
The rapid development of cities and modern in-
dustry has brought many environmental problems, 
among which heavy metal pollution has become 
a widely concerned environmental issue. Excess 
heavy metals pollute water and soil and further in-
duce plant stress, thereby inhibiting growth and 
production, especially for food crops. It has been 
documented that many heavy metals could induce 
stress to wheat crops, such as cadmium (Cd) (Hussain 
et al. 2022), mercury (Hg) (Ibrahim et al. 2022), 
chromium (Cr) (Rafique et al. 2022), copper (Cu) 
(Alshegaihi et al. 2023) and lead (Pb) (Perveen et al. 
2022). Among these heavy metals, Cd usually causes 
excessive production and massive accumulation of 
reactive oxygen species (ROS), thereby inducing 
plant peroxide damage. In this way, Cd breaks plant 

redox homeostasis and inhibits growth. Fortunately, 
plants can adapt the antioxidant system to keep 
ROS at a low level. Thus, plants can maintain redox 
homeostasis by employing the antioxidant system to 
relieve the toxic influence of Cd. As reported, the 
antioxidant defence system contained enzymatic and 
non-enzymatic antioxidants (Mir et al. 2022, Gao et 
al. 2024). Ascorbic acid (AsA) and glutathione (GSH) 
are two non-enzymatic antioxidants and display an 
important part in keeping the redox homeostasis, 
thereby protecting plants against the peroxide dam-
age caused by various environmental stresses (Zhu 
et al. 2021, Zhao et al. 2023). Plants may modulate 
AsA and GSH contents by controlling their recycling 
and biosynthetic metabolism (Zhu et al. 2021, Zhao 
et al. 2023). In plants, AsA biosynthesis is mainly 
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through the l-galactose pathway. In this pathway, 
l-galactono-1,4-lactone dehydrogenase (GalLDH) is 
the key enzyme (Zhu et al. 2021, Zhao et al. 2023). 
Gamma-glutamylcysteine synthetase (γ-ECS) is the 
key enzyme of GSH biosynthesis (Zhu et al. 2021, 
Zhao et al. 2023). The ascorbate-glutathione (AsA-
GSH) cycle is responsible for the metabolism of AsA 
and GSH recycling. The operation of this cycle is 
controlled by four enzymes, namely ascorbate per-
oxidase (APX), dehydroascorbate reductase (DHAR), 
monodehydroascorbate reductase (MDHAR) and glu-
tathione reductase (GR). Many exogenous substances 
have been proven to control AsA and GSH contents 
through recycling and biosynthetic metabolism under 
stress (Khan 2023, Zhao et al. 2023). For Cd stress, 
Kaushik et al. (2024) clarified that methyl jasmonate 
(Me-JA) could improve AsA and GSH contents by 
promoting the AsA-GSH cycle in Cd-stressed pigeon 
peas. Zhu et al. (2021) showed that rare earth ele-
ment praseodymium (Pr) mitigated maize Cd toxicity 
by improving AsA and GSH contents through their 
recycling and biosynthetic pathways. The research 
mentioned above manifested that we may use cor-
responding exogenous substances to improve AsA 
and GSH contents through their regeneration and 
biosynthesis, thereby reinforcing plant Cd tolerance.

Poly-glutamic acid (PGA), also known as natto gum, 
is usually obtained through microbial fermentation. 
It has many advantages, such as water solubility, 
biodegradability, non-toxicity and environmental 
friendliness. As reported, PGA played important roles 
in chelating heavy metal elements, improving soil 
physical and chemical properties, fertiliser utilisa-
tion efficiency and stress tolerance, and promoting 
crop growth, yield and quality (Wang et al. 2023). 
PGA also improved plant tolerance under various 
stresses, such as salt, cold and drought stresses (Xu 
et al. 2017, Skalski et al. 2024). However, whether or 
not PGA enhances plant Cd tolerance by controlling 
AsA and GSH metabolism is unknown. Therefore, 
it is interesting to carry out this part of the work. 
Besides, the photosynthetic performance and growth 
can directly reflect the response of plants to stresses. 
Accordingly, it is interesting to look into PGA action 
in modulating plant photosynthetic performance and 
growth when exposed to Cd. From the above two 
aspects, we may add new useful and deep knowledge 
for PGA action in modulating plant Cd tolerance.

