicity in maize studied by
synchrotron radiation-FTIR. Colloids Surfaces B
Biointerfaces, 204: 111828.
https://doi.org/10.1016/j.colsurfb.2021.111828

- Fan, P., Wu, L., Wang, Q., Wang, Y., Luo, H. and Song,
J., 2023. Physiological and molecular mechanisms of
medicinal plants in response to cadmium stress:
Current status and future perspective. Journal
Hazardous Materials, 450: 131008.
https://doi.org/10.1016/j.jhazmat.2023.131008

- Fattahi, B., Arzani, K., Souri, M.K. and Barzegar, M.,
2019. Effects of cadmium and lead on seed
germination, morphological traits, and essential oil
composition of sweet basil (Ocimum basilicum L.).
Industrial  Crops  Products, 138: 111584.
http://doi.org/10.1016/j.indcrop.2019.111584

- Gao, Y.f, Jia, X., Zhao, Y.h., Ding, X.y., Zhang, C.y.
and Feng, X.j., 2023. Glomus mosseae improved the
adaptability of alfalfa (Medicago sativa L.) to the
coexistence of cadmium-polluted soils and elevated
air temperature. Frontiers in Plant Science, 14: 1-16.
https://doi.org/10.3389/fpls.2023.1064732

- Giovannetti, M. and Mosse, B., 1980. An evaluation of
techniques for measuring vesicular arbuscular
mycorrhizal infection in roots. New Phytologist,
84(3):  489-500.  https://doi.org/10.1111/j.1469-
8137.1980.th04556.x

- Gong, Y. and Dong, Z., 2021. Transfer, transportation,
and accumulation of cerium-doped carbon quantum
dots: Promoting growth and development in wheat.
Ecotoxicology and Environmental Safety, 226: 1-10.
https://doi.org/10.1016/j.ecoenv.2021.112852

- Gutiérrez-Martinez, P.B., Torres-Moran, M.l., Romero-
Puertas, M., Casas-Solis, J., Zarazla-Villasefior, P.,
Sandoval-Pinto, E. and Ramirez-Hernandez, B.C.,
2020. Assessment of antioxidant enzymes in leaves

\’a)\.«..i‘fY)lq‘o\ﬂl}uj@j)‘aob\ﬁf;)\j,j;ﬁuw

and roots of Phaseolus wvulgaris plants under
cadmium  stress.  Biotecnia, 2:  110-118.
https://doi.org/10.18633/biotecnia.v22i2.1252

- He, X., Deng, H. and Hwang, H.M., 2019. The current
application of nanotechnology in food and
agriculture. Journal of Food and Drug Analysis, 27:
1-21. https://doi.org/10.1016/j.jfda.2018.12.002

- Hoang, V.C., Dave, K. and Gomes, V.G., 2019. Carbon
guantum dot-based composites for energy storage and
electrocatalysis: Mechanism, applications and future
prospects. Nano Energy, 66: 104093.
https://doi.org/10.1016/j.nanoen.2019.104093

-Hu, T.,Wang, T., Wang, G., Bi, A., Wassie, M. and Xie,
Y., 2021. Overexpression of FaHSP17.8-Cll
improves cadmium accumulation and tolerance in tall
fescue shoots by promoting chloroplast stability and
photosynthetic electron transfer of PSII. Journal
Hazardous Materials, 417: 125932.
https://doi.org/10.1016/j.jhazmat.2021.125932

- Jahanafrooz, Z., Mousavi, M.H., Akbarzadeh, S.,
Hemmatzadeh, M., Maggi, F. and Morshedloo, M.R.,
2024. Anti-breast cancer activity of the essential oil
from grapefruit mint (Mentha suaveolens x piperita).
Fitoterapia, 174: 1-14.
https://doi.org/10.1016/j.fitote.2024.105875

- Javadian, M., Smith, W.K., Lee, K., Knowles, J.F.,
Scott, R.L., Fisher, J.B., Moore, D.P., Van Leeuwen,
W.J.D., Barron-Gafford, G. and Behrangi, A., 2022.
Canopy temperature is regulated by ecosystem
structural traits and captures the ecohydrologic
dynamics of a semiarid mixed conifer forest site.
Journal of Geophysical Research: Biogeosciences,
127: 1-15. http://dx.doi.org/10.1029/2021JG006617

