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Abstract

To study the effects of melatonin and copper oxide nanoparticles on drought stress tolerance in
two wheat cultivars (drought-tolerant Sirvan and drought-sensitive Marvdasht), a greenhouse
factorial experiment was conducted using a completely randomized design with three
replications. The experimental treatments included three irrigation levels (30, 50, and 70% of
field capacity), three levels of copper oxide nanoparticles (0, 50, and 100 mg/L), and two levels
of melatonin (0 and 100 uM). The results showed that drought stress in both cultivars decreased
growth indices, photosynthetic pigment content, and crop yield. Melatonin treatment had a
positive effect on leaf area index, relative leaf water content, chlorophyll a and b content, and
carotenoids at the 1% level, as well as on crop production indices such as grain number,
thousand-grain weight, and biological yield at the 5% level. Additionally, under drought stress
conditions, copper oxide nanoparticles improved dry weight, grain number, thousand-grain
weight, and photosynthetic pigment content at the 1% level, and leaf area index, relative growth
rate, relative water content, and biological yield at the 5% level. Combined treatment with
copper oxide nanoparticles and melatonin increased most of the studied indices under drought
stress. Therefore, the use of melatonin as a growth regulator and copper oxide nanoparticles as
an elicitor can increase wheat tolerance to severe drought stress.
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Introduction

Cereals are the basis of agricultural production in every country, and wheat is of particular importance
alongside rice and maize. Wheat (Triticum aestivum L.) is the staple food in many countries worldwide and
has a strong influence on food security, the economy, and even political stability. Given the impossibility of
a significant increase in cultivated area despite rising consumption demands, the most effective way to
increase wheat production is to improve yield; however, drought represents a major constraint to this goal.
Therefore, the use of strategies that enhance this strategic crop's resistance to water deficit is of great
importance.

Melatonin enhances plant defense responses to environmental stresses, particularly by scavenging free
radicals. Copper is widely distributed in plant tissues and, as an essential micronutrient, plays a key role in
many physiological processes. Numerous studies have reported the positive effects of copper, in the form of
conventional salts or nanoparticles, on plant physiological indices, especially under stress conditions. In most
field-based selection tests of crops, grain yield alone is considered. To improve the efficiency of breeding
programs aimed at developing cultivars adapted to arid and semi-arid regions, reliable indicators of cultivar
stability under drought stress, such as grain yield, should be used as selection criteria.

Accordingly, in the present study, the performance of two irrigated wheat cultivars (Marvdasht, susceptible
to drought, and Sirvan, less sensitive to drought) under drought stress conditions, as well as the effects of
melatonin and copper oxide nanoparticles on drought tolerance, were investigated and compared.

Material and Methods

Seeds of two wheat cultivars, Sirvan and Marvdasht, were obtained from the Karaj Institute of Seed and
Seedling Breeding and Production Research and were cultivated in the Plant Physiology Research
Greenhouse of Bu-Ali-Sina University. Copper oxide nanoparticle treatment was performed as seed priming
before planting them in pots. The pots were irrigated to 70% of the field capacity of soil water by daily
weighing until the three-leaf stage of the seedlings. Then, irrigation was applied to induce drought stress at
three levels: normal (FC 70%), moderate (FC 50%), and severe (FC 30%). Melatonin was sprayed at a
concentration of 100 uM in three stages, with 10-day intervals. Fresh plant samples were used to evaluate
growth indices, and frozen samples stored at -80 °C were used to measure biochemical indices. Some
important indices, including leaf area, relative water content (RWC), plant dry weight at the end of the
vegetative phase, relative growth rate (RGR), grain yield, weight of 1,000 grains, biological yield, and
photosynthetic pigment content, were evaluated in two wheat cultivars using conventional methods.

Results and Discussion

The results indicated that the effects of drought stress on leaf area reduction in the two wheat cultivars, as
well as the effects of melatonin and copper oxide nanoparticles, were significant. In fact, the irrigation rate
was highly effective in determining plant size, leaf area, and leaf thickness, and under severe drought stress,
the leaves became clearly thinner and shorter. Melatonin and copper oxide nanoparticles had a positive effect
on leaf relative water content. Drought reduced relative water content in the Sirvan cultivar, whereas
melatonin and copper oxide nanoparticles increased it.

