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Objective: This study aimed to assess the efficiency of zinc oxid (ZnO) nanoparticles in
mitigating drought stress effects in comparison with bulk ZnO, and to examine the
influence of different priming durations on chickpea seed germination under drought
conditions.

Method: A three-factorial experiment based on a completely randomized design was
conducted with three replications on germination and seedling growth characteristics of
chickpea cultivar Kasra. The factors included: 1) seed priming at 4 levels (priming with
zinc oxide in the form of nanoparticles 1-100 and 40-60 nm, priming with bulk zinc oxide,
and hydropriming), 2) priming duration at 3 levels (6, 12 and 24 hours) and 3) drought
stress levels at 4 levels (no stress, -2, -4 and -8 bar using polyethylene glycol 6000).
Results: The results showed that drought stress had a significant effect on all measured
variables. Although priming with nanoparticles and bulk zinc oxide performed better than
hydropriming; in comparison with bulk zinc oxide priming and nanopriming, nanopriming
with a diameter of 1 to 100 nm showed better efficiency. Increasing the drought stress
intensity led to a significant rise in the number of abnormal seedlings. Priming especially
with zinc oxide (nano and bulk), modulated the drought stress effects in non-stressed
conditions and mild to moderate stresses (-2 to -4 bar). However, under severe stress (-8
bar), drought stress damage was not compensated by priming. The results also showed
that increasing the priming time had a significant effect on seedling length, germination
rate and longitudinal index of seedling vigor. However, increasing the duration from 12 to
24 did not have a significant effect on this increasing trend.

Conclusions: Rapid and optimal germination plays a crucial role in the formation of a
reliable crop with excellent yield. Zinc oxide nanoparticles significantly enhance
germination, biochemical activities, and seedling growth of chickpea, however,
determining the optimal dosage and application method is critical to maximize benefits

while avoiding potential toxicity associated with excessive nanoparticle use.
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Highlights
o Seed priming with zinc oxide nanoparticles (I-100 nm in diameter) was more
effective than using bulk zinc oxide or nanoparticles sized 40—60 nm.

o Under no-stress and mild to moderate drought stress conditions (-2 to -4 bar), priming
— particularly with zinc oxide (both nano and bulk forms) — alleviated drought-
induced damage.

o Drought stress up to -2 bar did not significantly affect the germination percentage of
chickpea seeds compared to the non-primed control.

Introduction

Chickpea is widely cultivated in semi-arid and temperate regions; therefore, it is often
subjected to drought stress damage (Fazeli-Nasab et al., 2025). If drought occurs during the
seedling stage, it can significantly delay germination and result in incomplete emergence
(Khan et al., 2025). Zinc plays an important role in plant growth and resistance to drought
stress. Seed priming with nanoparticles has emerged as a promising technique to stimulate
early growth, improve seedling vigor, and ultimately increase both the quantity and quality of
crop yield (Nile et al., 2022). The small size and high specific surface area of zinc oxide
nanoparticles may result in higher absorption by the seed and greater efficiency in enhancing
drought stress resistance compared to the bulk form (El-Shazoly et al., 2025). This study
aimed to assess the efficiency of ZnO nanoparticles in mitigating drought stress effects in
comparison with bulk ZnO, and to examine the influence of different priming durations on
chickpea seed germination under drought conditions.

Method

The study employed a completely randomized three-factorial design with three replications
to assess chickpea (cultivar Kasra) seed germination and seedling growth under varying
conditions. The first factor was the seed priming agent, which included five treatments: two
sizes of zinc oxide nanoparticles (I-100 nm and 40-60 nm), bulk zinc oxide, and
hydropriming. The second factor was the duration of priming, set at 6, 12, and 24 hours. The
third factor was the level of drought stress, applied using polyethylene glycol 6000 to create
osmotic potentials of 0 (no stress), —2, —4, and —8 bar.

