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Introduction

Cadmium (Cd) and lead (Pb) contamination of calcareous soils can restrict wheat production in arid and semi-arid
regions. High pH and calcium carbonate reduce metal solubility but cannot fully prevent root uptake or food-chain
entry. Both metals impair nutrient acquisition, damage chloroplasts and membranes, reduce photosynthesis, and
promote reactive oxygen species (ROS) production, causing oxidative damage and redox imbalance. Thiols mediate
plant responses to metal stress. Cysteine (Cys) supplies sulfur for glutathione (GSH) synthesis, while glutathione
supports redox buffering, antioxidant reactions, metal detoxification, and phytochelatin production. Evidence for
simultaneous foliar application of cysteine and glutathione under Cd-Pb stress in wheat grown in calcareous soil
remains limited. This study examined the effects of individual and combined thiol sprays on wheat growth, oxidative
damage, glutathione redox status, and Cd and Pb accumulation under Cd—Pb co-contamination.

Materials and Methods
A pot experiment was conducted in a greenhouse at the Faculty of Agriculture, Ferdowsi University of

Mashhad. Calcareous clay loam soil was collected from the 0-30 cm layer of agricultural land near Sabzevar,
Iran. Soil pH was 7.89 (1:2.5 soil:water), electrical conductivity 2.53 dS m™, organic matter 1.03%, and calcium
carbonate equivalent 24.55%. Diethylenetriaminepentaacetic acid (DTPA)-extractable Cd and Pb were 0.12 and
1.5 mg kg™, respectively, representing low background levels before contamination.

The experiment used a randomized design with five treatments and three replications (15 pots): control
without metals, sprayed with deionized water; heavy metals (HM), with 15 mg Cd kg™ soil and 300 mg Pb kg™
soil; HM+Cys, with 0.41 mM L-cysteine foliar spray; HM+GSH, with 2 mM reduced glutathione; and
HM+Cys+GSH, receiving 0.41 mM cysteine plus 2 mM glutathione. L-cysteine and reduced glutathione (>99%
purity) were obtained from Sigma—Aldrich.

Cadmium and Pb were added as Cd(NOs). and Pb(NOs): to 5 kg soil per pot. Nitrate input was identical
among contaminated treatments and considered a common HM component. Soils were mixed and incubated for
four weeks near field capacity before planting. Wheat seeds (Triticum aestivum L. cv. Falat) were disinfected in
5% sodium hypochlorite for 10 min, rinsed three times with deionized water, and sown in pots 23 cm in diameter
and 21.5 cm high. Eight seeds per pot were thinned to five plants after establishment. Foliar treatments were
applied at tillering, stem elongation, and booting; controls received equal volumes of deionized water.
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Plants were harvested about 70 days after sowing. Shoot dry biomass was measured after oven drying at 70
°C for 72 h. Total chlorophyll was determined in 80% acetone extracts at 663 and 645 nm following
Lichtenthaler (1987). Malondialdehyde (MDA) and Hydrogen peroxide (H-0:) were measured at 532 and 390
nm, respectively. Reduced glutathione and oxidized glutathione (GSSG) were assayed in 2% metaphosphoric
acid extracts using glutathione reductase, reduced nicotinamide adenine dinucleotide phosphate (NADPH), 5,5'-
dithiobis(2-nitrobenzoic acid) (DTNB), and 2-vinylpyridine; the GSH/GSSG ratio was used to assess redox
status.

Root and shoot samples were wet-digested with concentrated HNOs and H202, and Cd and Pb concentrations
were determined by flame atomic absorption spectrometry (AAS) (Analyst 800, PerkinElmer). Oxidative stress
index (OSI), total thiol pool, tolerance index, chlorophyll protection efficiency, and transfer factor were
calculated. Data were analyzed by one-way analysis of variance (ANOVA), and means were compared using
Duncan’s multiple range test.

