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Background and Objectives: Irrigation with non-conventional water sources,
such as wastewater, can have significant negative impacts on the growth, yield,
and health of crop plants due to the presence of various dissolved substances and
pollutants. Although the reuse of wastewater in agriculture is considered a cost-
effective strategy for conserving freshwater resources, the risks associated with
toxic elements, pathogens, and physiological stresses necessitate the use of
mitigation methods. In this context, nanotechnology and soil amendments like
zeolite and biochar have emerged as novel tools to reduce adverse effects and
improve plant growth under stress conditions. Sunflower (Helianthus annuus), as
one of the most important oilseed crops globally, holds a special place in
agricultural production due to the high economic and technical value of its seeds
and oil. This study aimed to investigate the effect of foliar application of silver
nanoparticles (AgNPs) at levels (0, 60, and 120 ppm), along with the application
of biochar (9 tons per hectare) and zeolite (9 tons per hectare), on the
physiological, morphological traits, seed yield, and oil content of sunflower
irrigated with urban wastewater. The experiment was conducted as a factorial
design based on a randomized complete block design with three replications in
Varamin during the 2018-2019 growing season.

Materials and Methods: The analysis of variance results indicated that the
AgNPs treatment had a significant effect on physiological traits, including
chlorophyll a and b, carotenoids, relative water content (RWC) of leaves, and
proline content. Increasing the concentration of AgNPs, especially at the 120
ppm level, significantly reduced the amount of chlorophyll a and b, indicating
damage to the plant's photosynthetic apparatus and the induction of oxidative
stress. Additionally, proline content, as a protective compound against stress,
decreased with AgNPs application, which could indicate disruption in protein
expression patterns and metabolic pathways activated by ethylene. These
findings suggest that AgNPs at high concentrations act as a stress factor
themselves, affecting the plant's tolerance capacity. In contrast, the individual
application of biochar and zeolite had positive effects on growth traits. The main
effect of biochar and zeolite on plant height was significant at the 5% and 1%

“ Corresponding author: ravagh59@g mail.com



\\C'YQLM))J:JQJ aJL«J’lcY de &L}-WJ&»&UQ@)L&r};jM}l

levels, respectively, and the application of these materials improved the physical
and chemical conditions of the soil, enhancing root access to water and nutrients.

Results and Discussion: In the analysis of interaction effects, it was found that
the combined application of these treatments plays a crucial role in modulating
the effects of AgNPs. Although AgNPs had a negative effect on chlorophyll, this
effect was relatively reduced in the presence of biochar and zeolite, indicating
the protective role of these soil amendments. Regarding yield-related traits, the
impact of the treatments was less pronounced. The number of seeds per head,
1000-seed weight, and seed yield were not significantly affected by the
experimental treatments. However, the most significant positive finding of the
research concerned product quality. The AgNPs treatment acted as an "elicitor"
and caused a significant increase in seed oil percentage. This increasing effect
was highest in combined treatments, particularly in the combination of 120 ppm
AgNPs with biochar. Zeolite also showed an increasing effect when combined
with AgNPs. These results indicate that stress induction by AgNPs may activate
biosynthesis pathways of secondary metabolites, such as lipids, leading to
increased oil accumulation in the seed.

Conclusion: Overall, the results of this study indicate that although the use of
AgNPs under wastewater irrigation conditions can have undesirable effects on
the plant's physiological traits, the simultaneous application of soil amendments
like biochar and zeolite can mitigate these negative effects. At the same time,
AgNPs, as a quality-enhancing agent, by increasing seed oil percentage, can
boost the economic value of the sunflower crop. Therefore, a combined strategy
of using AgNPs alongside biochar and zeolite could be an effective approach to
improving product quality in sunflower cultivation with wastewater, albeit with
consideration of its side effects on plant growth.
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Table Appendix 1: Results of mean comparison of interactive effects of chlorophyll b - height - oil - relative
water content

Sl b Jis s CMe sl R XY o ) gl
< » Mglgr hP‘IaEt Qil content ol
Chlorophyll b eight Relative
(mg g7* leaf) Water
Content
o & 5 Sl S
Silver Biochar Zeolite
nanoparticles
Jio S s e g o ab 6.07 bc 258.7 f26.72 a77.09
Without biochar ~ Without zeolite
S g g o bcd 4.33 bc 255 d 29.67 cd 66.1
Biochar Without zeolite
S s ol o g ab 5.833 c241.3 e 28.49 ab 74.4
Without biochar Zeolite
S s o g a6.633 a295.3 ab 32.34 bc 70
Biochar Zeolite
60 st oo s ple e 1.667 d210.7 d29.9 ab 73.37
Without biochar ~ Without zeolite
S g g o bcd 4.367 a292.7 c31.1 de 62.76
Biochar Without zeolite
st oo o g cd 4 bc 258.7 e 28.77 abc 71.8
Without biochar Zeolite
S s o g abc 4.9 ab 281.7 ab 32.43 abc 70.3
Biochar Zeolite
120 S s ol g o abc 5.133 bc 261 ¢ 30.66 cd 65.7
Without biochar ~ Without zeolite
prw g o de 3 c 240 a32.70 bc 70.03
Biochar Without zeolite
st ok o g de 2.9 bc 265 d 29.80 abc 70.5
Without biochar Zeolite
prw o g cd 3.667 c274 b 31.97 e 56.37
Biochar Zeolite
LSD.V 1.734 0.5963 6.851