Results

The results demonstrated that drought stress significantly impacted all measured
germination parameters. In general, seed priming positively influenced germination traits,
likely by enhancing cellular metabolic activity and facilitating the breakdown of seed storage
reserves into mobile carbohydrates such as sucrose and glucose. Notably, priming with zinc
oxide (both nanoparticles and bulk forms) proved more effective than hydropriming alone.

A comparative analysis revealed that priming with zinc oxide nanoparticles (1-100 nm in
diameter) was superior to priming with bulk zinc oxide. This enhanced efficacy may be
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explained by the efficient uptake and transport of nanoparticles within this size range. Their
small dimensions potentially allow for movement through plasmodesmata, whose diameters
typically range from 40 to 60 nm.

As the intensity of drought stress increased, a significant rise in the number of abnormal
seedlings was observed. Priming treatments, particularly those involving zinc oxide (nano and
bulk), effectively modulated the adverse effects of drought under non-stressed conditions and
mild to moderate stress levels (corresponding to -2 to -4 bar). However, under severe drought
stress (-8 bar), the damage was too profound to be mitigated by any of the priming treatments
applied.

Conclusions

The establishment of a high-yielding crop relies on rapid and optimal germination. For
chickpea, zinc oxide nanoparticles can significantly promote this process along with
biochemical activities and seedling growth. Nevertheless, careful optimization of dosage and
application is imperative to harness these advantages and circumvent the potential
phytotoxicity of nanoparticle over-application.
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0 60.2° 293 30.9* L12° 98 157 209" 124 5953°
2 s25* 240° 28.5° L7 97.8° 15.0° 222* 2.2 5129
-4 2.0 18.4° 23.6° 114" 91.2" 13.5¢ 241° 14 s16°
8 30.2¢ 10.8 19.4° 1.45° 69.0° 10.2¢ 2.41° 8.62° 2074

)l s ) iy Jleisl e 0 LSD g0 ulisl s (5 l0 sime 3D alin Gy G JBlo b b yoSilee (g j0 50
In each column the mean with atleast one similar letter do not differ significantly at the 5% probability level based on the

LSD test.
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Table 3. Effect of priming duration on seedling length, germination rate, and seedling vigor length index

5ailg> Cae
Siaslyy olog & L5 ST = LS 4 L
R o) e - s Germination -, T f;# = azaiy, Jsb
Priming duration Seedling length Seedling vigor length icle lenath
(hour) (cm) rate ndex Radicle length (cm)
(Seed/d)
6 6.27° 13.4° 577° 3.34°
12 6.51° 13.6® 602" 3.55°
24 6.53% 13.8* 608* 3.51°

3,05 o i Je>| s ;3 LSD dejl bl sl gre B alie By S Blas L o Sheo (gt jo 50

In each column the mean with atleast one similar letter do not differ significantly at the 5% probability level based on the
LSD test.
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Table 4. Effect of priming type on seedling and radicle dry weight, seedling vigor weight index, and

allometric coefficient, Germination rate and Mean daily germination

Soly g9 S 559 ) SES (s = ‘::C’;} Sl e Sialez 5Nl

Pr"ir;liilg azals Azl axdiy S dlt Germination 4ljg,

Type Seedling dry  Plumule dry  Radicle dry vi Sre wleright rate Mean daily

weight (mg)  weight (mg)  weight (mg) & index & (Seed/d) germination
No prime * 34.4 16.8 17.6 3155 13.0 11.1
Hydroprime 42.5° 16.8° 25.7° 3907° 13.6™ 11.2°
Zn bulk 45.7° 23.1° 22.9° 4198° 13.8° 11.3°
Zn Ng(’)s 40- 54.0° 22.8° 30.9° 4973° 13.9° 11.3°
Z“Ifgg I- 54.5° 23.8° 30.7° 4982° 13.7° 11.2

LSD test.

el oo &l aug e g b)..a 500 4305 ol pae Jled &y gy e 6Lmo.>|.>*
S o gy Jleis s ;5 LSD o3l bl (6l sine B sl by oSy Bl b layeSilis g 52 40

#Data from the non-prime treatment were not analyzed and are provided for comparison purposes only.