Results and Discussion

Combined Cd and Pb stress substantially reduced wheat growth. Shoot dry biomass declined from 12.50 g
pot™' in the control to 7.10 g pot™ under HM, a 43% reduction. Total chlorophyll decreased from 2.10 to 1.10 mg
g! fresh weight (47%). All thiol treatments improved both traits. Shoot biomass reached 8.60, 9.60, and 11.00 g
pot! in HM+Cys, HM+GSH, and HM+Cys+GSH, respectively, while chlorophyll increased to 1.50, 1.70, and
1.90 mg g! fresh weight. Tolerance index and chlorophyll protection efficiency showed similar responses. The
combined treatment produced the highest values among metal-stressed plants, although neither trait fully reached
control values. Oxidative damage increased sharply under HM. MDA increased from 15.00 to 40.00 nmol g*
fresh weight, while H20: increased from 4.30 to 12.20 umol g fresh weight. Cysteine, glutathione, and their
combination reduced both indices. MDA concentrations were 32.00, 27.00, and 22.00 nmol g fresh weight in
HM+Cys, HM+GSH, and HM+Cys+GSH, respectively; corresponding H20: values were 9.20, 7.50, and 6.20
pmol g fresh weight. The OSI increased from 0.05 in the control to 0.37 under HM. Cysteine reduced it to
0.17, whereas glutathione alone and the combined treatment both reduced it to 0.10. Therefore, the combined
treatment did not exceed glutathione alone for this index, showing that treatment superiority differed among
traits.

Cd and Pb strongly affected glutathione redox status. GSH declined from 85.30 to 32.90 nmol mg™ protein
under HM, whereas GSSG increased from 15.20 to 31.00 nmol mg™! protein. Accordingly, the GSH/GSSG ratio
declined from 5.61 to 1.07. Thiol application improved redox status in all treated plants. HM+GSH produced the
highest GSH concentration, whereas HM+Cys+GSH produced the highest GSH/GSSG ratio. Under the
combined treatment, GSH reached 62.70 nmol mg™' protein, GSSG decreased to 10.50 nmol mg™' protein, and
the GSH/GSSG ratio reached 6.00. This ratio differed significantly from all stressed treatments but not from the
control, indicating near-control redox restoration. Thiols also reduced Cd and Pb accumulation. Under HM, Cd
concentrations were 19.0 mg kg™ in roots and 7.6 mg kg in shoots; under HM+Cys+GSH, they decreased to
10.4 and 4.0 mg kg™!, respectively. Root Pb declined from 25.5 to 12.5 mg kg™!, while shoot Pb declined from
9.8 to 5.5 mg kg'. Cysteine and glutathione alone also lowered both metals, although differences between
HM+GSH and HM+Cys+GSH for shoot Cd and Pb were often not significant. Transfer factors for Cd and Pb
remained below 0.5, indicating limited root-to-shoot translocation. Roots retained a substantial proportion of
absorbed metals, reducing but not eliminating accumulation in shoots.

Conclusion

Cd-Pb co-contamination reduced wheat shoot biomass and chlorophyll, increased MDA and H:0:, and
disrupted glutathione redox balance. Foliar cysteine and glutathione alleviated these effects. Their combined
application produced the strongest response for most growth, oxidative, redox, and tissue-metal traits, improving
biomass and chlorophyll, reducing oxidative damage, restoring GSH/GSSG to a control-comparable value, and
lowering Cd and Pb in roots and shoots. Transfer factors remained below 0.5, indicating limited root-to-shoot
translocation. Field validation and grain-metal measurements are required before recommending this treatment
for food production.
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Table 3- Comparison of the effects of various treatments on growth characteristics, photosynthetic pigments, and derived
indices of wheat
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Table 4- Comparison of the mean effects of different treatments on oxidative stress indices in wheat
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Figure 1- Changes in oxidized glutathione (GSSG) concentration (A), reduced glutathione (GSH) concentration (B), and
GSH/GSSG ratio (C) in wheat plants as affected by different treatments under heavy metal stress
Bars represent means of three replicates and vertical error bars indicate the standard error of the mean (n = 3). Different lowercase

letters above bars indicate significant differences among treatment means at P < 0.05; bars sharing at least one letter are not
significantly different. HM: combined heavy metal stress; Cys: cysteine; GSH: reduced glutathione
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Figure 2- Cadmium concentration in roots and shoots (A), lead concentration in roots and shoots (B), lead transfer factor (C),
and cadmium transfer factor (D) in wheat plants as affected by foliar application of cysteine and glutathione under combined
heavy metal stress
Bars represent means of three replicates and vertical error bars indicate the standard error of the mean (n = 3). Different lowercase
letters above bars indicate significant differences among treatment means at P < 0.05; bars sharing at least one letter are not

significantly different. ND: not detected; HM: combined heavy metal stress; Cys: cysteine; GSH: reduced glutathione; TF: transfer
factor.