- Jiang, M., Chen, Z., Li, Y., Huang, X., Huang, L. and
Huo, Z., 2024. Rice canopy temperature is affected by
nitrogen fertilizer. Science Direct, 23(3): 824-835.
https://doi.org/10.1016/j.jia.2023.05.005

- Jiang, Q.Y., Tan, Sh.Y., Zhuo, F., Yang, D.J. and Ye,
Zh.H., 2016. Effect of Funneliformis mosseae on the
growth, cadmium accumulation and antioxidant
activities of Solanum nigrum. Applied Soil Ecology,
98: 112-120.
https://doi.org/10.1016/j.aps0il.2015.10.003

- Kapoor, R., Chaudhary, V. and Bhatnagar, A.K., 2007.
Effects of arbuscular mycorrhiza and phosphorus
application on artemisinin concentration in Artemisia
annua L. Mycorrhiza, 17: 581-587.
https://doi.org/10.1007/s00572-007-0135-4

- Kapoor, R., Anand, G., Gupta, P. and Mandal, S., 2017.
Insight into the mechanisms of enhanced production
of valuable terpenoids by arbuscular mycorrhiza.
Phytochemistry ~ Reviews, 16(4): 677-692.
https://doi.org/10.1007/s11101-016-9486-9

- Khan, A, Ali, S., Khan, M., Hamayun, M. and Moon,
Y.S., 2022. Parthenium hysterophorus’s endophytes:
The second layer of defense against biotic and abiotic



https://doi.org/10.1080/0972060X.2015.1029992
https://doi.org/10.1016/B978%20-%200%20-323%20-91095-8.00012-X.
https://doi.org/10.1016/B978%20-%200%20-323%20-91095-8.00012-X.
https://doi.org/10.15832/ankutbd.1075749
https://doi.org/10.1016/j.colsurfb.2021.111828
https://doi.org/10.1016/j.jhazmat.2023.131008
http://doi.org/10.1016/j.indcrop.2019.111584
https://doi.org/10.3389/fpls.2023.1064732
https://doi.org/10.1111/j.1469-8137.1980.tb04556.x.
https://doi.org/10.1111/j.1469-8137.1980.tb04556.x.
https://doi.org/10.1016/j.ecoenv.2021.112852
https://doi.org/10.18633/biotecnia.v22i2.1252
https://doi.org/10.1016/j.jfda.2018.12.002
https://doi.org/10.1016/j.nanoen.2019.104093
https://doi.org/10.1016/j.jhazmat.2021.125932
https://pubmed.ncbi.nlm.nih.gov/?term=Jahanafrooz+Z&cauthor_id=38417678
https://pubmed.ncbi.nlm.nih.gov/?term=Mousavi+MMH&cauthor_id=38417678
https://pubmed.ncbi.nlm.nih.gov/?term=Akbarzadeh+S&cauthor_id=38417678
https://pubmed.ncbi.nlm.nih.gov/?term=Hemmatzadeh+M&cauthor_id=38417678
https://pubmed.ncbi.nlm.nih.gov/?term=Hemmatzadeh+M&cauthor_id=38417678
https://pubmed.ncbi.nlm.nih.gov/?term=Maggi+F&cauthor_id=38417678
https://pubmed.ncbi.nlm.nih.gov/?term=Morshedloo+MR&cauthor_id=38417678
https://doi.org/10.1016/j.fitote.2024.105875.
http://dx.doi.org/10.1029/2021JG006617
https://doi.org/10.1016/j.jia.2023.05.005
https://doi.org/10.1016/j.apsoil.2015.10.003.
https://doi.org/10.1007/s00572-007-0135-4
https://doi.org/10.1007/s11101-016-9486-9?urlappend=%3Futm_source%3Dresearchgate.net%26utm_medium%3Darticle

ce oS U s 5550k (s 558 i S

stresses. Microorganisms, 10: 2217.
https://doi.org/10.3390/microorganisms10112217

- Khan, M., Ali, S., Al Azzawi, T.N.l., Saqib, S., Ullah,

F., Ayaz, A. and Zaman, W., 2023. The key roles of
ROS and RNS as a signaling molecule in plant-
microbe interactions. Antioxidants, 12: 268.
https://doi.org/10.3390/antiox12020268

- Khanchi, S., Hashemi Khabir, S.H., Hashemi Khabir,

S.H., Golmoghani Asl, R. and Rahimzadeh, S., 2024.
The role of magnesium oxide foliar sprays in
enhancing mint (Mentha crispa L.) tolerance to
cadmium stress. Scientifc Reports, 14: 1-14.
https://doi.org/10.1038/s41598-024-65853-0