In each column the mean with atleast one similar letter do not differ significantly at the 5% probability level based on the
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Table 5. Interaction of priming type and drought stress on some chickpea measured traits

e o G AR edhllwage T o
Primingltype stress Seedling Plumule Radicle Abrié)rrﬁal Seedlfn : vigor
(bar) length(cm) length (cm) length (cm) seedling lengthgindegx
0 7.03 3.28 3.75 0.880 696
No prime® 2 6.60 2.92 3.68 3.55 644
-4 5.53 247 2.98 19.1 501
-8 3.39 1.44 1.95 413 240
0 8.10% 3.91% 4.19%¢ 1.33°f 7994
- 2 751 3.59% 3.92¢ 1.77¢ 737
Hydroprime 4 6.11¢ 2.84 3.27h 12.4° 566
-8 3.60" 1.478 2.12! 29.3° 250¢
0 8.60" 4.07° 4.52%¢ 0.880° 851%
Zn bulk -2 7.98% 3.79% 4.19% 0.440' 795¢
-4 6.468 3.03° 3.427%h 11.6° 593f
-8 3.59 1.438 2.15' 27.1%* 2378
0 8.83% 4.11% 4.71%® 0.880° 875%
Zn NPs 40-60 -2 8.23% 3.87% 437" 4.00° 790°
-4 6.19% 2.94f 3.25M 11.6° 572f
-8 3.65" 1.498 2.15 25.8° 250¢
0 9.28° 4.42° 487" 0.88° 916°
7 NPs 1-100 2 8.28" 3.73° 455" 1.77¢ 806
-4 6.39¢ 3.06° 3.32¢hi 11.1¢ 563"
-8 337" 1.448 1.92! 25.3° 2318

el 0l &l Ao lie b)..a 500 4305 ol pae Jled &y bogy e 6Lmo.>l.>‘
35l s ) iy Jleis| s 0 LSD (yg03T ulislys (5 5l0 sime 3D alin G G JBla b o yoSilee (g j0 40
“Data from the non-prime treatment were not analyzed and are provided for comparison purposes only.

In each column the mean with atleast one similar letter do not differ significantly at the 5% probability level based on the

LSD test.
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Fig. 2. Priming type X Priming duration on germination percentage and allometric coefficient of Chickpea

seed
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The mean with atleast one similar letter do not differ significantly at the 5% probability level based on the LSD test.

VE S Jgb 5o po o] egliee ) kB L s,
Qo eSS bl cpl o al csslie celw
Silez Sl 5 (F IS8 (aoys AYIY) Saile
$U b Sicaalyy 53 Gay yo o33ailez a4 VY g,
@ (F Jgoz) Gagib Vee ) Jad) (g9, aunST )3
[ PP SVRCH P ESC NP SCONN] il IR BEGH PR
il
Ol gl b Sly oo i IS jsba
S 15 glacpwl Ghals glil) ;5 (55, 3]
Sladiss Gliee als wiile ol olerdsn oIl 4

2 odan amelal Glie 5 lasT, GYBE
ssba ealsSialy s,k I Jol> slaazals
5 Oedges il om walh Gl Sl yloee
s Il G s VeV o Ken
Lok Sl gl a5 w08 wuSE (V2 V0) ol S
Sazals o 1) Gusn aead 55, weeST OS5
oy Sas ias ol g eols ioldl aly Jb e
An3 oo Suals puiS
g9 L Smln ploy Soe JiSedy oy p 0
QST @3 gl gl L Glocme Ol 31 (Seas]