9 9lnST ool GBI (sitegd laosSy) (alS s,
Al (Jord slajlasd AD pAS )3 (wS9d) SO o (Bl
ol slaymsls i )3 g WS ded oo b 1, Y] oyl
P cbles sle o 1) &b oy HM+Cys+GSH s

Ay plis i byl

8 5 4o

el eel, uS-“‘ SB Oy g eS8 lojer il
LA cage lojen g pAS (Giwgd )5 g Ay I gae

Gljles 13 934 +/Fe ply HM jlas 55 puedlS” il jguS18

o bl wdl uals «/YF 4 HM+GSH sHM+Cys
YA S 3 o JE) S sy +/YA 4 HM+Cys+GSH
2 /¥ g HM+GSH ;3 +/YY HM+Cys ;5 +/¥A & HM
2o sl TF ol plos (Y JSK3) ol puss HM+Cys+GSH
plul & adyy 5 JUisl o e lis 45 K3g /0 5 S 3B 4
2l el b B ady) 5 0392 390000 Bajlo den 3 olgs
oo ol @l cggecme > sl 03)S Wl ]y il ) plals
cél el Sal SB p opw g awedls plyy i a8 b olis



1PoB sl ¥ oylods o als (S g T ag i Yo F

2 adyy oyl S g bajles den > JUl oS 35 o0l
o Gl asge S0l Gt i ol @l i boarle
Jusl oS0l Bis g 38 peod il Sy il (alS Co
9 Ot plg5 (B Jsloe cgazre ;3 sl pAIS oS )3 390x0
olil BB g S5e Sfslensd dpnl) Su Gl |y 9slslS
PS 2 oy 5 oS plg (5 b el il (e
ool s ol e (sl el Sa] S 3 edbeaiS
o g by ol clale oy Sojlul «(dlas e slaginles]
dapsMgd wole olewdon 5 Jige Sloadls peitne
S8 g5 5 9sl pudplio b bije slampl el

sl ()98 I3l Jol 5

d)‘}i*"#*’

RV KW Ay NI TWE RO
ORI S g ls chle el (g plul edgicun
b il g STy Gl s il
slobw wad Jlos! (o316 ,lid &S oy i GSH/IGSSG cuws
sl 038 Jie (gl sy | olS Jlusl sl gl
) i i g3 53 5 s S kb
Py Jos cpgome o Ll S L 1y (53 (4 bl L]
ol i i 5 1y S Gy Ot 9SS+
IS ddg)ls clale g oxgicun; (b3l cn i sl cul Sl oL
9 MDA clald o) skl i kulyus o gbls gl ) )
it s b 1, GSHIGSSG s b, Jolis 4 |,GSSG
Py O g wpeedlS sddosaline clale pyiaS g b )S5L Jals
451 095bsl5 5 Ottt (55 e 35 CF olS slacdly

"\'QfM wg))ﬁ oK)y Lg)”lmf IXCEA ) )‘ ulf.}uuiy
S oo (12,38 losans ddgh ik (ol 5 Coles jslated

aon ol g o) bl cpoglhe mub clis yuin
il den o (S e85 las 5 SISy b asls
b les cpl colds ¢ plon plul o cljls cdale g golinsT oyl
329 b omen 395 )b 3l dod )3 2leiSh (19l

References

1.

10.

11.

