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Effects of nickel, lead, and

copper stress on the growth and
biochemical responses of Aegilops
tauschii seedlings

Ning Wang™“, Hao Chen & Yaowu Tian

Heavy metal pollution causes severe abiotic stress in cereal crops around the world. This study
investigated the effects of different concentrations (0, 100, 200, and 300 mg-kg™) of nickel, lead,

and copper stress on the growth and biochemical responses of Aegilops tauschii seedlings, to provide

a reference for research on the mechanism of invasion and screening potential sources of wheat
tolerance genes. The results showed that nickel, lead, and copper stress caused a significant decrease
in the contents of chlorophyll a, chlorophyll b, and chlorophyll (a + b) in A. tauschii, thereby inhibiting
photosynthesis to different degrees and hindering seedling growth, which was reflected in significant
reductions in plant height and root length, with the most notable effect observed under stress by

300 mg-kg™ lead. As the concentration of heavy metals increased, the activities of antioxidant
enzymes (SOD, POD, and APX), non-enzymatic antioxidants (GSH and AsA), and the contents of
osmotic regulatory substances (proline and soluble proteins) in A. tauschii significantly increased.
Additionally, heavy metal stress increased H,0, and TBARS levels. However, when the nickel, lead, and
copper concentrations reached 300 mg-kg?, no significant differences were found in H,0, or TBARS
levels compared to those in the CK group. To summarize, A. tauschii can mitigate the accumulation

of ROS and membrane lipid peroxidation caused by heavy metal stress through self-regulation, thus
exhibiting a certain degree of tolerance to stress caused by different concentrations of nickel, lead, and
copper. Finally, the evaluation using the membership function method revealed that among the three
heavy metals, A. tauschii exhibited the strongest adaptation to Cu, followed by Ni and Pb.

Keywords Heavy metal, Aegilops tauschii, Nickel, Plant height, Antioxidant enzymes activity, Soluble
proteins, Reactive oxygen species

Food security is necessary for sustainable human development. Industrialization, mining, and modern
agricultural techniques intensify the release of heavy metals. Toxic heavy metals can affect soil properties,
reduce the effectiveness of essential nutrients for plants, and consequently affect plant morphology, structure,
and biochemical responses!. Heavy metal pollution is a major abiotic stress faced by cereal crops worldwide?.
Nickel and copper are micronutrients essential for plant growth and development®%, but they can also be toxic
to plants at high concentrations>®. In contrast, lead, cadmium, and other nonessential elements can cause plant
morphological, physiological, and biochemical dysfunctions at relatively low concentrations’. As a globally
important strategic crop, wheat is sensitive to various biotic stressors, including heavy metals®. With the recent
modification in agriculture, industrialization and urbanization, wheat production is severally declined due to
excessive agricultural practices and various industrialized anthropogenic activities’. Once wheat interacts with
heavy metals it triggers stress and affects plant growth, germination, plant biochemicals and eventually the loss of
crop yield to biochemical responses and yield losses in wheat!?. Previous research has shown that the content of
heavy metals in wheat is mainly conditioned by their content in the soil'!, as well as the influence of other factors,
such as the pH of the soil, capacity of exchangeable cations, the cultivation system, soil moisture, temperature
etc.!2. Due to the lack of resistance genes in common wheat and with the development of gene editing breeding
technology, wild relatives and local varieties of wheat have attracted significant attention as potential sources of
ideal genes for tolerance to abiotic stress.
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Aegilops tauschii, belonging to the family Poaceae, is native to Eastern Europe and Western Asia'>. As a wild
relative of common wheat, it possesses many valuable genes. Its D chromosome is completely homologous to that
of wheat, allowing its superior genes to be transferred to wheat through gene exchange or free recombination'*!>.
As an invasive weed, A. tauschii has spread to several major wheat-producing provinces in China, including
Henan, Shandong, and Hebei, where it affects 330,000 hectares of wheat fields'®. This weed has increased from
being a regional noxious weed to being a noxious weed, becoming one of the most harmful weeds in China’s
winter wheat-growing regions!”. Owing to inadequate prevention measures and limited control strategies, A.
tauschii severely threatens the safety of wheat production in China!®. However, no reports exist on the effects of
heavy metal stress on A. tauschii. Therefore, this study investigated the effects of nickel, lead, and copper stress
on the growth and biochemical responses of A. tauschii seedlings to provide a reference for research on the
mechanism of invasion and identification of potential sources of wheat tolerance genes.