I 55l e SN @l il o S e e S Bl il 45 le g3

Two treatments that share at least one common letter are not significantly different from each other.
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Table Appendix 2: Results of analysis of variance for mean squares of quantitative traits

N C s Ly oy SR abols L
R R Y T S albslpois o 95 Ol

. Degrees of Plant Head Number of Thousand- . Qil
Sources of variation ; . seeds per . Yield
freedom height  diameter head seed weight content
LSS 2 63.08 8.36 20961.33 713.86 5.15
. 0.048
Replication
o i ot 2 297.3 11.02 5745 480 11.29
i - i 12.37%
Silver nanoparticles
S sl 1 1260* 0.25 256 140 0.00001
R 2.31%*
Biochar
g 1 3383** 66.69* 130802 26 12.48
o 63.49%
Zeolite
Sl sex o, S 2 127 7.58 28921 555 12.97
Silver nanoparticles x 717
Biochar
Cod g% 0,8 5L 2 3963** 6.19 29683 123 7.36
Silver nanoparticles x 1.40*
Zeolite
S slx oy 1 0.69 3.36 12173 393 0.51
S TR 3.06%
Zeolite x Biochar
Cod g% 0,8 5L 2 2555%* 7.19 188 127 0.91
Sl 1.13°
Silver nanoparticles x
Zeolite x Biochar
et 22 5596.50 221.94 699032.66 6578.94 158.26
2.699
Error
(Ao y3) i o 6.16 13.79 23.35 18.43 31.01
Coefficient of 115
variation

AL & ey Ky @ Jla! cla..» 33 05 g ,ls e odaas OLES oS 5wttt gk
* and ** indicate significance at the 5% and 1% probability levels, respectively.

SleMbl o Laesls -0

ool Jgl ok 55 A1 el )8 aal 0L il alie Sledbl 5 Laosls (sl

Bl ol -f

o O N 5 s Al 5550 s () 5 5,10 355 mble o las i ol s



\Y.YQL:MJJJ:.)L.tY aJL«J’lcY de &L}-WJ&»&UQ@)L&r};jM}l

O ks 55 oS L -V

Pl s s el 0 OB 5 S L
.gm,\umujlmﬁj&)wu@\};lp;éu&b‘;rw‘djuw@aﬁ‘&uw\ﬁ\w,m

el i e ol s s @l b e bl (1Bl 5 sla s OLSes ple oS Lk

SN Jgeol -A

Al e T aen unl 550 g s sm nl s diles god Suley ke 1ol LSl 5 plnil 53 1y 3N D gl O i
Sb culem -4

tl;u\ Olcaw o@b Lf“ﬂ Qﬁ\»}@&uds.l&b@ Y40 a)wdudj’is.}t.wi 69 djb))l&'ou@l}b J.pl?— Jlae U’i‘

CA.AN‘ 5.)\13;

@"JA -\

. Aliari, H., & Shokari, F. (2000). Oilseed crops: Cultivation and physiology. Omidi Publishing .

2. Bhardwaj, A. K., Jasrotia, P., Hendriksen, G., Olusanya, O., Saini, R., & Singh, P. (2020). Integrated
use of nanomaterials and soil amendments for sustainable agriculture. Journal of Environmental
Management, 268, Article 110675. https://doi.org/10.1016/j.jenvman.2020.110675

3. Bhardwaj, A. K., Shukla, A., Kumar, R., & Singh, R. (2019). Zeolite and vermicompost amendments
mitigate the effects of wastewater irrigation on soil properties and sunflower growth. Journal of
Cleaner Production, 237, Article 117727. https://doi.org/10.1016/j.jclepro.2019.117727

4. Bouché, N., & Fromm, H. (2004). Genetic and molecular control of ethylene biogenesis and action.
Plant Physiology, 136(3), 3446-3452. https://doi.org/10.1104/pp.104.052217