In this study, we explored the influence of PGA on 
enzymes in AsA and GSH metabolism, AsA and GSH 
contents and their redox status, malondialdehyde 

(MDA) content, electrolyte leakage (EL), photo-
synthetic performance indicators, Cd accumulation 
and growth indicators of wheat plants exposed to 
Cd stress. We simultaneously aimed to elucidate 
a more theoretical foundation for PGA application in 
the agricultural management of wheat crops exposed 
to Cd-contaminated soil.

MATERIAL AND METHODS

Plant material and treatments. Wheat seeds of 
cv. Yuanfeng16 were germinated and cultivated in 
a plant growth chamber with controllable tempera-
ture, humidity and lighting. In the plant growth 
chamber, the temperature, relative humidity, light 
intensity, and photoperiod were respectively set as 
25/15 °C (day/night), 60%, 500 µmol/m2/s and 12-h. 
After wheat plants fully unfolded their second leaves, 
they were cultivated by using hydroponic methods. 
Seedlings were transferred into 1 000 mL half-strength 
Hoagland’s nutrient solution by immersing their roots 
in the nutrient solution, and the roots were kept in 
the dark. The nutrient solution was changed once 
a day. After the 3rd leaves had fully unfolded, wheat 
plants were used to explore the influence of Cd and 
PGA on AsA and GSH metabolism, photosynthetic 
performance, and growth.

Appropriate Cd concentration was chosen from 
four concentrations (25, 50, 75 and 100 mg/L CdCl2). 
After 10 days of Cd treatment, plants treated with 
25 mg/L CdCl2 presented no obvious wilting symp-
toms, and those exposed to 50 mg/L CdCl2 presented 
only slight wilting symptoms. However, the plants 
exposed to 75 and 100 mg/L CdCl2 presented ob-
vious wilting symptoms. Thus, we chose 50 mg/L 
CdCl2 as the appropriate treatment concentration. 
All plants were transferred into beakers containing 
500 mL 50 mg/L CdCl2 by immersing their roots in 
the solution, and their roots were kept in the dark. 
The period of Cd treatment was 10 days. To study the 
effects of PGA, plants were exposed to 0.1, 0.3 and 
0.6% PGA for 12 h and followed by 50 mg/L CdCl2 
or the nutrient solution for 10 days. Control plants 
were exposed to the nutrient solution alone. After 
5 days of Cd treatment, the 3rd leaves were sampled 
and kept in a –80 °C refrigerator. The above samples 
were then used to analyse physiological and biochemi-
cal indicators. After 10 days of Cd treatment, growth 
indicators and Cd accumulation were analysed.

Analysis of APX, GR, DHAR and MDHAR. The 
crude enzyme solution was extracted using Shan and 
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Liang’s method (2010). The activities of APX, GR, 
MDHAR and DHAR were respectively measured 
following the method of Nakano and Asada (1981), 
Grace and Logan (1996), Miyake and Asada (1992) 
and Dalton et al. (1986). For APX, the wavelength 
used to measure the absorbance was 290 nm. For 
GR, the wavelength used to measure the absorbance 
was 340 nm. For MDHAR, the wavelength used to 
measure the absorbance was 340 nm. For DHAR, 
the wavelength was used to measure the absorb-
ance. The specific activities of these enzymes were 
all expressed as U/g fresh weight (FW).

Analysis of GalLDH and γ-ECS. For GalLDH 
analysis, samples were homogenised in potassium 
phosphate buffer (pH 7.4) and then centrifuged at 
300 g for 10 min at 2 °C. The supernatant was cen-
trifuged at 10 000 g for 20 min at 2 °C. The sediment 
was suspended in the above buffer and then used to 
measure GalLDH activity following the method of 
Shan and Liang (2010). The absorbance at 550 nm 
was recorded. For γ-ECS analysis, samples were ho-
mogenised in HCl and then centrifuged at 20 000 g 
for 10 min at 2 °C. The supernatant was then used 
to measure γ-ECS activity following the method of 
Shan and Liang (2010). The specific activities of the 
above enzymes were expressed as U/g FW.