Results

The plant height and root length of A. tauschii decreased as the heavy metal concentration increased (Fig. 1).
When the heavy metal concentration reached 300 mg-kg!, plant height and root length decreased by 46% and
65% under Pb stress compare whit CK, which was greater than the 37% and 48% under Ni stress, and the 20%
and 34% under Cu stress. All of these differences were statistically significant (P <0.05).

The contents of Chl a, Chlb, and Chla+b in A. tauschii decreased as the heavy metal concentration increased
(Fig. 2). Specifically, when the heavy metal concentration reached 300 mg-kg™', the Chl a content under Pb stress
decreased by 63% compared with CK, and the difference was significant (P < 0.05), while the Chl a content under
Ni and Cu stress decreased by 12% and 16%, respectively, and the difference was not significant. The content of
Chl b and the Chl a+ b under Ni, Pb, and Cu stress decreased by 46%, 79%, 54% and 37%, 75%, 43%, respectively
compared with CK, respectively, all of these difference were statistically significant (P <0.05).

As the concentration of heavy metals increased, the activities of SOD, POD, and APX in A. tauschii seedling
roots continuously increased (Fig. 3). When the heavy metal concentration reached 300 mg-kg!, the activities of
SOD, POD, and APX increased significantly under Ni, Pb, and Cu stress compared with CK (P <0.05). The CAT
activity also increased with increasing heavy metal concentration. However, when the heavy metal concentration
was 300 mg-kg™, CAT activity was not significantly different from that of CK.

As the heavy metal concentration increased, the contents of GSH and AsA in the roots of A. tauschii plants
increased (Fig. 4). Specifically, when the concentration of Ni and Pb was 300 mg-kg™!, the content of GSH and
AsA were significantly different with CK (P <0.05). However, the difference was not significant under Cu stress.

The H,0, and TBARS contents in the roots of A. tauschii seedlings increased with increasing concentrations
of heavy metals (Fig. 5). However, when the heavy metal concentration reached 300 mg-kg™!, the content of
H,0, and TBARS were not significantly different from CK.

The proline content in the roots of A. tauschii seedlings increased with increasing heavy metal concentration
(Fig. 6). Specifically, when the heavy metal concentration reached 300 mg-kg™!, the proline content increased
significantly (P <0.05; by 88%, 91%, and 61%, respectively) under Ni, Pb, and Cu stress, compared to CK. The
soluble protein content increased as the concentration of Ni and Cu, whereas it initially increased but then
decreased under Pb stress (Fig. 6). When the heavy metal concentration reached 300 mg-kg™!, the soluble protein
content under Ni and Cu stress increased by 22% and 2% respectively compared to CK, but the difference was
not significant.

The membership function values of SOD, POD, CAT, and APX activities, as well as proline, soluble protein,
H,0,, TBARS, GSH, and AsA contents of A. tauschii under Ni, Pb, and Cu stress were calculated using the fuzzy
mathematics membership function method (Table 1). These values revealed that, A. tauschii had the strongest
ability to adapt to Cu, followed by Ni and Pb.
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Fig. 1. Plant height and root length of A. tauschii induced by nickel, lead and copper stress. Mean (+SD) was
calculated from three replicates for each treatment. Within each set of experimental, bars with different letters
are significantly different at the 0.05 level.
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Fig. 2. Content of Chlorophyll a, Chlorophyll b and total Chlorophyll in A. tauschii leaves induced by nickel,
lead and copper stress. Mean (+ SD) was calculated from three replicates for each treatment. Within each set of
experimental, bars with different letters are significantly different at the 0.05 level.
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Discussion