Bolan, N., Srivastava, P., Rao, C.S., Satyanaraya, P., Anderson, G.C., Bolan, S., Nortjé, G.P., Kronenberg, R.,
Bardhan, S., & Abbott, L.K. (2023). Distribution, characteristics and management of calcareous soils. Advances
in Agronomy, 182, 81-130. https://doi.org/10.1016/bs.agron.2023.06.002

Bystricka, J., Kovarovic, J., Musilova, J., Arvay, J., & Harangozo, L. (2019). The quality of contamination of
agriculturally used soils by risky metals in southern Slovakia. International Multidisciplinary Scientific
GeoConference: SGEM, 19(3.2), 553-560. https://doi.org/10.5593/sgem2019/3.2/s13.072

Gee, G.W., & Bauder, J.W. (1986). Particle-size analysis In A. Klute (Ed.) 2nd ed. Methods of soil analysis: Part
1 Physical and mineralogical methods, 5, 383-411. https://doi.org/10.2136/sssabookser5.1.2ed.c15

Gheshlaghi, Z., & Kafi, M. (2026). Synergistic cysteine-glutathione foliar application enhances wheat tolerance to
cadmium-lead co-stress in calcareous soils: Mechanisms and phytoremediation implications. Plant Stress, Article
101234. https://doi.org/10.1016/j.stress.2026.101234

Griffith, O.W. (1980). Determination of glutathione and glutathione disulfide using glutathione reductase and 2-
vinylpyridine. Analytical biochemistry, 106(1), 207-212. https://doi.org/10.1016/0003-2697(80)90139-6

Gulsah, B., Faizan, M., Sultan, H., Alam, P., Albalawi, T., & Ahmad, S. (2025). Hormone—nanoparticle synergy:
co-application of melatonin and nano-biochar enhances soybean resilience to arsenic stress via modulation of
proline metabolism and oxidative stress markers. Plant Stress, 101026.
https://doi.org/10.1016/j.stress.2025.101026

Guo, M., Song, W., & Tian, J. (2020). Biochar-facilitated soil remediation: mechanisms and efficacy variations.
Frontiers in Environmental Science, 8, 521512. https://doi.org/10.3389/fenvs.2020.521512

Gupta, D.K., Vandenhove, H., & Inouhe, M. (2013). Role of phytochelatins in heavy metal stress and
detoxification mechanisms in plants In D. K. Gupta, F. J. Corpas, & J. M. Palma (Eds.). In Heavy metal stress in
plants (pp. 73-94). Springer. https://doi.org/10.1007/978-3-642-38469-1_4

Hassan, R.F., Jeber, F.J., & Kareem, F.T. (2025). Determination of some heavy metals concentrations in green
and yellow wheat crops from lraqi fields: A comparative analysis of heavy metal accumulation. Environmental
Monitoring and Assessment, 197(8), Article 522. https://doi.org/10.1007/s10661-025-13981-z

Heath, R.L., & Packer, L. (1968). Photoperoxidation in isolated chloroplasts: 1. Kinetics and stoichiometry of
fatty acid peroxidation. Archives of Biochemistry and Biophysics, 125(1), 189-198. https://doi.org/10.1016/0003-
9861(68)90654-1

Hosseinpoor, S., Habibi, S., & Mohammadi, A. (2024). Understanding heavy metal contamination in the vicinity
of Lake Urmia, NW Iran: Environmental and health Perspectives. Heliyon, 10(13). https://doi.org/10.1016/


https://doi.org/10.1016/bs.agron.2023.06.002
https://doi.org/10.5593/sgem2019/3.2/s13.072
https://doi.org/10.2136/sssabookser5.1.2ed.c15
https://doi.org/10.1016/j.stress.2026.101234
https://doi.org/10.1016/0003-2697(80)90139-6
https://doi.org/10.1016/j.stress.2025.101026
https://doi.org/10.3389/fenvs.2020.521512
https://doi.org/10.1007/978-3-642-38469-1_4
https://doi.org/10.1007/s10661-025-13981-z
https://doi.org/10.1016/0003-9861(68)90654-1
https://doi.org/10.1016/0003-9861(68)90654-1

¥y

ver pgrodlS 2oz g gudluumnsT| WT ol o OluS 5 (S0 S Jekxo 1 Jgl (ol g (SLLEI

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

j-heliyon.2024.e34198

Hothorn, M., Wachter, A., Gromes, R., Stuwe, T., Rausch, T., & Scheffzek, K. (2006). Structural basis for the
redox control of plant glutamate cysteine ligase. Journal of Biological Chemistry, 281(37), 27557-27565.
https://doi.org/10.1074/jbc.M602770200