5. Dimkpa, C. O., & Bindraban, P. S. (2018). Nanofertilizers: New products for the industry? Journal of
Agricultural and Food Chemistry, 66(26), 6462—-6473. https://doi.org/10.1021/acs.jafc.7b02150

6. Dimkpa, C. O., McLean, J. E., Latta, D. E., Manangon, E., Britt, D. W., Johnson, W. P., Boyanov,
M. I., & Anderson, A. J. (2012). Interaction of silver nanoparticles with an artificial soil matrix: Fate
of silver ions and influence on metal(loid) bioavailability. Environmental Science & Technology,
46(19), 10707-10715. https://doi.org/10.1021/es302565y

7. FAO. (2020). Sunflower production and trade. Food and Agriculture Organization of the United
Nations. http://www.fao.org/faostat/en/#data/QC

8. Feyzi, H., Barhand, E. A., Rashvani, M., Moghaddam, P., Fatoum, V., & Shah Tahmasbi, A. (2010).
Application of silver nanoparticles and magnetic field to stimulate growth and yield of maize.
Proceedings of the First National Conference on Nanoscience and Nanotechnology, 1694-1697 .

9. Ghorbanpour, M., & Hatami, M. (2014). The effects of silver nanoparticles on seed germination and
seedling growth of sunflower under salt stress. Journal of Plant Nutrition, 37(12), 1966—1983.
https://doi.org/10.1080/01904167.2014.920383

10. Hatami, M., & Ghorbanpour, M. (2014). Defense enzyme activities and biochemical variations of
Pelargonium zonale in response to nanosilver application and dark storage. Turkish Journal of
Biology, 38(2), 130-139. https://doi.org/10.3906/biy-1306-4

11. Hong, J., Han, J., You, H., Kim, S., & Lim, J. (2005). Toxicity of silver nanoparticles to bacteria:
Effects on structure and function. Environmental Science & Technology, 39(17), 6682—6689.
https://doi.org/10.1021/es050523a

12. Jeffery, S., Verheijen, F. G. A., van der Velde, M., & Bastos, A. C. (2011). A quantitative review of
the effects of biochar application to soils on crop productivity using meta-analysis. Agriculture,
Ecosystems & Environment, 144(1), 175-187. https://doi.org/10.1016/j.agee.2011.08.015

13. Karamkesh, M., Sarshar, M., & Javanbakhht, M. (2006). Investigation of the application of silver
nanoparticles in controlling plant diseases and pests. First National Conference on Nanotechnology,
Shiraz University. (Original work published 1385(

14. Kavousi, M., & Rahimi, M. (2001). Effect of zeolite application on rice yield in two soil textures
(sandy and clayey). Final Report, Rice Research Institute, Rasht. (Original work published 1380)

[3XY

Al



Q\JMJ&UM\){‘ ..... ijfaﬁfbsigd}hnjwyjc)lz—yﬁbw)j

15. Krizkova, S., Ryant, P., Krystofova, O., Adem, V., Galiova, M., Beklova, M., Banik, P., Kaiser, J.,
Novotny, K., Novotny, J., Liska, M., Malina, R., Zehnalek, J., Hubalek, J., Havel, L., & Kizek, R.
(2008). Multi-instrumental analysis of tissues of sunflower plants treated with silver(l) ions — Plants
as bioindicators of environmental pollution. Environmental Chemistry Letters, 6(4), 255-262.
https://doi.org/10.1007/s10311-008-0175-9

16. Laird, D. A., Fleming, P., Davis, D. D., Horton, R., Wang, B., & Karlen, D. L. (2010). Review of
the pyrolysis platform for coproducing bio-oil and biochar. Biofuels, Bioproducts and Biorefining,
4(4), 397-405. https://doi.org/10.1002/bbb.239

17. Larkin, P. J., Miller, J. A. C., Allen, R. S., Chitty, J. A., Gerlach, W. L., Frick, S., ... & Kutchan, T.
M. (2005). Increasing metabolic pathway flux in plants: Lessons from plant secondary metabolism.
Annual Review of Plant Biology, 56, 227-258.
https://doi.org/10.1146/annurev.arplant.56.032604.144216

18. Liu, Y., Chang, J., Wang, L., & Wang, X. (2021). Biochar and zeolite co-application alleviates the
phytotoxic effects of silver nanoparticles in wheat. Science of the Total Environment, 758, Article
143599. https://doi.org/10.1016/j.scitotenv.2020.143599

19. Ming, D. W., & Mumpton, F. A. (1989). Zeolites in soils. In J. B. Dixon & S. B. Weed (Eds.),
Minerals in soil environments (2nd ed., pp. 874-911). Soil Science Society of America.