Analysis of AsA and GSH contents and their 
redox status. AsA and DHA were detected following 
the method of Hodges et al. (1996). AsA redox status 
was expressed as the ratio of AsA/DHA. GSSG and 
GSH were detected using Griffith’s method (1980). 
GSH redox status was expressed as the ratio of GSH/
GSSG.

Analysis of MDA and EL. MDA content and EL 
were respectively measured following the Hodges et 
al. (1999) and Zhao et al. (2004) method. For MDA 
analysis, samples were homogenised with phos-
phate buffer solution (pH 7.8) and then centrifugated 
at 12 000 × g for 10 min at 4 °C. The supernatant 
was used to determine MDA content by recording 
the absorbances at 532, 600, and 450 nm. For EL 
analysis, 20 discs of fresh leaves were submerged in 
20 mL of deionised water at 25 °C for 3 h. Then, the 
electrical conductivity was measured and recorded 
as L0. After boiling, the electrical conductivity was 
measured and recorded as L1. EL was calculated as 
the percentage of L0 to L1.

Analysis of photosynthetic performance. The 
SPAD value was measured through SPAD-502 plus 
chlorophyll meter (Konica Minolta, Tokyo, Japan). 
Pn was measured through a photosynthesis system 

(LI-COR 6400, Lincoln, USA). Fv/Fm, qP, qN and ΦPSII 
were measured and recorded using a Yaxin-1161G 
fluorometer (Yaxin, China). Pn, Fv/Fm, qP, qN and 
ΦPSII were all determined from 10:00 to 11:30 A.M.

Analysis of wheat height and biomass. After 10 days 
of Cd treatment, the height was measured using 
a plastic meter ruler with a measuring range of 100 cm. 
The drying method was used to measure wheat bio-
mass. After 10 days of Cd treatment, each seedling 
was harvested, weighed, and placed in an 80 °C oven 
for 72 h. Finally, the dry biomass was weighed and 
recorded.

Measurement of Cd accumulation. Cd accumula-
tion in both leaves and roots was measured according 
to Xu et al. (2011). Firstly, 10 mmol/L EDTA was 
used to wash all samples to remove metals from 
their surface. Then, the above samples were placed in 
a 70 °C drying oven to be dried until they reached 
a constant weight. Dry samples were then digested 
with 3 : 1 HNO3/HClO4 at 95 °C. The digested resi-
due was dissolved in 0.7 mL 1 mol/L HCl and then 
diluted by distilled water to 10 mL. Then, Cd content 
was analysed through the flame atomic absorbance 
spectrometry (Hitachi 180-80, Tokyo, Japan).

Statistical analysis. The results are presented 
as the mean of three replications. Excel software 
(Washington, USA) was used to organise data and 
draw tables and figures. SPSS software (Chicago, USA) 
was used to compare means by one-way analysis of 
variance and Duncan’s test at the 5% significance level.

RESULTS

Influence of PGA on enzymes responsible for AsA 
and GSH metabolism. Cd and PGA alone all signifi-
cantly improved APX, GR, DHAR, MDHAR, GalLDH 
and γ-ECS activities than the control (Table 1). 
Comparatively, PGA plus Cd significantly increased 
these enzyme activities more than Cd treatment alone. 
In comparison with Cd treatment, 0.1% PGA plus 
Cd improved APX, GR, DHAR, MDHAR, GalLDH 
and γ-ECS activities by 29.4, 20.6, 22.0, 26.1, 25.3 
and 20.9%, respectively. The application of 0.3% PGA 
plus Cd stress increased APX, GR, DHAR, MDHAR, 
GalLDH and γ-ECS activities by 63.5, 48.1, 65.4, 50.0, 
56.6 and 54.5%, respectively. The application of 0.6% 
PGA plus Cd increased APX, GR, DHAR, MDHAR, 
GalLDH and γ-ECS activities by 72.6, 53.4, 76.1, 61.1, 
66.3 and 65.5%, respectively. However, there is no 
significant difference between 0.3% and 0.6% PGA 
in strengthening the above enzymes. The research 
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above demonstrated that PGA enhanced AsA and 
GSH metabolism by strengthening the above enzymes 
responsible for their regeneration and biosynthesis 
under Cd stress.