" El-Shazoly



Vo F ) o los Y Jla / /) oo slayicog 3o

Y4

P 3 GxSese omoorl 0 Sl el
©G9y SemS| D136 51 eolaiwl ohg A LA Saesl
Lulyd )0 0558 Sialsr Sla T Ssete ) Slgise
29k 59, 9enST OIS 5L ol Jge Lawgte 5 e
sl 1) 0558 azalS o) 5 o Jialler wzs JU
e g SlonSTol els ailoli 390 b g c0isS 0
oS e ], (Ses i ol sbawly g el
G890 0 )l5 g Ay chale s sl b aes oo
Blas @ g Ll faile, sSlas 4 gl ol)34L
Oldgilb b Sy ol slo s bl jo el
Sl VY Soe @ egilb Voo UY clale 0 ZnO

WS dgue | as 50 0 Sles Wilgh o0

(MDA) sl o oolle glyime o oerd

JEPORIRRCE PR KWW, 1 K PR PR RGO PR W |
5 o9 eSTn 5 (SOD) jlgenss aenS]
Gl (Y YD (L Ka g 3lasl YY) Sen
Gl 5 g lgiome Gl Sl W el
Len 5 T ls) (TSS) © Jolona slooi ggae
5 5950 Giemsl oelald Sgugy 4 (pizmem 9 (VoYY
Sb L ond Karly @boydy o (VoYY o Kon

] 00 00ld Cand (59, dwST )3

e o el &5 sgm ctS Lulh 4 4z b

o i 3 i e oo S B
o ol 8 ,Slas U pfedae el )y SO (6,8 S

SN SN

AR5y BB Jguo! 31 (59 m

asleg] dod 40T 3)90 9090 (il g lodgas Cule ale Simgly cpl Sl 5 pbsl )3 1y (IS Jgeo! (Mt

idly ¢S lie o1 (gdm g Al Glagpin G5 5 dlie (siluparie 1 olue yob & S diny g dan

&l o ,)e5
35 gblie o5 i ) Bt ,la] L

S ol

il Slisld b b (egas ity 3 sl oaiS el sl loils gl ol Jbo KaS @ «ingy

ol 03,55
Sl 3wl

wdiled Jlaya8 )l og5s (e (glyad g (g5l oKy Slieas g Jbo slacoles I aily o p5Y 295 5 B

! Malondialdehyde
? Superoxide Dishutase
3 .
Peroxidase
4 Alpha-amylase
’ Total soluble sugar
5 Das



VY. Ol So2 9 6 90w | .9l Kivas [y U (Cicer arietinum) 5355 4o djailsz ol 559 St

References &leo

Abbasi Khalaki, M., Moameri, M., Asgari Lajayer, B., & Astatkie, T. (2021). Influence of nano-
priming on seed germination and plant growth of forage and medicinal plants. Plant Growth
Regulation, 93(1), 13-28. https://doi.org/10.1007/s10725-020-00670-9

Abdul-Baki, A. A., & Anderson, J. D. (1973). Relationship between decarboxylation of glutamic
acid and vigor in soybean seed. Crop Science, 13(2), 227-
232. https://doi.org/10.2135/cropscil973.0011183X001300020023x

Allen, P.S., & Meyer, S.E. (1998). Ecological aspects of seed dormancy loss. Seed Science
Research, 8(2), 183-192.

Bolandi Amoghin, M., Sheikhzadeh, P., Khomary, S., & Zare, N. (2020). Comparison the effects of
different of seed priming techniques on improving germination and antioxidant enzymes
activity in borage seedlings. lranian Journal of Seed Sciences and Research, 7(3), 279-294.
[In Persian]

Burman, U., Saini, M., & Kumar, P. (2013). Effect of zinc oxide nanoparticles on growth and
antioxidant system of chickpea seedlings. Toxicological and Environmental Chemistry, 95(4),
605—612. https://doi.org/10.1080/02772248.2013.803796

Das, G., & Dutta, P. (2022). Effect of nanopriming with zinc oxide and silver nanoparticles on
storage of chickpea seeds and management of wilt disease. Journal of Agricultural Science
and Technology, 24(1), 213-226.