- Kilic, S. and Kilic, M., 2017. Effects of cadmium-

induced stress on essential oil production,
morphology and physiology of lemon balm (Melissa
officinalis L., Lamiaceae). Applied Ecology
Environmental  Research, 15(3): 1653-1669.
http://doi.org/10.15666/aeer/1503 16531669

- Koske, R. and Gemma, J., 1989. A modified procedure

for staining roots to detect VA mycorrhizas.
Mycological Research, 92(4): 486-488.
https://doi.org/10.1016/S0953-7562(89)80195-9

- Lazzara, S., Militello, M., Carrubba, A., Napoli, E. and

Saia, S., 2017. Arbuscular mycorrhizal fungi altered
the hypericin, pseudohypericin, and hyperforin
content in flowers of Hypericum perforatum grown
under contrasting P availability in a highly organic
substrate. Mycorrhiza, 27: 345-354.
https://doi.org/10.1007/s00572-016-0756-6

- Leggatt, E., Griffiths, A., Budge, S., Stead, A.D.,

Gange, A.C. and Devlin, P.F., 2023. Addition of
arbuscular mycorrhizal fungi enhances terpene
synthase expression in Salvia rosmarinus cultivars.
Life, 13(315): 1-17.
https://doi.org/10.3390/1ife13020315

- Li, H., Xu, L., Li, Z., Zhao, S., Guo, D., Rui, L. and

Zhou, N., 2021. Mycorrhizas affect polyphyllin
accumulation of Paris polyphylla var. yunnanensis
through promoting PpSE expression. Phyton, 90:
1535-1547.
https://doi.org/10.32604/phyton.2021.015697

- Li, Y., Gao, J., Xu, X., Wu, Y., Zhuang, J., Zhang, X.,

Zhang, H., Lei, B., Zheng, M., Liu, Y. and Hu, C.,
2020. Carbon dots as a protective agent alleviating
abiotic stress on rice (Oryza sativa L.) through
promoting nutrition assimilation and the defense
system. ACS Applied Materials Interfaces, 12:
33575-33585.
https://doi.org/10.1021/acsami.0c11724

- Li, J., Xiao, L., Cheng, Y., Cheng, Y., Wang, Y., Xilong

Wang, X. and Ding, L., 2019. Applications of carbon
quantum dots to alleviate Cd2p phytotoxicity in
Citrus maxima seedlings. Chemosphere, 236: 1-11.
https://doi.org/10.1016/j.chemosphere.2019.124385

- Li, H., Wang, H., Zhao, J., Zhang, L., Li, Y., Wang, H.,

YZA

Teng, H., Yuan, Z. and Yuan, Z., 2022. Physio-
biochemical and transcriptomic features of arbuscular
mycorrhizal fungi relieving cadmium stress in wheat.
Antioxidants, 11(12): 2390.
https://doi.org/10.3390/antiox11122390

- Li, H., Zhang, L., Wu, B., Li, Y., Wang, H., Teng, H.,

Wei, D., Yuan, Z. and Yuan, Z., 2023. Physiological
and proteomic analyses reveal the important role of
arbuscular mycorrhizal fungi on enhancing
photosynthesis in wheat under cadmium stress.
Ecotoxicology and Environmental Safety, 261: 1-12.
https://doi.org/10.1016/j.ecoenv.2023.115105

- Mazumder, S., Bhattacharya, D., Lahiri, D. and Nag,

M., 2025. Rhizobacteria and arbuscular mycorrhizal
fungi (AMF) community in growth management and
mitigating stress in millets: A plant-soil microbe
symbiotic relationship. Current Microbiology, 82: 1-
23. https://doi.org/10.1007/s00284-025-04230-0

- Manio, T., Stentiford, E.l. and Millner, P.A., 2003. The

effect of heavy metals accumulation on the
chlorophyll concentration of Typha latifolia plants,
growing in substrate containing sewage sludge
compost and watered with metaliferus water.
Ecological Engineering, 20: 65-74.
https://doi.org/10.1016/s0045-6535(03)00537-x