Influence of PGA on AsA and GSH contents and 
their redox status. Cd alone significantly improved 
AsA and GSH contents but decreased the value of 
their redox status (Table 2). While, PGA alone sig-
nificantly improved these indicators. Comparatively, 
PGA plus Cd also significantly improved these in-
dicators compared to Cd alone. Compared to Cd 
treatment, 0.1% PGA plus Cd improved AsA and 

GSH contents, AsA/DHA and GSH/GSSG by 23.1, 
22.7, 7.1 and 8.0%, respectively. The application of 
0.3% PGA plus Cd stress improved AsA and GSH 
contents, AsA/DHA and GSH/GSSG by 54.5, 66.7, 
20.2 and 19.3%, respectively. The application of 0.6% 
PGA plus Cd stress, respectively, improved AsA and 
GSH contents, AsA/DHA and GSH/GSSG by 58.6, 
79.3, 22.6 and 20.5%. However, there is no significant 
difference between 0.3% and 0.6% PGA in increasing 
these indicators. These results demonstrated that 
PGA improved AsA and GSH contents and kept the 
redox homeostasis of Cd-stressed seedlings.

Table 1. Influence of poly-glutamic acid (PGA) on enzymes responsible for ascorbic acid (AsA) and glutathione 
(GSH) metabolism

Treatment
APX GR DHAR MDHAR GalLDH γ-ECS

(U/g FW)
Control 1.64 ± 0.08d 1.33 ± 0.06e 1.00 ± 0.05e 1.26 ± 0.06e 1.57 ± 0.12c 2.10 ± 0.11c

0.1% PGA 1.90 ± 0.08c 1.67 ± 0.08d 1.34 ± 0.07d 1.50 ± 0.07d 1.87 ± 0.09b 2.40 ± 0.12b

0.3% PGA 2.48 ± 0.12b 2.24 ± 0.11b 1.88 ± 0.09b 1.85 ± 0.09c 2.30 ± 0.12a 2.85 ± 0.14a

0.6% PGA 2.60 ± 0.10b 2.36 ± 0.09b 1.97 ± 0.08b 2.02 ± 0.10c 2.45 ± 0.10a 3.00 ± 0.12a

Cadmuim (Cd) 1.97 ± 0.09c 1.89 ± 0.09c 1.59 ± 0.06c 1.80 ± 0.08c 0.83 ± 0.04f 1.10 ± 0.06f

0.1% PGA + Cd 2.55 ± 0.12b 2.28 ± 0.10b 1.94 ± 0.08b 2.27 ± 0.10b 1.04 ± 0.05e 1.33 ± 0.06e

0.3% PGA + Cd 3.22 ± 0.15a 2.80 ± 0.14a 2.63 ± 0.13a 2.70 ± 0.14a 1.30 ± 0.06d 1.70 ± 0.08d

0.6% PGA + Cd 3.40 ± 0.14a 2.90 ± 0.12a 2.80 ± 0.11a 2.90 ± 0.12a 1.38 ± 0.06d 1.82 ± 0.07d

Seedlings were treated as below: control – half-strength Hoagland’s solution; 0.1%PGA; 0.3%PGA; 0.6%PGA; Cd, 50 mg/L 
CdCl2; 0.1%PGA + Cd, 0.1% PGA + CdCl2; 0.3% PGA + Cd, 0.3% PGA + CdCl2; 0.6% PGA + Cd, 0.6% PGA + CdCl2. The 
seedlings were exposed to PGA for 12 h, and followed by 50 mg/L CdCl2 or the nutrient solution for 5 days. APX – ascorbate 
peroxidase; GR – glutathione reductase; DHAR – dehydroascorbate reductases; MDHAR – monodehydroascorbate reduc-
tase; GalLDH – l-galactono-1,4-lactone dehydrogenase; γ-ECS – gamma-glutamylcysteine synthetase; FW – fresh weight

Table 2. Influence of poly-glutamic acid (PGA) on ascorbic acid (AsA) and glutathione (GSH) contents and their 
redox status