Drought stress reduced the total plant dry weight at the end of the vegetative phase. Copper oxide
nanoparticles and melatonin significantly increased dry weight under drought stress. A significant difference
was observed between the two cultivars in relative growth rate, especially under drought stress, and copper
oxide nanoparticles and melatonin had a positive effect. The highest grain weight per pot was obtained under
regular irrigation with 100 mg/L copper oxide nanoparticles. In contrast, the lowest grain weight was
observed in the Marvdasht cultivar under severe drought stress without treatment.

Previous studies have shown that thousand-grain weight in wheat plants decreases under drought stress. The
use of growth regulators such as melatonin can reduce the destructive effects of water deficit and increase
grain yield. Under regular irrigation, the Sirvan cultivar exhibited a lower grain number but a higher grain
weight, whereas the Marvdasht cultivar showed a higher grain number and lower grain weight. This
difference is often attributed to accelerated ripening and a shorter grain-filling period.



The effect of melatonin and copper oxide nanoparticles on drought tolerance .../ Nafiseh Almasi & Roya Karamian 27

The highest thousand-grain weight was observed in the Sirvan cultivar treated with melatonin and copper
oxide nanoparticles under regular irrigation. In contrast, the lowest value was observed in the Marvdasht
cultivar under severe drought stress. Overall, these effects may be associated with faster ripening and a
shorter grain-filling period. In both cultivars under normal irrigation, melatonin and 100 mg/L copper oxide
nanoparticles increased plant dry weight. Under stress conditions, the highest plant dry weight was obtained
in the presence of melatonin.

The results also showed that severe drought significantly reduced photosynthetic pigment content in both
cultivars; however, melatonin and copper oxide nanoparticles alleviated the adverse effects of drought. A
significant increase in photosynthetic pigments following treatment with copper oxide nanoparticles and
melatonin has been reported previously. The enhancement of photosynthesis may be attributed to increased
nanoscale copper activity in plants.

Conclusion

Drought stress negatively affected all the studied indices in both wheat cultivars, leading to significant
decreases in various growth indices. By reducing the photosynthetic pigment content, drought stress reduced
photosynthesis and, consequently, grain production. The application of melatonin mitigated the negative
effects of drought and improved crop production, as indicated by both grain number and grain weight.
Copper oxide nanoparticles also had a significant positive effect on most of the studied indicators by
alleviating the adverse effects of drought. Moreover, the combined application of copper oxide nanoparticles
and melatonin improved most of the studied indicators under drought stress. Although the Sirvan cultivar
yielded less than the Marvdasht cultivar under normal irrigation conditions, it performed better under stress.
Overall, the effect of melatonin and copper oxide nanoparticles on drought stress tolerance was greater in the
Sirvan cultivar than in the Marvdasht cultivar.
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Table 1- Analysis of variance of the effects of melatonin and copper oxide nanoparticle treatments on the performance of two
wheat cultivars under drought stress at the end of vegetative phase.

S.o.V df LA RWC Dry weight RGR
Cultivar 1 18.18%* 499.78%* 0.265%* 7.78%%
Melatonin 1 75.71%% 28.28%* 0.015% 0.00%*
Cultivar x Melatonin 1 0.5m 18.39* 0.0017 1.13%
CuO Nps 2 5.56%% 152.97%* 0.247%% 6.73%%
Cultivar x CuO Nps 2 1.19% 8.93 0.0337#* 5.45%
Melatonin x CuO Nps 2 445 61.81%% 0.063%* 2.85%+
Cultivar Mg;itomn * Cu0 2 4.26* 31.32% 0.047 1,28
Drought 2 419.32%+ 5879.43%* 1.86%* 0.002%%
Cultivar x Drought 2 0.445%* 109.73%* 0.018 6.28%*
Melatonin x Drought 2 4.45%* 29.78%%* 0.03* 2.009ms
Cultivar x Melatonin 2 0.092% 6.17 3.25m 2390
Drought
CuO Nps x Drought 4 1.7% 9.98* 0.092** 1.42ns
Cultivar x CuO Nps x 4 0.74" 25.65%* 0.109%* 2.53%
Drought
Melatonin x CuO Nps x 4 3.61%% 1210 0.034%* 5.37m
Drought
Cultivar x Melatonin x CuO " s s s
Nips ** Dronght 4 1.19 7.76 0.009 7.58
Error 72 0.364 3.84 0.007 9.35
C.V (%) 0.035 0.16 0.51 0.28