- Mirzaie, M., Ladanmoghadam, A.R., Hakimi, L. and

Danaee, E., 2020. Water stress modifies essential oil
yield and composition, glandular trichomes and
stomatal features of lemongrass (Cymbopogon
citratus) inoculated with arbuscular mycorrhizal
fungi. Journal Agricultural Science and Technology,
12: 27-36.
https://dor.isc.ac/dor/20.1001.1.16807073.2020.22.6.
15.1

- Morshedloo, M.R., Craker, L.E., Salami, A., Nazeri, V.,

Sang, H. and Maggi, F., 2017. Effect of prolonged
water stress on essential oil content, compositions and
gene expression patterns of mono-and sesquiterpene
synthesis in two oregano (Origanum vulgare L.)
subspecies. Plant Physiology and Biochemistry, 111:
119-128.
https://doi.org/10.1016/j.plaphy.2016.11.023

- Morone-Fortunato, I. and Avato, P., 2008. Plant

development and synthesis of essential oils in
micropropagated and mycorrhiza inoculated plants of
Origanum vulgare L. ssp. hirtum (Link) letswaart.
Plant Cell Tissue Organ Culture, 93: 139-149.
https://doi.org/10.1007/s11240-008-9353-5

- Morshedloo, M.R., Maggi, F., Neko, H.T. and Aghdam,

M.S., 2018. Sumac (Rhus coriaria L.) fruit: essential
oil variability in Iranian populations. Industrial Crops
and Products, 111: 1-7.
https://doi.org/10.1016/j.indcrop.2017.10.002

- Muhammad, L., Salahuddin, Khan, A., Zhou, Y., He,

M., Alrefaei, AFF., Khan, M. and Ali, S., 2023.
Physiological and ultrastructural changes in


https://doi.org/10.3390/microorganisms10112217
https://doi.org/10.3390/antiox12020268
https://doi.org/10.1038/s41598-024-65853-0
http://doi.org/10.15666/aeer/1503_16531669
https://doi.org/10.1016/S0953-7562(89)80195-9
https://doi.org/10.1007/s00572-016-0756-6.
https://doi.org/10.3390/life13020315
https://doi.org/10.32604/phyton.2021.015697.
https://doi.org/10.1021/acsami.0c11724.
https://doi.org/10.1016/j.chemosphere.2019.124385
https://doi.org/10.3390/antiox11122390
https://doi.org/10.1016/j.ecoenv.2023.115105
https://doi.org/10.1007/s00284-025-04230-0
https://doi.org/10.1016/s0045-6535(03)00537-x
https://dor.isc.ac/dor/20.1001.1.16807073.2020.22.6.15.1
https://dor.isc.ac/dor/20.1001.1.16807073.2020.22.6.15.1
https://doi.org/10.1016/j.plaphy.2016.11.023.
https://doi.org/10.1007/s11240-008-9353-5
https://doi.org/10.1016/j.indcrop.2017.10.002.

Y54

Dendranthema morifolium cultivars exposed to
different cadmium stress conditions. Agriculture,
13(317): 1-16.
https://doi.org/10.3390/agriculture13020317

- Nakano, Y. and Asada, K., 1981. Hydrogen peroxide is

scavenged by ascorbate-specific peroxidase in
spinach chloroplasts. Plant Cell Physiology, 22: 867-
880.

https://doi.org/10.1093/oxfordjournals.pcp.a076232

- Nizar A.M., Warhel N.A., Zeinab M.Y ., Pashtiwan J.M.

and Mohammed J.Q., 2024. Response of two mint
cultivars peppermint (Mentha piperita L.) and curly
mint (Mentha spicata var. crispa) to different levels
of cadmium contamination. Pakistan Journal of Life
and Social Sciences, 22(2): 99-116.
https://doi.org/10.57239/PJL SS-2024-22.2.009

- Phillips, J.M. and Hayman, D., 1970. Improved

procedures for clearing roots and staining parasitic
and vesicular-arbuscular mycorrhizal fungi for rapid
assessment of infection. Transactions of the British
Mycological Society, 55(1): 158-161.
https://doi.org/10.1016/S0007-1536 (70)80110-3

- Prasad, A., Singh, A.K., Chand, S., Chanotiya, C.S. and

- P

Patra, D.D., 2010. Effect of chromium and lead on
yield, chemical composition of essential oil, and
accumulation of heavy metals of mint species.
Communications Soil Science and Plant Analysis, 41:
2170-2186.
https://doi.org/10.1080/00103624.2010.504798
rasad, M.N.V. and Freitas, H., 2003. Metal hyper
accumulation in plants-biodiversity prospecting for
phytoremediation technology. Electronic Journal
Biotetechnology, 6: 275-321.
https://doi.org/10.2225/vol6-issue3-fulltext-6