In the seedling growth and development phase, it is well known that metals cause indirect and indirect alterations
in the growth of individuals by mainly affecting root development!'’. Tolerance to heavy metals is evaluated
on the basis of the degree of root or stem growth restriction caused by toxic metals in the growth medium?®.
Studies have also shown that root growth is a more sensitive indicator of metal tolerance than chlorophyll
determination?!. The reduction in height of individual plant may be associated with reduced root growth,
which in turn affected physiological and biochemical processes, such as water nutrient and absorption??. In this
study, the growth of plant height and root length of A. tauschii seedlings were significantly inhibited by Ni, Pb,
and Cu stress. These findings are also consistent with reports that heavy metal stress disrupts plant metabolic
systems and rapidly inhibits cell division and elongation, resulting in a decrease in leaf area and plant stem
growth, accompanied by a decrease in the number of flowers and fruits, as well as, a reduction in the growth of
aboveground parts and roots’.

Chlorophyll is the main pigment in plant photosynthesis. Heavy metal stress can reduce the chlorophyll
content, possibly through changes in the ultrastructure of chloroplasts under metal toxicity, the inhibition of
enzymes involved in chlorophyll biosynthesis, and impaired absorption of essential elements, such as iron and
magnesium>?%. Chlorophyll is an essential parameter used to measure photosynthetic injury caused by HM
toxicity and other environmental stresses to plant. In this study, the chlorophyll content (Chl a, Chl b, and Chl
a+b) decreased as the heavy metal concentration increassed, which was consistent the findings of studies on
the wheat under Ni’, Pb?, and Cu stress?>. Additionally, the adverse effects of heavy metal on photosynthetic
pigments (chlorophyll, carotenoid) could inhibit plant growth and yield?>?%. When the heavy metal concentration
reached 300 mg~kg‘1, Pb stress caused the greatest reduction in chlorophyll content (Chl a, Chl b, and Chl a+Db),
indicating the greatest inhibition of photosynthesis in seedlings by Pb stress, which was also consistent with the
previous conclusions of plant height and root length.

Multiple studies have shown that when plants are stressed by heavy metals, the associated excessive production
of reactive oxygen species (ROS) causes serious damage?’. Plants have unique mechanism to maintain ROS at the
physiological limit, counteracting their overexpression beyond a certain limit*®. And this mechanism is called
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Fig. 3. Activities of SOD, POD, CAT, APX in A. tauschii roots induced by nickel, lead and copper stress. Mean
(+SD) was calculated from three replicates for each treatment. Within each set of experimental, bars with
different letters are significantly different at the 0.05 level.
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Fig. 4. Content of GSH and AsA in A. tauschii roots induced by nickel, lead and copper stress. Mean (+ SD)
was calculated from three replicates for each treatment. Within each set of experimental, bars with different
letters are significantly different at the 0.05 level.
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Fig. 5. Content of H,0, and TBARS in A. tauschii roots induced by nickel, lead and copper stress. Mean
(+SD) was calculated from three replicates for each treatment. Within each set of experimental, bars with
different letters are significantly different at the 0.05 level.
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Fig. 6. Content of proline, soluble protein in A. tauschii roots induced by nickel, lead and copper stress. Mean
(+SD) was calculated from three replicates for each treatment. Within each set of experimental, bars with
different letters are significantly different at the 0.05 level.