Donia, D. T., & Carbone, M. (2023). Seed priming with zinc oxide nanoparticles to enhance crop
tolerance to environmental stresses. International Journal of Molecular Sciences, 24(24),
17612. https://doi.org/10.3390/ijms242417612

Ellis, R. H., & Roberts, E. H. (1981). The quantification of aging and survival in orthodox
seeds. Seed Science and Technology, 9, 373-4009.

El-Shazoly, R. M., Othman, A. A., Zaheer, M. S., Al-Hossainy, A. F., & Abdel-Wahab, D. A.
(2025). Zinc oxide seed priming enhances drought tolerance in wheat seedlings by improving
antioxidant activity and osmoprotection. Scientific Reports, 15(1),
3863. https://doi.org/10.1038/541598-025-86824-z

El-Shazoly, R. M., Othman, A. A., Zaheer, M. S., Al-Hossainy, A. F., & Abdel-Wahab, D. A.
(2025). Zinc oxide seed priming enhances drought tolerance in wheat seedlings by improving

antioxidant  activity and  osmoprotection.  Scientific =~ Reports, 15(1), 3863.
https://doi.org/10.1038/s41598-025-86824-z

Fazeli-Nasab, B., Vessal, S., Bagheri, A., & Malekzadeh-Shafaroudi, S. (2025). Evaluation of
drought-tolerant chickpea genotypes (Cicer arietinum L.) using morphophysiological and
phytochemical traits. Frontiers in Plant Science, 16, 1529177.
https://doi.org/10.3389/fpls.2025.1529177

Food and Agriculture Organization (FAO) (2023). https://www.fao.org/statistics/en#



VFeF ) oyl NY Jlo [ o/ 4o sloing iy AR

Ghorbani, R., Movafeghi, A., Ganjeali, A., & Nabati, J. (2022). Investigating the germination
characteristics of Chickpea (Cicer arietinum) in response to titanium dioxide nanoparticles
priming and drought stress. [ranian Journal of Seed Research, 9(1), 189—
202. https://doi.org/10.52547/yujs.9.1.189

International Seed Testing Association. (2016). Handbook for seedling evaluation.

Ishfag, A., Haidri, 1., Shafqat, U., Khan, 1., Igbal, M., Mahmood, F., & Hassan, M. U. (2025).
Impact of biogenic zinc oxide nanoparticles on physiological and biochemical attributes of pea
(Pisum sativum L.) under drought stress. Physiology and Molecular Biology of Plants, 31, 1—
16. https://doi.org/10.1007/s12298-024-01537-3

Jha, U. C., Nayyar, H., Thudi, M., Beena, R., Vara Prasad, P. V., & Siddique, K. H. (2024).
Unlocking the nutritional potential of chickpea: Strategies for biofortification and enhanced
multinutrient quality. Frontiers in Plant Science, 15,
1391496. https://doi.org/10.3389/fpls.2024.1391496

Karalija, E., Vergata, C., Basso, M. F., Negussu, M., Zaccai, M., Fatima, M., & Martinelli, F.
(2022). Chickpeas' tolerance of drought and heat: Current knowledge and next
steps. Agronomy, 12(10), 2248. https://doi.org/10.3390/agronomy12102248

Kaushal, K., Rajani, K., Kumar, R. R., Ranjan, T., Kumar, A., Ahmad, M. F., Kumar, V., Kumar,
V., & Kumar, A. (2024). Physio-biochemical responses and crop performance analysis in
chickpea upon botanical priming. Scientific Reports, 14(1),
13186. https://doi.org/10.1038/s41598-024-59878-8

Khan, A. A., Wang, Y. F., Akbar, R., & Alhoqail, W. A. (2025). Mechanistic insights and future
perspectives of drought stress management in staple crops. Frontiers in Plant Science, 16,
1547452. https://doi.org/10.3389/fpls.2025.1547452

Kumar, P., Singh, R., Sharma, S., & Kaur, J. (2022). Impact of drought stress on chickpea yield
and strategies for mitigation. Journal of Environmental Science and Health, Part B, 57(1), 1—
13.