Treatment
AsA GSH

AsA/DHA GSH/GSSG
(µmol/g FW)

Control 2.10 ± 0.10e 1.03 ± 0.05e 23.0 ± 1.10b 24.1 ± 1.22b

0.1% PGA 2.41 ± 0.12d 1.35 ± 0.07d 24.2 ± 1.14ab 25.0 ± 1.20ab

0.3% PGA 2.86 ± 0.13c 1.80 ± 0.09b 26.0 ± 1.33a 27.0 ± 1.30a

0.6% PGA 3.00 ± 0.11c 1.92 ± 0.08b 26.5 ± 1.25a 27.3 ± 1.33a

Cadmium (Cd) 2.90 ± 0.15c 1.50 ± 0.07c 16.8 ± 0.82d 17.6 ± 0.80d

0.1% PGA + Cd 3.57 ± 0.17b 1.84 ± 0.08b 18.0 ± 0.90d 19.0 ± 0.90d

0.3% PGA + Cd 4.48 ± 0.22a 2.50 ± 0.13a 20.2 ± 1.00c 21.0 ± 1.00c

0.6% PGA + Cd 4.60 ± 0.20a 2.69 ± 0.10a 20.6 ± 0.88c 21.2 ± 0.95c

Seedlings were treated as below: control – half-strength Hoagland’s solution; 0.1%PGA; 0.3%PGA; 0.6%PGA; Cd, 
50 mg/L CdCl2; 0.1%PGA + Cd, 0.1% PGA + CdCl2; 0.3% PGA + Cd, 0.3% PGA + CdCl2; 0.6% PGA + Cd, 0.6% PGA + CdCl2. 
The seedlings were exposed to PGA for 12 h, and followed by 50 mg/L CdCl2 or the nutrient solution for 5 days. DHA – 
dehydroascorbic acid; GSSG – oxidised glutathione; FW – fresh weight
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Influence of PGA on MDA and EL. Compared to 
control, Cd alone significantly improved MDA and 
EL levels (Figure 1). While, PGA alone significantly 
decreased these indicators. Comparatively, PGA plus 
Cd significantly reduced MDA and EL levels than Cd 
alone. Compared to Cd treatment, 0.1% PGA plus 
Cd, respectively, decreased MDA and EL levels by 
21.1% and 15.0%. The application of 0.3% PGA plus 
Cd, respectively, decreased MDA and EL levels by 
32.5% and 34.0%. The application of 0.6% PGA plus 
Cd decreased MDA and EL levels by 35.0% and 38.0%, 
respectively. However, there is no significant difference 

between 0.3% and 0.6% PGA in decreasing the levels 
of MDA and EL. The above findings demonstrated 
that PGA played an important role in enhancing the 
tolerance of wheat plants to Cd toxicity.

Influence of PGA on the photosynthetic perfor-
mance. Compared to the control, Cd alone remarkably 
increased qN and reduced SPAD value, Pn, Fv/Fm, qP 
and ΦPSII (Table 3). While, PGA alone remarkably in-
creased these indicators. Comparatively, PGA plus Cd 
also significantly increased these indicators more than 
Cd alone. Compared to Cd treatment, 0.1% PGA plus 
Cd increased SPAD value, Pn, Fv/Fm, qP, qN and ΦPSII 

Table 3. Influence of poly-glutamic acid (PGA) on wheat photosynthetic performance

Treatment SPAD value Pn (µmol/m2/s) Fv/Fm qP qN ΦPSII

Control 31.5 ± 1.24b 15.8 ± 0.70b 0.78 ± 0.03b 0.50 ± 0.02b 0.24 ± 0.01e 0.40 ± 0.02b

0.1% PGA 33.0 ± 1.30b 17.0 ± 0.81b 0.80 ± 0.03ab 0.53 ± 0.02b 0.26 ± 0.01d 0.42 ± 0.02b

0.3% PGA 35.8 ± 1.43a 18.8 ± 0.90a 0.84 ± 0.03a 0.57 ± 0.02a 0.29 ± 0.01c 0.47 ± 0.02a

0.6% PGA 36.3 ± 1.35a 19.3 ± 0.87a 0.86 ± 0.03a 0.59 ± 0.02a 0.31 ± 0.01b 0.49 ± 0.02a