plant antioxidant defense system which involves enzymatic and non-enzymatic antioxidants®. The enzymatic
components are superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), whereas the non-enzymatic
antioxidants are ascorbate, glutathione (GSH), salicylic acid (SA)*°. The activities of SOD, POD, CAT, and APX
enzymes and the contents of the nonenzymatic antioxidants (GSH and AsA) in the roots of A. tauschii increased
continuously with the increase of heavy metal concentration, which supports the findings of other studies that
an increase in antioxidant enzyme activities and nonenzymatic antioxidant levels contributes to alleviating
oxidative stress’'. When the heavy metal concentration reached 300 mg-kg!, only SOD activity significantly
increased compared to CK among the four protective enzyme (P < 0.05). This indicated that A. tauschii primarily
relies on increased SOD activity to cope with heavy metals stress, which might be related to the fact that SOD is
generally considered to be the first line of defense against oxidative stress*>. CAT converts H,0, into H,O and
O,, POD catalyzes the oxidation of various phenolic compounds using H,0,, and APX uses ascorbate as an
electron donor to catalyze the reduction of H,0,. When the heavy metal concentration reached 300 mg-kg™, the
CAT activity under all three metal stress conditions was lower than that of CK, which suggested that A. tauschii
may not rely primarily on CAT to detoxify H,O, under heavy metal stress, similarly to the findings of studies on
the wheat under Ni stress®.

As a nonenzymatic water-soluble antioxidant, AsA can directly interact with ROS in cells to reduce their
accumulation®. GSH acts as a heavy metal chelator and is an important low-molecular-weight antioxidant
involved in the GSH-AsA cycle that plays a crucial role in regulating H,0O, levels in plant cells*>. Maintaining
sufficient ascorbic acid and glutathione is vital under adverse conditions®. In this study, the contents of GSH
and AsA increased with increasing heavy metal concentration. However, when the heavy metal concentration
reached 300 mg-kg™!, there were no significant difference in GSH and AsA contents with CK under Ni, Cu and
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Pb stress. which might be related to the high stress tolerance adaptation of A. tauschii, a lower nonenzymatic
antioxidant level sufficiently resisted the stress caused by the different concentrations of heavy metals used in
this study.

TBARS is generally used to indicate the degree of plant cell membrane damage as one final decomposition
product of lipid peroxidation, and reflected the ROS level under heavy metal stress®”. Studies have shown that
abiotic stressors, including heavy metals, increase H,O, and TBARS levels in plant tissues®’. In this study, the
contents of H,0, and TBARS increased with increasing concentrations of heavy metals, which was consistent with
the findings of studies on wheat under Ni*?, Pb*°, and Cu stress*!. However, when the heavy metal concentration
reached 300 mgkg™!, the contents of H,0, and TBARS compared to CK did not reach a significant level, this
indicates that A. tauschii can regulate and suppress the production of ROS and lipid peroxidation caused by
heavy metal stress. Additionally, the contents of H,0, and TBARS were significantly lower than that of CK under
low concentrations of Ni, Pb, and Cu, it may be related to the enhanced antioxidant activity of A. tauschii.

Soluble proteins and proline are important osmotic regulators in plants?2. Proline also scavenges ROS,
stabilizes protein, chelate metal, inhibits lipid peroxidation, and acts as a redox signaling molecule. Proline plays
a major role in protecting plants against heavy metal stress?’. Several studies have shown that proline content
is positively correlated with plant adaptation to heavy metal stress’*3. In this study, when the heavy metal
concentration reached 300 mg-kg™!, the proline content of A. fauschii increased significantly compared to CK,
indicating that A. tauschii relies on the accumulation of proline content to cope with Ni, Pb, and Cu stress, and
this also highlights the important role of proline in alleviating the toxicity of heavy metals**. Soluble proteins act
as important osmotic regulators in plant cells, and their content is considered to be a good indicator of oxidative
stress under heavy metal stress®°. In this study, the soluble protein content of A. tauschii continuously increased
under Ni, Cu, and low-concentration Pb stress, which was attributed to moderate heavy metal stress promoting
protein synthesis in the root of A. fauschii, which aligns with existing research findings®. However, as the Pb
concentration increased, stress led to damage to the cell structure, thus disrupting osmotic regulation balance
and inhibiting protein biosynthesis, resulting in a decrease in the soluble protein content. And this finding was
similar to those reported in studies on the Phragmites australis under Cu, Pb, and Cd stress*®.

The adaptation of plants to stress involves the coordinated regulation of multiple physiological indicators. To
avoid the bias of using a single indicator for assessing plant tolerance, the fuzzy membership function method is
commonly used to evaluate the adaptability of plants to heavy metal stress*’~*°. In this study, ten highly correlated
indices, including SOD, H,0,, and GSH, were calculated using the membership function method. The results
showed that the adaptability of A. tauschii to the three heavy metals followed the sequence Cu> Ni> Pb.