- Putwattana, N., Kruatrachue, M., Pokethitiyook, P. and

Chaiyarat, R., 2010. Immobilization of cadmium in
soil by cow manure and silicate fertilizer, and reduced
accumulation of cadmium in sweet basil (Ocimum

basilicum). ScienceAsia, 36: 349-354.
https://doi.org/10.2306/scienceasial513-
1874.2010.36.349

- Raveau, R., Fontaine, J. and Lounés — Hadj Sahraoui,

A., 2020. Essential oils as potential alternative
biocontrol products against plant pathogens and
weeds: A review. Foods, 9: 365.
https://doi.org/10.3390/foods9030365

- Raveau, R., Fontaine, J., Bert, V., Perlein, A., Tisserant,

-R

B., Ferrant, P. and Lounés - Hadj Sahraoui, A., 2021.
In situ cultivation of aromatic plant species for the
phytomanagement of an aged-trace element polluted
soil: Plant biomass improvement options and techno-
economic assessment of the essential oil production
channel. Science Total Environmental, 789: 147944,
https://doi.org/10.1016/j.scitotenv.2021.147944

iaz, M., Kamran, M., Fang, Y., Wang, Q., Cao, H.,
Yang, G., Deng, L., Wang, Y., Zhou, Y. and

\’a)\.«..i‘fY)lq‘o\ﬂl}uj@j)‘aob\ﬁf;)\j,j;ﬁuw

Anastopoulos, 1., 2021. Arbuscular mycorrhizal
fungi-induced  mitigation of  heavy  metal
phytotoxicity in metal contaminated soils: A critical
review. Journal Hazardous Materials, 402: 123919.
https://doi.org/10.1016/j.jhazmat.2020.123919

- Rubio, L., Pyrgiotakis, G., Beltran-Huarac, J., Zhang,

Y., Gaurav, J., Deloid, G., Spyrogianni, A., Sarosiek,
K.A., Bello, D. and Demokritou, P., 2019. Safer-by-
design flame-sprayed silicon dioxide nanoparticles:
The role of silanol content on ROS generation,
surface activity and cytotoxicity. Particle and Fibre
Toxicology, 16: 1-15.
https://doi.org/10.1186/s12989-019-0325-1

- Safaei, L., Sharifi Ashorabadi, E. and Afyouni, D.,

2017. The effects NPK, chemical and manure
fertilizers investigation on the phenolic yield and
essential oil components in Thymus daenensis L. Eco-
Phytochemical Journal of Medicinal Plants, 17(1): 1-
15.
https://doi.org/10.22092/ijmapr.2021.354844.3004

- Sana, S., Ramzan, M., Ejaz, S., Danish, S., Salmen, S.

and Ansari, M.J., 2024. Differential responses of chili
varieties grown under cadmium stress. BMC Plant
Biology, 24(7): 1-18. https://doi.org/10.1186/s12870-
023-04678-x

- Sangwan, N.S., Farooqi, A.H.A., Shabih, F. and

Sangwan, R.S., 2001. Regulation of essential oil
production in plants. Plant Growth Regulation, 34: 3-
21. https://doi.org/10.1023/A:1013386921596

- Singh, K., Gupta, R., Shokat, S., Igbal, N., Kocsy, G.,

Pérez-Pérez, J.M. and Riyazuddin, R., 2024.
Ascorbate, plant hormones and their interactions
during plant responses to biotic stress. Physiologia
Plantarum, 176: 1-16.
https://doi.org/10.1111/ppl.14388

- Stancheva, |., Geneva, M., Boychinova, M., Mitova, I.

and Markovska, Y., 2014. Physiological response of
foliar fertilized Matricaria recutita L. grown on
industrially polluted soil. Journal Plant Nutrients, 37:
1952-1964.
https://doi.org/10.1080/01904167.2014.911891
Stancheva, 1., Geneva, M., Hristozkova, M.,
Boychinova, M. and Markovska, Y., 2009. Essential
oil variation of Salvia officinalis (L.), grown on heavy
metals polluted soil. Biotechnology Equipment, 23:
373-376.
https://doi.org/10.1080/13102818.2009.10818442