Cadmium (Cd) 22.4 ± 1.08d 10.0 ± 0.55e 0.55 ± 0.02e 0.36 ± 0.01e 0.31 ± 0.01b 0.29 ± 0.01e

0.1% PGA + Cd 24.3 ± 1.13d 11.6 ± 0.52d 0.60 ± 0.02d 0.40 ± 0.02d 0.32 ± 0.01b 0.32 ± 0.01d

0.3% PGA + Cd 26.9 ± 1.24c 13.2 ± 0.60c 0.67 ± 0.03c 0.45 ± 0.02c 0.36 ± 0.02a 0.35 ± 0.01c

0.6% PGA + Cd 27.7 ± 1.15c 13.8 ± 0.60c 0.68 ± 0.02c 0.46 ± 0.02c 0.37 ± 0.02a 0.36 ± 0.01c

Seedlings were treated as below: control – half-strength Hoagland’s solution; 0.1%PGA; 0.3%PGA; 0.6%PGA; Cd, 
50 mg/L CdCl2; 0.1%PGA + Cd, 0.1% PGA + CdCl2; 0.3% PGA + Cd, 0.3% PGA + CdCl2; 0.6% PGA + Cd, 0.6% PGA + 
CdCl2. The seedlings were exposed to PGA for 12 h, and then followed by 50 mg/L CdCl2 or the nutrient solu-
tion for 5 days. SPAD – soil and plant analyser development; Pn – photosynthetic rate; Fv/Fm – maximum photo-
chemical efficiency of photosystem II (PSII); qP – photochemical quenching; qN – nonphotochemical quenching; 
ΦPSII – quantum efficiency of PSII photochemistry

Figure 1. Influence of poly-glutam-
ic acid (PGA) on malondialdehyde 
(MDA) and electrolyte leakage 
(EL) levels. Seedlings were treated 
as below: control – half-strength 
Hoagland’s solution; 0.1%PGA; 
0.3%PGA; 0.6%PGA; Cd, 50 mg/L 
CdCl2;  0 .1%PGA + Cd,  0 .1% 
P G A  +  C d C l 2;  0 . 3 %  P G A  + 
Cd, 0.3% PGA + CdCl2; 0.6% PGA + 
Cd, 0.6% PGA + CdCl2. The seed-
lings were exposed to PGA for 12 h, 
and followed by 50 mg/L CdCl2 or 
the nutrient solution for 5 days. 
FW – fresh weight
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by 8.5, 16.0, 9.1, 11.1, 3.2 and 10.3%, respectively. The 
application of 0.3% PGA plus Cd stress increased SPAD 
value, Pn, Fv/Fm, qP, qN and ΦPSII by 20.1, 32.0, 21.8, 
25.0, 16.1 and 20.7%, respectively. The application of 
0.6% PGA plus Cd stress respectively increased SPAD 
value, Pn, Fv/Fm, qP, qN and ΦPSII by 23.7, 38.0, 23.6, 
27.8, 19.4 and 24.1%. However, there is no significant 
difference between 0.3% and 0.6% PGA in increasing 
the abovementioned indicators. The above findings 
demonstrated that PGA also improved wheat photo-
synthetic performance when exposed to Cd.

Influence of PGA on Cd accumulation.  Cd 
alone significantly promoted Cd accumulation in 
leaves and roots compared to the control (Figure 2). 

Comparatively, PGA plus Cd significantly reduced 
Cd accumulation more than Cd alone. Compared to 
Cd treatment, the application of 0.1% PGA plus Cd 
stress reduced Cd accumulation in leaves and roots 
by 22.5% and 25.6%, respectively. The application 
of 0.3% PGA plus Cd stress, respectively, decreased 
Cd accumulation in leaves and roots by 43.3% and 
49.1%. The application of 0.6% PGA plus Cd stress, 
respectively, decreased Cd accumulation in leaves 
and roots by 48.8% and 53.2%. However, there is 
no significant difference between 0.3% and 0.6% 
PGA in decreasing Cd accumulation in roots. The 
abovementioned research demonstrated that PGA 
prevented wheat Cd uptake under Cd stress.