Conclusion

To summarize, Ni, Pb, and Cu stressled to a decrease in the contents of chlorophyll, thus inhibiting photosynthesis
to different degrees and resulting in stunted growth, as determined by significantly reduced root length and plant
height of A. tauschii. In addition, the increase of protective enzymes, nonenzymatic antioxidants and osmotic
regulatory substances indicated that A. tauschii can reduce the production of H,0, and TBARS through self-
regulation, so as to adapt to a certain degree of heavy metal stress. Finally, a comprehensive evaluation using the
membership function method indicated that the adaptability of A. tauschii to the three heavy metals followed
the sequence Cu> Ni> Pb.

Materials and methods

Materials

Seeds of A. tauschii were collected from a breeding experimental field (35°18'N, 113°52’E) at the Xinjiang
Academy of Agricultural Sciences, Henan Province. The thousand-grain mass of A. tauschii seeds was 11.42 g,
and the average longitudinal and transverse diameters of the seeds were 5.87 and 2.46 mm, respectively. The
heavy metal stress experiments were conducted in the garden plant laboratory of the College of Horticulture and
Plant Protection, Henan University of Science and Technology.

Experimental design

First, bud induction treatment was conducted on seeds of A. tauschii using the Petri dish filter paper method™.
Plump seeds were selected from spikelets, disinfected in a 5% sodium hypochlorite solution for 10 min, and
rinsed thrice with distilled water; then, excess surface moisture was removed using filter paper. The seeds were
placed in Petri dishes lined with two layers of filter paper (12 cm in diameter), with 25 seeds per dish. Germination
was induced in a growth chamber under a photoperiod of 12-h/12-h light/dark cycles, with temperatures set at
25 °C during the day and 15 °C at night. Germination was considered successful when the length of the primary
root reached half the length of the seed. Next, the germinated seeds were sown in plastic cups containing 200 g
of coarse sand, which had been sterilized by washing, and then treated in an oven at 120 °C for 120 min. Three
plants were planted in each cup, and the cups were supplemented with half-strength Hoagland nutrient solution.
After three days of cultivation in the growth chamber under the same conditions as the bud induction treatment,
the seedlings were treated with 0 (CK), 100, 200, or 300 mg-kg‘1 nickel chloride (NiClz), lead acetate trihydrate
(Pb (CH,COO0),-3H,0), or copper sulfate pentahydrate (CuSO,-5H,0). Five cups were used for each treatment,
for a total of 60 cups. Each group was subsequently supplemented with half-strength Hoagland nutrient solution
to maintain the substrate moisture at 75-80%.
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Measurement indicators and methods

After treatment with heavy metals for 25 days, the plants were harvested. For each treatment, 10 randomly
selected seedlings were used, five for morphological measurements and five for root separation. The samples
were subsequently frozen in liquid nitrogen and stored at —80 °C for physiological and biochemical analysis.

Morphological indicators
Plant height and root length were measured using a ruler. Plant height was measured from the base of the stem to
the highest point of the plant. The root length was measured as the length of the longest root of each seedling®'.

Physiological indices

Chlorophyll content

Following the method adopted by Li*2, 0.5 g of leaves were ground in 95% ethanol and then centrifuged at 10,000
r-min~! for 10 min. The supernatant was collected after washing, and the supernatants were pooled twice; the
final volume was adjusted to 25 mL. After the final volume was adjusted, the solution was measured for light
absorption at 649 nm and 665 nm, which was used to calculate the contents of chlorophyll a, chlorophyll b, and
chlorophyll (a+b).