ol O)}{ )‘)@M (5-’&)/0 WA C}k‘ﬂ BE Q)}{ )‘AL;.‘*» _)i;l:; g_M_:f A{IIS }* t**

*** and ns represent significant at 1% and 5% probability level and not significant, respectively.

.&,,)'u‘_;w);oi;;&:;;gr.uf‘,s),wﬁuﬁwwtws);ujwﬁméu)@;lﬁgwwq J =
Table 2- Mean comparison of the effects of melatonin and copper oxide nanoparticle treatments on the performance of two
wheat cultivars under drought stress at the end of vegetative phase.

Melatonin Cultivar CuO NPs Drought LA RWC Dry weight RGR
(uM) (mg/L) (%FC) (cm?) (%) (2 (d'gkgh)
100 Sirvan 0 70 13.66° 85.16% 0.722b¢ 0.028
50 9.78fe 76.561 0.542¢f 0.02¢f
30 6.9k 67.701 0.496h 0.016&
50 70 13.76° 83.13 bed 0.854%® 0.029*
50 9.168" 72.04h 0.6624 0.02¢f
30 5.81 55.38° 0.544¢f 0.0178
100 70 14.96* 85.24° 0.903% 0.032
50 11.964 73.35¢h 0.649¢ 0.02¢f
30 7.61 61.641 0.542 ¢f 0.017¢
Marvdasht 0 70 13.36° 87.05% 0.869 % 0.027%¢
50 7.681 65.68 i¢ 0.455 ehi 0.02°¢f
30 5.13km 51.45p 0.3303k 0.015Mi
50 70 13.6° 83.44 bed 0.9322 0.029®

50 7.641 65.06'¢ 0.452 ¢ 0.021 %
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30 5.6Km 55.56° 0.254 Imn 0.0131
100 70 152 83.37bcd 0.968* 0.03?
50 13.31° 72.72h 0.363 0.022¢
30 7.13Hk 60.74m 0.3kim 0.016¢
0 Sirvan 0 70 10.5¢ 77.96 < 0.893 @ 0.025°¢
50 7.1k 71.95h 0.4862" 0.017¢8
30 5.3kim 53.53¢% 0.274m 0.0141
50 70 12.01¢ 83.62b 0.879# 0.027°%
50 8.96¢ 76.76 0.576¢" 0.019f
30 6.114 60.29 ™ 0.257 tmn 0.015Mi
100 70 13.26% 84.8% 0912 0.032
50 9.87f 78.44°f 0.548f 0.02 ¢
30 7.31 63.22 1k 0.351 0.017¢
Marvdasht 0 70 9.72f 80.34¢ 0.846° 0.025¢
50 7.671 64.25 igk 0.401M 0.015M
30 3.44° 50.56° 0.15" 0.011*
50 70 10.95¢ 80.95 cde 0.858° 0.026°¢
50 7.41 66.33 0.548 <f 0.016¢"
30 4.97m 56.07™ 0.221™" 0.012)
100 70 12.72% 81.99 bed 0.899? 0.03°
50 8.4Mi 67.65! 0.656¢ 0.022¢
30 591K 59.28 mn 0.352 kim 0.016¢"

.g;.wlOi}la[)_,.o)'TJa.«.}SM);@Jubicla.wﬁjlsu;ug')MI;}?jr.tya.\;a;()wo};.ﬂﬁ);qu»g},f

Similar letters in each column indicate no significant difference at the 5% probability level using Duncan's test.
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Table 3- Analysis of variance of the effects of melatonin and copper nanoparticle treatments on the performance of two wheat

cultivars under drought stress at the time of grain harvest.