- Su, L.X., Ma, X.L., Zhao, K.K., Shen, C.L., Lou, Q.,

Yin, D.M. and Shan, C.X., 2018. Carbon nanodots for
enhancing the stress resistance of peanut plants. ACS
Omega, 3(12): 17770-17777.
https://doi.org/10.1021/acsomega.8b02604

- Tahir, H., Sajjad, M., Qian, M., Zeeshan Ul Haq, M.,

Tahir, A., Chen, T., Shaopu, S., Faroog, M.A., Ling,
W. and Zhou, K., 2024. Transcriptomic analysis
reveals dynamic changes in glutathione and ascorbic


https://doi.org/10.3390/agriculture13020317
https://doi.org/10.1093/oxfordjournals.pcp.a076232.
https://doi.org/10.57239/PJLSS-2024-22.2.009
https://doi.org/10.1016/S0007-1536%20(70)80110-3.
https://doi.org/10.1080/00103624.2010.504798
https://doi.org/10.2225/vol6-issue3-fulltext-6
https://doi.org/10.2306/scienceasia1513-1874.2010.36.349
https://doi.org/10.2306/scienceasia1513-1874.2010.36.349
https://doi.org/10.3390/foods9030365
https://doi.org/10.1016/j.scitotenv.2021.147944.
https://doi.org/10.1016/j.jhazmat.2020.123919.
https://doi.org/10.1186/s12989-019-0325-1
https://doi.org/10.1186/s12870-023-04678-x
https://doi.org/10.1186/s12870-023-04678-x
https://doi.org/10.1023/A:1013386921596.
https://doi.org/10.1111/ppl.14388
https://doi.org/10.1080/01904167.2014.911891
https://doi.org/10.1080/13102818.2009.10818442
https://doi.org/10.1021/acsomega.8b02604

ce oS U s 5550k (s 558 i S

acid content in mango pulp across growth and
development stages. Horticulturae, 10: 694. https://
doi.org/10.3390/horticulturae10070694

- Tan, T.L., Zulkifli, N.A., Zaman, A.S., Jusoh, M.B.,

Yaapar, M.N. and Rashid, S.A., 2021. Impact of
photoluminescent carbon quantum dots on
photosynthesis efficiency of rice and corn crops.
Plant Physiology and Biochemistry, 162: 737-751.
https://doi.org/10.1016/j.plaphy.2021.03.031

- Tavarini, S., Passera, B., Martini, A., Avio, L., Sbrana,

C., Giovannetti, M. and Angelini, L.G., 2018. Plant
growth, steviol glycosides and nutrient uptake as
affected by arbuscular mycorrhizal fungi and
phosphorous fertilization in Stevia rebaudiana Bert.
Industrial Crops & Production, 111: 899-907.
https://doi.org/10.1016/j.indcrop.2017.10.055

- Tripathi, S.R., Yadav, R.B., Yadav, B., Niraula, B. and

Sunuwar, S., 2023. Efect of canopy temperature at
flowering stage on drought tolerance and grain yield
of rice genotypes. Nepalese Journal of Agricultural
Sciences, 24: 91-102.
http://esjindex.org/search.php?id=6279

- Varga, S. and Soulsbury, C.D., 2019. Arbuscular

mycorrhizal fungi change host plant DNA
methylation systemically. Plant Biology, 21(2): 278-
283. https://doi.org/10.1111/plb.12917

- Wahab, A., Muhammad, M., Munir, A., Abdi, G.h.,

Zaman, W., Ayaz, A., Khizar, Ch. and Priya Pappula
Reddy, S., 2023. Role of arbuscular mycorrhizal
fungi in regulating growth, enhancing productivity,
and potentially influencing ecosystems under abiotic
and  biotic  stresses.  Plants, 12:  1-40.
https://doi.org/10.3390/plants12173102

- Wang, L., Zhang, H., Jin, P., Guo, X., Li, Y., Fan, C.,

Wang, J. and Zheng, Y., 2016. Enhancement of
storage quality and antioxidant capacity of harvested
sweet cherry fruit by immersion with $-aminobutyric
acid. Postharvest Biology and Technology, 118: 71-
78. http://doi.org/10.1016/j.postharvbio.2016.03.023

- Wang, C., Yang, H., Chen, F., Yue, L., Wang, Z. and

Xing, B., 2021. Nitrogen-doped carbon dots
increased light conversion and electron supply to
improve the corn photosystem and vyield.
Environmental Science and Technology, 55: 12317-
12325. https://doi.org/10.1021/acs.est.1c01876

- Yamasaki, K., Nakano, M., Kawahata, T., Mori, H.,

Otake, T., Ueda, N., Oishi, I., Inami, R., Yamane, M.
and Nakamura, M., 1998. Anti-HIV-1 activity of
herbs in Labiatae. Biological and Pharmaceytical
Bulletin, 21: 829-833.
https://www.jstage.jst.go.jp/browse/bpb/21/9/ conte
nts/-char/en

Yv.