20. Mumpton, F. A. (1999). La roca magica: Uses of natural zeolite in agriculture and industry.
Proceedings of the National Academy of Sciences, 96(7), 3463-3470.
https://doi.org/10.1073/pnas.96.7.3463

21. Nourouzi, E. (2015). Nanotechnology and its application in agriculture. Zeuzera.
http://www.zeuzera.com (Original work published 1394)6=Mumpton, F. 1999. Laroca magica: Uses
of nutural Zeolite in agriculture and industry. National Acad. Sci.96:3467-3470.

22. Pourkhaloee, A., Sadrnia, H., & Mohammadi, M. (2017). Long-term effects of silver nanoparticles
on soil microbial community and sunflower growth. Ecotoxicology and Environmental Safety, 141,
1-9. https://doi.org/10.1016/j.ecoenv.2017.03.002

23. Pourkhaloee, A., Sadrnia, H., Mohammadi, M., & Bagheri, A. (2019). Accumulation of silver
nanoparticles in soil and its impact on plant health. Environmental Pollution, 252(Pt B), 1-10.
https://doi.org/10.1016/j.envpol.2019.05.092

24. Qian, H., Peng, X., Han, X., Ren, J., Sun, L., & Fu, Z. (2015). Effects of silver nanoparticles on
Oryza sativa L. under salt stress. Environmental Pollution, 196, 439-445.
https://doi.org/10.1016/j.envpol.2014.10.007

25. Rabiei, H., Davari, M., Mghiminezhad, S., & Argham, F. (2013). Biochar (semi-burnt organic
matter): A soil amendment for sustainable agriculture. Proceedings of the National Conference on
Agricultural Sciences and Technologies, Malayer University. https://www.civilica.com/Paper-
CAST01-CASTO01_005.html

26. Rajput, V. D., Minkina, T., Suskova, S., Mandzhieva, S., Tsitsuashvili, V., Chapligin, V., &
Fedorenko, A. (2020). Nano-enabled agriculture: Opportunities and challenges. Nanomaterials,
10(6), Article 1127. https://doi.org/10.3390/nan010061127

27. Rajput, V. D., Minkina, T., Sushkova, S., Mandzhieva, S., Tsitsuashvili, V., Chapligin, V., &
Fedorenko, A. (2021). Long-term environmental risks of nano-agriculture. Science of the Total
Environment, 752, Article 141927. https://doi.org/10.1016/j.scitotenv.2020.141927

28. Szabados, L., & Savouré, A. (2010). Proline: A multifunctional amino acid. Trends in Plant
Science, 15(2), 89-97. https://doi.org/10.1016/j.tplants.2009.11.009

29. Taiz, L., & Zeiger, E. (2010). Plant physiology (5th ed.). Sinauer Associates.

30. Tripathi, D. K., Singh, S., Singh, S., Pandey, R., Singh, V. P., Sharma, N. C., ... & Chauhan, D. K.
(2017). An overview on deleterious effects of soil salinity and potential remediation using plants
including halophytes. Frontiers in Plant Science, 8, Article 198.
https://doi.org/10.3389/fpls.2017.00198

31. Tripathi, D. K., Singh, S., Singh, V. P., Pandey, R., Trans, L. S. P., Singh, S., ... & Chauhan, D. K.
(2018). Nanoparticle stress-induced biochemical and physiological responses. Plant Physiology and
Biochemistry, 123, 277-286. https://doi.org/10.1016/j.plaphy.2017.11.026

\Al



\Y.YQL:MJJJ:.)L.tY aJL«J’lcY de &L}-WJ&»&UQ@)L&r};jM}l

32. Verbruggen, N., & Hermans, C. (2008). Proline accumulation in plants: A review. Amino Acids,
35(4), 753-759. https://doi.org/10.1007/s00726-008-0061-6

33. Wang, S., & Peng, Y. (2010). Natural zeolites as effective adsorbents in water and wastewater
treatment. Chemical Engineering Journal, 156(1), 11-24. https://doi.org/10.1016/j.cej.2009.10.002

34. Yan, A., & Chen, Z. (2019). Impacts of silver nanoparticles on plants: A focus on the phytotoxicity
and underlying mechanism. International Journal of Molecular Sciences, 20(5), Article 1004.
https://doi.org/10.3390/ijms20051004

35. Zayed, R, Eisa, R. A., & El Sayed, A. E.-K. B. (2020). Physiological and biochemical responses of
sunflower to silver nanoparticles under drought stress. Plant Physiology and Biochemistry, 149, 1—
10. https://doi.org/10.1016/j.plaphy.2020.01.038

36. Zhao, J., Davis, L. C., & Verpoorte, R. (2005). Elicitor signal transduction leading to production of
plant secondary metabolites. Biotechnology Advances, 23(4), 283-333.
https://doi.org/10.1016/j.biotechadv.2004.10.006

vy