S.o.V Df Seed number per pot Se;(irv\rl)eol;ght l?:])gigﬁfd Bl(;}i(;%éca]
Cultivar 1 231.14** 0.142%* 2174.41%* 12.95 **
Melatonin 1 29.03* 0.007* 292.05* 2.08 *
Cultivar x Melatonin 1 120.33* 0.013ns 41.81** 0.053"s
CuO Nps 2 76.44%* 0.145%* 43.96%* 29.24%*
Cultivar x CuO Nps 2 38.37%* 0.054%* 1.250 34.81*
Melatonin x CuO Nps 2 179.59%* 0.59%: 148.28** 6.9%*
Cultivar x Ml\fl:éa;tomn x CuO 5 67* 0.108* 18.36* 5 gk
Drought 2 1370.19%** 18.34* 2162.87%* 182.40%*
Cultivar x Drought 2 114.84%* 0.08%** 62.52%%* 1.86%*
Melatonin X Drought 2 10.731* 0.016* 149.31%* 3.16%*
Cult“’agjol\fge}lli‘“’“m : 2 18.86* 0.063%* 31.01%* 0.008™
CuO Nps x Drought 4 7.408 0.016* 27.05%* 9.5%
Cultivar x CuO Nps x 4 22.35% 0.022% 12.61% 11.096*
Drought
Melatonin x CuQ Nps x 4 3.23m 0.077%* 24.95%* 3.53%%
Drought
Cultivar x Melatonin x CuO 4 35 4% 0.042% 296 0.96™
Nps x Drought
Error 72 3.5 0.005 4.90 0.708
C.V (%) 0.68 0.86 0.30 0.51

.C,-»\Q:}a.)b@anv-l&}'/.b WA C}Enjbobﬁ)\bgmjiﬂ.ﬁ%j@nS}

* ‘**

*** and ns represent significant at 1% and 5% probability level and not significant, respectively
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Table 4- Mean comparison of the effects of melatonin and copper oxide nanoparticle treatments on the performance of two wheat

cultivars under drought stress at grain harvest time.

Melatonin Cultivar CuO Nps Drought Seed number per  Seed weight 1000 seed Biological
(M) (mg/L) (FC%) pot (g) per pot (g) weight (g) yield (g)
100 0 70 42.0° 1.18f 4292 7.9°
Sirvan 50 22.0f 0.8¢ 36.4¢ 5.2¢de
30 9.0 0.24 & 26.86 £hi 3.8¢f
50 70 35.667¢ 1.424de 39.73 8.2°
50 14.667he 0.4h 27.4¢h 5.4cde
30 8.6671 0.173 kim 20.331 3.3¢f
100 70 36.3¢ 1.36°f 44432 9.16°
50 15.66¢ 0.447" 37.74 6.7°
30 8.007 0.19kim 26.9 ghi 4.028f
0 70 45332 1.71b¢ 37.834 6.9¢
Marvdasht 50 14.33 & 0.38Mi 26.76 &hi 454
30 11.66' 0.183 kim 13.66~ 2.68
50 70 44.667 ® 1.57¢4 37.7¢ 8.3°
50 12.667" 0.21 kim 16.73% 4.6%
30 9.3331 0.14™ 15.7% 3.3¢f
100 70 46.332 1.83% 34.8F 9.152
50 13.66" 0.21kim 15.43k 3.66°f
30 9.33i 0.147™ 15.69% 3.03 °fe
0 Sirvan 0 70 32.66% 1.28f 39.4b¢ 6.9°
50 6.661 0.233 &4 35.0°f 4.66%
30 4.66! 0.149'™ 30.63¢ 3.01°¢f
50 70 32.33¢ 1.37¢f 42,4373 6.13 ¢
50 8.004 0.28iek 35.4¢f 5.53 cde
30 5.66! 0.173 kim 30.66¢ 3.46°
100 70 43.66* 1.932 4432 8.56°
50 21.66" 0.84¢ 38.7¢ 5.06%
30 8.33K 0.23¢M 28.03he 3.36°
Marvdasht 0 70 46.33% 1.38¢f 29.73¢ 6.42°¢
50 15.66¢ 0.39Mi 24.66M 4,12 def
30 7.00% 0.143m 20.26 2.168
50 70 45.66* 1.34¢f 30.06¢ 6.63°¢
50 15.61¢ 0.34 hig 222 2,961
30 7.000k 0.15™m 21.661 2.23¢
100 70 46° 1.6¢ 36.54 9.052
50 15¢ 0.37 hig 24.93Mi 6.6°
30 13.66" 0.307¢ 22.61 2.8

Q.,.«lug.bu}»ﬂbj M)A@dkﬁ:—‘c}e‘-):)‘)@&n J%‘A?)(AS«QM:QL&JQ}:MJA)AQW J)).s-

Similar letters in each column indicate no significant difference at the 5% probability level using Duncan's test.
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Table 5- Analysis of variance of the effect of melatonin and copper nanoparticle treatments on the content of photosynthetic

pigments in two wheat cultivars under drought stress.