Proline content

The proline content was determined using the acid ninhydrin colorimetric method®2. Then, 0.1 g of the sample
was ground with 3% sulfosalicylic acid, followed by extraction in a boiling water bath for 10 min. After cooling,
the supernatant was collected as the extract. Next, 2 mL of the extract was removed, and 2 mL of glacial acetic
acid and 3 mL of 2.5% acid ninhydrin were added. The mixture was heated in a boiling water bath for 30 min for
color development. The mixture was cooled, and 5 mL of toluene was added for extraction. The upper layer of
the solution was collected, and its absorbance was measured at 520 nm.

Antioxidant enzyme activity

The enzyme extraction buffer used was 50 mM phosphate buffer (pH 7.8) containing 20% glycerol, 1 mmol-L™!
EDTA, 1 mmol-L™! ascorbic acid (AsA), 1 mmol-L™! reduced glutathione, 5 mmol-L! MgCL, and 1 mmol-L!
dithiothreitol. In total, 0.5 g of fresh sample was weighed, and 5 mL of extraction buffer was added. The sample
was ground in an ice bath and centrifuged at 10,000 r-min~" for 20 min at 4 °C. Finally, the supernatant was
collected for analysis of enzyme activity.

Superoxide dismutase activity was determined using the nitroblue tetrazolium photoreduction method,
peroxidase activity was determined using the guaiacol method, and catalase activity was determined using the
hydrogen peroxide reduction method. The soluble protein content was determined using the Coomassie Brilliant
Blue G-250 method, and ascorbate peroxidase activity was measured using the UV spectrophotometric method.

Hydrogen peroxide (H202) and thiobarbiturate (TBARS) content
The H,0, content was measured using the method described by Li*2. Briefly, 0.2 g of sample was mixed with 2
mL of precooled acetone. After thorough grinding, the mixture was centrifuged at 10,000 r-min~! for 10 min.
Next, 1 mL of the supernatant was removed, and titanium sulfate and concentrated ammonia were added. After
the mixture was centrifuged at 5,000 r-min~! for 5 min, the precipitate was dissolved in 3 mL-L™! sulfuric acid,
and the absorbance was measured at 410 nm.

The thiobarbituric acid method was used to determine the content of thiobarbituric acid*’. Briefly, 0.1 g
of sample was finely chopped and then ground into a homogenate. The homogenate was centrifuged at 4,000
r-min~! for 10 min, and the supernatant was collected and mixed with TBARS. The mixture was boiled in a water
bath for 12 min, followed by centrifugation at 5,000 r-min~! for 15 min. The absorbance of the supernatant was
measured at 450, 532, and 600 nm to calculate the TBARS content.

Nonenzymatic antioxidant content

Of precooled 6% perchloric acid buffer (containing 1 mmol-L™! EDTA, pH 2.8), 3 mL and a small amount of
quartz sand were added to each 0.5 g sample. The mixture was ground into a homogenate in a precooled mortar
and centrifuged at 10,000 r-min~! for 20 min at 4 °C. The antioxidant content was measured using the method
described by Anderson et al.. The supernatant was used to determine the levels of reduced glutathione and
ascorbic acid.

Data analysis
The fuzzy membership function was used to comprehensively evaluate the adaptability of A. tauschii to different
types of heavy metals®, using the following equation:

ZI/ = (X// - Xi_jm,m)/(Xij/rm.’l; - Xi,jmin)-

Here, Z, represents the determined value of index j for plant i, X . represents the minimum value of the
measured index, and X represents the maximum value. SOD, POD, CAT, proline, protein, APX, GSH, and
AsA were positively correlated with resistance to heavy metal stress, with their membership function values
denoted as Z,. In contrast, H,0, and TBARS were negatively correlated with resistance to heavy metal stress,
with their membership function values expressed as 1-Z,.. The mean value of all the index membership function
values was calculated. A higher mean value indicated greater adaptability to heavy metal stress, whereas a lower
average value indicated weaker adaptability.
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All the statistical analyses were conducted using SPSS 18.0. One-way analysis of variance was performed
to compare the differences in the same indices after heavy metal stress treatment. The level of significance was
tested using the least significant difference test at p=0.05. The data were summarized, and figures were plotted
using Microsoft Excel. The data are expressed as the means (+ SE).

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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