Maguire, J. D. (1962). Speed of germination: Aid in selection and evaluation for seedling
emergence and vigor. Crop Science, 2(2), 176—
177. https://doi.org/10.2135/cropscil 962.0011183X000200020033x

Mahmood, A., Kanwal, H., Kausar, A., Ilyas, A., Akhter, N., & Khalid, H. (2019). Seed priming
with zinc modulates growth, pigments, and yield of chickpea (Cicer arietinum L.) under water
deficit conditions. Applied  Ecology and Environmental Research, 17(1), 147—
160. https://doi.org/10.15666/acer/1701_147160

Mazhar, W. M., Ishtiaq, M., Hussain, 1., Parveen, A., Hayat Bhatti, K., Azeem, M., Thind, S.,
Ajaib, M., Magbool, M., Sardar, T., & Nasir, N. (2022). Seed nano-priming with Zinc Oxide
nanoparticles in rice mitigates drought and enhances agronomic profile. PLOS ONE, 17(3),
€0264967. https://doi.org/10.1371/journal.pone.0264967



Y'Y Ol So2 9 6 90w | .9l Kivas [y U (Cicer arietinum) 5355 4o djailsz ol 559 St

Michel, B. E., & Kaufmann, M. R. (1973). The osmotic potential of polyethylene glycol
6000. Plant Physiology, 51(5), 914-916. https://doi.org/10.1104/pp.51.5.914

Mouradi, M., Farissi, M., Khadraji, A., Bouizgaren, A., Qaddoury, A., & Ghoulam, C. (2023). Seed
priming and nano priming techniques as tools to alleviate osmotic stress in legumes.
In Biosaline agriculture as a climate change adaptation for food security (pp. 143—164).
Springer. https://doi.org/10.1007/978-3-031-24279-3 7

Nile, S. H., Thiruvengadam, M., Wang, Y., Samynathan, R., Shariati, M. A., Rebezov, M., Nile,
A., Sun, M., Venkidasamy, B., Xiao, J., & Kai, G. (2022). Nano-priming as emerging seed
priming technology for sustainable agriculture—recent developments and future perspectives.
Journal of Nanobiotechnology, 20(1), 254. https://doi.org/10.1186/s12951-022-01423-8

Peters, W. S., Jensen, K. H., Stone, H. A., & Knoblauch, M. (2021). Plasmodesmata and the
problems with size: Interpreting the confusion. Journal of Plant Physiology, 257,
153341. https://doi.org/10.1016/j.jplph.2020.153341

Safshekan, S., Pourakbar, L., & Rahmani, F. (2025). The effect of Zn NPs on some growth,
biochemical and anatomical factors of chickpea plant stem under UVB irradiation. Plant Nano
Biology, 8, 100154. https://doi.org/10.1016/j.plana.2025.100154

Saha, D., Senthilkumar, T., Sharma, S., Singh, C. B., & Manickavasagan, A. (2022). Application of
near-infrared hyperspectral imaging coupled with chemometrics for rapid and non-destructive
prediction of protein content in single chickpea seed. Journal of Food Composition and
Analysis, 115, 104938. https://doi.org/10.1016/j.jfca.2022.104938

Scott, S. J., Jones, R. A., & Williams, W. A. (1984). Review of data analysis methods for seed
germination. Crop Science, 24(06), 1192—-
1199. https://doi.org/10.2135/cropsci1984.0011183X002400060043x

Tamagno, S., Sadras, V. O., Ortez, O. A., & Ciampitti, I. A. (2020). Allometric analysis reveals

enhanced reproductive allocation in historical set of soybean varieties. Field Crops Research,
248, 107717. https://doi.org/10.1016/j.fcr.2020.107717