Figure 2. Influence of poly-glu-
tamic acid (PGA) on cadmium 
(Cd) accumulation.Seedlings 
were treated as below: control – 
half-strength Hoagland’s so-
lut ion;  0 .1%P GA;  0 .3%P GA; 
0.6%PGA; Cd, 50 mg/L CdCl2; 
0 .1%PGA + Cd,  0.1% PGA + 
CdCl2;  0.3% PGA + Cd, 0.3% 
PGA + CdCl2; 0.6% PGA + Cd, 
0.6% PGA + CdCl2. The seedlings 
were exposed to PGA for 12 h, 
and followed by 50 mg/L CdCl2 or 
the nutrient solution for 10 days. 
DW – dry weight

Figure 3. Influence of poly-glutam-
ic acid (PGA) on wheat height and 
biomass. Seedlings were treated 
as below: control – half-strength 
Hoagland’s solution; 0.1%PGA; 
0.3%PGA; 0.6%PGA; Cd, 50 mg/L 
CdCl2;  0 .1%PGA + Cd,  0 .1% 
P G A  +  C d C l 2;  0 . 3 %  P G A  + 
Cd, 0.3% PGA + CdCl2;  0.6% 
PGA + Cd, 0.6% PGA + CdCl2. 
The seedlings were exposed to 
PGA for 12 h, and followed by 
50 mg/L CdCl2 or the nutrient 
solution for 10 days
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Influence of PGA on plant height and biomass. 
Compared to the control, Cd alone remarkably re-
duced the height and biomass (Figure 3). While, 
PGA treatment alone remarkably increased these 
indicators. Comparatively, PGA plus Cd signifi-
cantly improved these growth parameters more than 
Cd alone. Compared with Cd treatment, 0.1% PGA 
plus Cd stress improved the height and biomass by 
10.0% and 11.2%, respectively. The application of 
0.3% PGA plus Cd, respectively, improved the height 
and biomass by 20.0% and 17.5%. The application of 
0.6% PGA plus Cd, respectively, improved the height 
and biomass by 22.6.0% and 21.0%. However, there 
is no significant difference between 0.3% and 0.6% 
PGA in improving wheat height and biomass. These 
findings once more demonstrated that PGA played 
an important role in enhancing wheat Cd tolerance.

DISCUSSION

Cd stress-induced membrane lipid peroxidation 
in plants, such as cabbage, rapeseed, wheat and 
maize (Wang et al. 2021, Hussain et al. 2022, Jia et 
al. 2023, Nie et al. 2023). The level of the membrane 
lipid peroxidation can be evaluated by MDA and EL 
levels. The present study displayed that MDA and 
EL levels of wheat plants were increased after Cd 
exposure. As reported, exogenous substances could 
protect wheat plants against Cd stress, such as zea-
tin, silymarin, isosteviol, boron and biochar (Zhang 
and Gao 2021, Ali et al. 2022, Hussain et al. 2022). 
However, it is unclear whether or not PGA affects 
AsA and GSH metabolism after Cd exposure. The 
current research demonstrated that PGA strength-
ened AsA and GSH metabolism through enzymes 
responsible for their regeneration and biosynthesis, 
thereby reducing MDA and EL levels of wheat plants 
after Cd exposure. These findings are an important 
novel in this study.

As an important antioxidant, AsA plays a vital role 
in controlling peroxide damage in plants under stress 
(Wu et al. 2024). AsA content is usually regulated 
by GalLDH, DHAR, MDHAR and APX. Shan et al. 
(2024) clarified that PGA strengthened APX activity 
and increased AsA content in the leaves of Salvia 
miltiorrhiza. The current study uncovered that PGA 
also strengthened APX activity and increased AsA 
content, which was consistent with Shan et al. (2024). 
Additionally, the present study manifested that PGA 
could enhance DHAR, MDHAR and GalLDH activities 
of Cd-stressed plants. At the same time, we found 

that PGA plus Cd also increased the AsA/DHA ra-
tio. Therefore, current research demonstrated that 
PGA regulated AsA regeneration via APX, MDHAR 
and DHAR and modulated AsA biosynthesis via 
GalLDH in Cd-stressed wheat seedlings. This way, 
PGA enhanced AsA metabolism and the ability to 
scanvage ROS hydrogen peroxide, thereby increasing 
AsA/DHA ratio and keeping the redox homeostasis.