- Yang, Y., He, C, Huang, L., Ban, Y. and Tang, M.,

2017. The effects of arbuscular mycorrhizal fungi on
glomalin-related soil protein distribution, aggregate
stability and their relationships with soil properties at
different soil depths in lead-zinc contaminated area.
PLOS One, 12(8): €0182264.
https://doi.org/10.1371/journal.pone.0182264

- Yoshimura, K., Yabuta, Y., Ishikawa, T. and Shigeoka,

S., 2000. Expression of spinach ascorbate peroxidase
isoenzymes in response to oxidative stresses. Plant
Physiology, 123: 223-234.
https://doi.org/10.1104/pp.123.1.223

- Yuan, M.L., Zhang, M.H., Shi, Z., Yang, Sh., Zhang,

M.G., Wang, Z., Wu, Sh.W. and Gao, J-K., 2023.
Arbuscular  mycorrhizal fungi enhance active
ingredients of medicinal plants: A quantitative
analysis. Frontiers in Plant Science, 14: 1-12.
https://doi.org/10.3389/fpls.2023.1276918

- Zaid, A., Mohammad, F. and Siddique, K.H.M., 2022.

Salicylic acid priming  regulates  stomatal
conductance, trichome density and improves
cadmium stress tolerance in Mentha arvensis L.
Fronters in Plant Science, 13: 895427.
https://doi.org/10.3389/fpls.2022.895427

- Zaki, F.S., Khalid, K.A. and Ahmed, A.M., 2024. Mint

species (Mentha longifolia and Mentha spicata)
growth, essential oil generation and chemical
components are impacted by turmeric curcumin
applications. Discover Applied Sciences, 6(160): 1-
17. https://doi.org/10.1007/s42452-024-05810-8

- Zhang, M., Shi, Z., Zhang, S. and Gao, J., 2022. A

database on mycorrhizal traits of Chinese medicinal
plants. Frontiers in Plant Science, 13: 840343.
https://doi.org/10.3389/fpls.2022.840343

- Zhao, Sh., Yan, L., Kamran, M., Liu, Sh. and Riaz, M.,

2024.  Arbuscular  mycorrhizal  fungi-assisted
phytoremediation: A  promising strategy for
cadmium-contaminated soils. Plants, 13: 1-23.
https://doi.org/10.3390/plants13233289

- Zhao, Y., Zhao, P., Luo, J., Tian, L., Tian, Z. and

Ndayambaje, J., 2019. Effects of different types of
nano-carbon biological fertilizers on the growth and
quality of crops. Nanoscience and Nanotechnology
Letters, 11 1644-1650.
https://dx.doi.org/10.11674/zwyf.2025287

- Zhou, Y., Liu, J., Zhuo, Q., Zhang, K., Yan, J., Tang,

B., Wei, X,, Lin, L. and Liu, K., 2023. Exogenous
glutathione maintains the postharvest quality of
mango fruit by modulating the ascorbate-glutathione
cycle. Peer Journal. 11: €15902.
https://doi.org/10.7717/peerj.15902



https://doi.org/10.1016/j.plaphy.2021.03.031
https://doi.org/10.1016/j.indcrop.2017.10.055.
https://doi.org/10.1111/plb.12917
https://doi.org/10.3390/plants12173102
http://doi.org/10.1016/j.postharvbio.2016.03.023
https://doi.org/10.1021/acs.est.1c01876
https://doi.org/10.1371/journal.pone.0182264
https://doi.org/10.1104/pp.123.1.223.
https://doi.org/10.3389/fpls.2023.1276918
https://doi.org/10.3389/fpls.2022.895427
https://doi.org/10.1007/s42452-024-05810-8
https://doi.org/10.3389/fpls.2022.840343
https://doi.org/10.3390/plants13233289
https://doi.org/10.7717/peerj.15902