Hua, Y.P., Chen, J.F., Zhou, T., Zhang, T.Y., Shen, D.D., Feng, Y.N., & Yue, C.P. (2022). Multiomics reveals an
essential role of long-distance translocation in regulating plant cadmium resistance and grain accumulation in
allohexaploid wheat (Triticum aestivum). Journal of Experimental Botany, 73(22), 7516-7537.
https://doi.org/10.1093/jxb/erac364

Jung, H.l., Lee, B.R., Chae, M.J.,, Lee, E.J.,, Lee, T.G., Jung, G.B., Kim, M.S., & Lee, J. (2020). Ascorbate-
mediated modulation of cadmium stress responses: Reactive oxygen species and redox status in Brassica napus.
Front Plant Science, 11, 586547. https://doi.org/10.3389/fpls.2020.586547

Kang, Y., Qin, H., Wang, G., Lei, B., Yang, X., & Zhong, M. (2024). Selenium nanoparticles mitigate cadmium
stress in tomato through enhanced accumulation and transport of sulfate/selenite and polyamines. Journal of
Agricultural and Food Chemistry, 72(3), 1473-1486. https://doi.org/10.1021/acs.jafc.3c07504

Kopylova, V.S., Boronovskiy, S.E., Nartsissov, Y.R. (2023). Simulation modeling of glutamate cysteine ligase
activity. Biophysics (Russian Federation). https://doi.org/10.1134/S0006350923020100

Li, H., Li, Z,, Huang, L., Mao, X., Dong, Y., Fu, S., Su, R., Chang, Y., & Zhang, C. (2023). Environmental
factors influence the effects of biochar on the bioavailability of Cd and Pb in soil under flooding condition.
Water, Air, & Soil Pollution, 234(2), 100. https://doi.org/10.1007/s11270-023-06130-0

Lichtenthaler, H.K. (1987). Chlorophylls and carotenoids: pigments of photosynthetic biomembranes. In Methods
in Enzymology, (148), 350-382. Elsevier. https://doi.org/10.1016/0076-6879(87)48036-1

Liu, W, Liu, J., Yang, K., Zhou, Y., Yang, F., Li, C., & Xiong, S. (2025). Insights into the SULTR gene family
of Solanum americanum: Genome-wide identification, expression profiling, and functional response to cadmium
stress. Plant Stress, 18, 101003. https://doi.org/10.1016/j.stress.2025.101003

Lu, Y., Wang, Q. F., Li, J., Xiong, J., Zhou, L.N., He, S.L., Zhang, J.Q., Chen, Z.A., He, S.G., & Liu, H. (2019).
Effects of exogenous sulfur on alleviating cadmium stress in tartary buckwheat. Scientific Reports, 9(1), Article
7397. https://doi.org/10.1038/s41598-019-43901-4

Marques, D.N., Thiengo, C.C., & Azevedo, R.A. (2025). Phytochelatins and cadmium mitigation: Harnessing
genetic avenues for plant functional manipulation. International Journal of Molecular Sciences, 26(10), 4767.
https://doi.org/10.3390/ijms26104767

Rai, G.K., Kumar, P., Choudhary, S.M., Singh, H., Adab, K., Kosser, R., Magotra, I., Kumar, R.R., Singh, M.,
Sharma, R., Corrado, G., & Rouphael, Y. (2023). Antioxidant potential of glutathione and crosstalk with
phytohormones in enhancing abiotic stress tolerance in crop plants. Plants, 12(5), 1133.
https://doi.org/10.3390/plants12051133

Reynolds, H.L. (1989). Association of official analytical chemists: 1964-1988. Reviews of Environmental
Contamination and Toxicology: Continuation of Residue Reviews, 109-136. https://doi.org/10.1007/978-1-4684-
7086-4_3