GSH is also an important antioxidant in control-
ling the peroxide damage at low level under stresses 
(Rai et al. 2023). GSH content is usually regulated 
by γ-ECS and GR. Shan et al. (2024) uncovered that 
PGA strengthened GR activity and improved GSH 
content in Salvia miltiorrhiza. Our research showed 
that PGA also strengthened GR activity and improved 
the GSH content of wheat plants after Cd exposure. 
Additionally, current research showed that PGA 
strengthened the γ-ECS activity of wheat plants after 
Cd exposure. Meanwhile, we displayed that PGA 
plus Cd increased the GSH/GSSG ratio. Hence, our 
research demonstrated that PGA regulated GSH re-
generation via GR and modulated GSH biosynthesis 
via γ-ECS of wheat plants after Cd exposure. In this 
way, PGA increased GSH content by strengthening 
GSH metabolism, which in turn improved GSH/
GSSG ratio and kept the redox homeostasis.

The damage induced by Cd is closely related to Cd 
excessive accumulation in the plant body. Therefore, 
reducing Cd accumulation in plants is an effec-
tive measure to enhance Cd tolerance. It has been 
documented that Cd can be chelated by GSH (Wang 
et al. 2021). In addition, phytochelatin (PC) also 
could chelate Cd. GSH can also act as a substrate of 
PC synthesis (Clemens and Ma 2016). Thus, GSH 
content had a close relationship with the PC level. 
Currently, PGA has improved GSH content, thereby 
enhancing the ability to chelate Cd. In addition, our 
results manifested that PGA reduced wheat Cd ac-
cumulation. Therefore, the present study implied 
that PGA can also enhance wheat Cd tolerance by 
enhancing the ability to chelate Cd and reduce Cd 
uptake. Therefore, PGA application will be an effec-
tive measure to enhance wheat Cd tolerance.

Photosynthetic performance and plant growth are 
the intuitive manifestations of plants under stress-
es at the physiological and morphological levels. 
Previous research demonstrated that Cd seriously 
inhibited the photosynthetic performance and growth 
of mustard, alfalfa, Mentha piperita "chocolate" and 
Mentha spicata ( Jiang et al. 2022, Liu et al. 2022, 
Mir et al. 2022). Our present findings displayed that 
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Cd inhibited wheat photosynthetic performance 
and growth, which agreed with previous research 
about other plants. Additionally, the present study 
uncovered that PGA increased SPAD value, Pn, Fv/Fm, 
qP, qN and ΦPSII, which further improved wheat 
photosynthetic performance and growth. The above 
results once more indicated that PGA could enhance 
wheat Cd tolerance.

The current study also found that different PGA 
concentrations had various effects on AsA and GSH 
metabolism, Cd accumulation, photosynthetic perfor-
mance and plant growth. Among different concentra-
tions, 0.3% and 0.6% PGA showed more effectiveness 
than 0.1% PGA in reinforcing wheat Cd tolerance. 
However, the difference between 0.3% and 0.6% PGA 
is insignificant. This phenomenon dropped a hint 
that PGA displayed the dose effect in regulating 
wheat Cd tolerance. Therefore, a suitable PGA con-
centration should be selected before its application. 
For this study, the results clearly showed that 0.3% 
PGA may be used to improve the tolerance of wheat 
cv. Yuanfeng16 to Cd toxicity.

Our research manifested that PGA regulated AsA 
and GSH metabolism by activating the enzymes 
responsible for their regeneration and biosynthesis 
in Cd-stressed wheat seedlings. In this way, PGA 
increased AsA and GSH contents and the redox 
status of wheat plants when exposed to Cd, thereby 
enhancing wheat’s antioxidant ability, photosynthetic 
performance, and growth. The current study’s find-
ings provide useful knowledge for PGA action in 
modulating the antioxidant metabolism of wheat 
plants when exposed to Cd. Therefore, we can ap-
ply PGA to field production to improve wheat Cd 
tolerance, especially for 0.3% PGA.
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