S.0.V Df Chlorophyll a Chlorophyll b Carotenoids
Cultivar 1 70.23%%* 13.63** 1.31%*
Melatonin 1 213.88** 43.80** 0.728**
Cultivar x Melatonin 1 9.95%%* 0.002 " 0.114**
CuO Nps 2 117.74%* 25.53%* 2.35%*
Cultivar x CuO Nps 2 9.4%% 0.56%* 0.132%*
Melatonin x CuO Nps 2 23.38** 9.21%* 0.059**
Cultivar x Melatonin x CuO Nps 2 1.50%* 0.064" 0.044*
Drought 2 302.38%* 46.29** 4.7%*
Cultivar x Drought 2 3.918%* 0.76** 0.042%*
Melatonin x Drought 2 10.32%* 3.05%* 0.18**
Cultivar X Melatonin x Drought 2 1.57%* 0.082" 0.012"
CuO Nps x Drought 4 8.94 %% 9.63%%* 125.38*
Cultivar x CuO Nps x Drought 4 4.36%* 1.52%* 24 .24%*
Melatonin x CuO Nps x Drought 4 1.65%* 2.42%* 7.4%*
Cultivar X M%ﬁ‘ﬁgﬁtx CuO Nps 4 1.74%% 0.166™ 0.024*
Error 72 0.199 0.143 0.007
C.V (%) 0.56 0.26 0.35

C,-w‘ Qb};)‘bw cu\&j/b c/\ C}Jﬁ.w)b QJ})‘J&;mJiL_.’ g,.;; mnSj

* ‘**

** * and ns represent significant at 1% and 5% probability level and not significant, respectively.
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Table 6- Mean comparison of the effects of melatonin and copper oxide nanoparticle treatments on the content of photosynthetic

pigments in two wheat cultivars under drought stress.

Melatonin Cultivar CuO Nps  Drought Chlorophyll a Chlorophyll b Carotenoids
(M) (mg/L)  (%FC) (mg/g FW) (mg/g FW) (mg/g FW)
100 Sirvan 0 70 9.256° 4.1014 1.532¢f

50 8.15¢h 2.88¢h 1.114Mi

30 3.544 1.996 0.992]

50 70 14.12° 5.101¢ 2.184°
50 10.80¢ 3.344¢f 1.654 4

30 6.0974 2.494 1 1.0841

100 70 16.8172 7.573% 2.5072
50 13.213¢ 6.657° 1.873¢
30 6.82™ 2.937¢h 1.3403 ¢

Marvdasht 0 70 8.823¢ 3.080 e 1.467¢
50 6.27 ™ 2.033 1.093 hi

30 3.5874 1.874 0.870%

50 70 13.087 ¢ 4.247 < 1.77
50 7.6774 2.89¢h 1.133hi

30 4.73° 2.066 0.933 %
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100 70 14.380° 6.747° 2.127°
50 9.68 <" 5.137¢ 1411
30 5713 2.537" 1.170%
0 Sirvan 0 70 7.596Km 3.388¢ 1.441
50 6.460™ 2441 0.9931
30 311p 1.508m 0.860*
50 70 8.753¢ 3.767°¢ 1.682%
50 7.190'™ 24661 14457
30 3.327" 1.779" 1.173¢
100 70 11.030¢ 4.501 ¢ 1.824¢
50 9.66 3.219F 1.711
30 5.61m 2471 1.253¢
Marvdasht 0 70 8.013h 2.872¢h 1.33¢
50 5.335° 2027 0.913
30 2.8854 0.993m™ 0.7504
50 70 7.8734 2.683 ¢h 1.643¢
50 5.603 1.997 1.19¢h
30 3.674 1.777! 0.90*
100 70 9.09 3.236° 1.747<
50 6.867 '™ 1982 1.253¢
30 4757 1.726! 0.9831
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