Saleem, A., Ur Rahim, H., Khan, U., Irfan, M., Akbar, W., Akbar, Z., & Alatalo, J. (2023). Organic materials
amendments can improve NPK availability and maize growth by reducing heavy metals stress in calcareous soil.
International Journal of Environmental Science and Technology, 21(3), 2533-2546. https://doi.org/10.1007/
§13762-023-05135-w

Shang, H., Li, Y., Zhang, Y., Hou, J., Zhao, X., Xu, X., Wu, L., & Li, Q. (2024). Biosynthesized selenium
nanoparticles as an effective tool to combat soil metal stresses in rice (Oryza sativa L.). ACS Nano, 18(11), 8432—
8447. https://doi.org/10.1021/acsnano.3¢10888

Six, L., & Smolders, E. (2014). Future trends in soil cadmium concentration under current cadmium fluxes to
European agricultural soils. Science of the Total Environment, 485, 319-328. https://doi.org/10.1016/j.scitotenv.
2014.03.109

Sun, X., & Yang, Z. (2006). Plant sulfate assimilation and regulation of the activity of related enzymes under
cadmium stress. Zhi wu Sheng li yu fen zi Sheng wu xue xue bao= Journal of Plant Physiology and Molecular
Biology, 32(1), 9-16.

Taghavi, M., Darvishiyan, M., Momeni, M., Eslami, H., Fallahzadeh, R.A., & Zarei, A. (2023). Ecological risk
assessment of trace elements (TEs) pollution and human health risk exposure in agricultural soils used for saffron
cultivation. Scientific Reports, 13(1), 4556. https://doi.org/10.1038/s41598-023-31681-x

Uchimiya, M., Lima, .M., Klasson, K.T., & Wartelle, L.H. (2010). Contaminant immobilization and nutrient
release by biochar soil amendment: roles of natural organic matter. Chemosphere, 80(8), 935-940.
https://doi.org/10.1016/j.chemosphere.2010.05.020

Vanbuel, 1., Iven, V., Depaepe, T., Heleven, M., Jozefczak, M., Smeets, K., Hernandez, L.E., Prinsen, E., Van
Der Straeten, D., Hendrix, S., & Cuypers, A. (2025). Cadmium-induced ER stress, autophagy and ethylene
biosynthesis in leaves and roots of Arabidopsis thaliana and their dependence on stress intensity. Plant Stress, 18,


https://doi.org/10.1074/jbc.M602770200
https://doi.org/10.1093/jxb/erac364
https://doi.org/10.3389/fpls.2020.586547
https://doi.org/10.1021/acs.jafc.3c07504
https://doi.org/10.1134/S0006350923020100
https://doi.org/10.1007/s11270-023-06130-0
https://doi.org/10.1016/0076-6879(87)48036-1
https://doi.org/10.1016/j.stress.2025.101003
https://doi.org/10.1038/s41598-019-43901-4
https://doi.org/10.3390/ijms26104767
https://doi.org/10.3390/plants12051133
https://doi.org/10.1007/978-1-4684-7086-4_3
https://doi.org/10.1007/978-1-4684-7086-4_3
https://doi.org/10.1007/s13762-023-05135-w
https://doi.org/10.1007/s13762-023-05135-w
https://doi.org/10.1021/acsnano.3c10888
https://doi.org/10.1038/s41598-023-31681-x
https://doi.org/10.1016/j.chemosphere.2010.05.020

Vo0 sl ¥ oylods Fo als (S g T ag i YA

31.
32.

33.

100996. https://doi.org/10.1016/j.stress.2025.100996

Westerman, R.L. (1990). Soil testing and plant analysis.

Wu, C., Zhang, J., Chen, M., Liu, J., & Tang, Y. (2024). Characterization of a Nicotiana tabacum phytochelatin
synthase 1 and its response to cadmium stress. Frontiers in Plant Science, 15, Article 1418762. https://doi.org/
10.3389/fpls.2024.1418762

Zhang, H., Forman, H. J., & Choi, J. (2005). y-Glutamyl transpeptidase in glutathione biosynthesis. Methods in
enzymology, 401, 468-483. https://doi.org/10.1016/S0076-6879(05)01028-1


https://doi.org/10.1016/j.stress.2025.100996
https://doi.org/10.1016/S0076-6879(05)01028-1

