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Abstract
Nickel (Ni) accumulation in soils could lead to critical risks to plants, animals and humans. This study
aims to unveil the adverse impacts of Ni on wheat Ningmai 16 and toxicity tolerance mechanisms. Lipid
peroxidation was signi�cantly facilitated under high Ni stress, mainly re�ecting the notable accumulation
of malondialdehyde followed by the increase in glutathione-S-transferase (GST) activities. High Ni
contamination caused the decrease in chlorophyll content, with the remarkable inhibition of root activity.
Transmission electron microscopy (TEM) micrographs further con�rmed the toxicity of Ni and provided
signi�cant supporting evidence for the accumulation and localisation of Ni in wheat. The mechanisms
adopted in alleviating the oxidative damages induced by Ni were revealed by increasing the soluble sugar
and proline content, and inducing the GST related gene expression. Additionally, the cell-wall thickening
and vacuole compartmentation were also produced in wheat for improving the tolerance of Ni. Finally,
most of biochemical parameters indicated a clearly positive or negative relationship with the available Ni
contents, and they are proved as good biomarkers to predict the bioavailability of Ni in a soil-wheat
system. We believe that our concluding �ndings would open a new window for a deeper understanding of
ecological risks of an often-underestimated element Ni in future endeavors.

1. Introduction
Heavy metals contamination, especially the presence of heavy metals in soils has become a major threat
to the world's environmental sustainability due to their complex removal/ remediation by conventional
techniques (Chandrasekhar et al., 2019). Among different kinds of heavy metals contamination, the soil
pollution caused by the presence of Ni is a very serious issue due to its wide application in metallurgical
and electroplating industries (Zhao et al., 2019; Soares et al., 2016; Nkongolo et al., 2018). Although, Ni
has been considered as an essential element for soil plants, microorganisms and animals. The presence
of excessive Ni entering into soil environment can inevitably bring a series of negative effects on soil
organisms and lead to signi�cant hazards to natural ecosystems (Zhao et al., 2019; Xia et al., 2018;
Wang et al., 2020). Additionally, Ni has the tendency of frequent movement and migration in soils, which
makes it easier to transmit along the food chain and ultimately endanger human health (Wang et al.,
2020). It has been proved in the literatures that human suffering from eczema, allergic in�ammation, dry
conjunctiva, lung cancer and other diseases, are related to high intake of Ni (He et al., 2011; Zhao et al.,
2019).

The phytotoxicity of Ni has been reported frequently over the past few decades. Growth development and
vitality level of plant roots would �rstly be destroyed due to the toxicity of Ni. Moreover, 2,3,5-
triphenyltetrazolium chloride (TTC) reduction content is considered as an important indicator of vitality
level of the roots (Seregin and Kozhevnikova, 2006). In addition, it is well known that high concentrations
of Ni can lead to biological complication in the growth, mineral nutrition, sugar transport, water relation,
photosynthesis, and respiration of plants (Shaw et al., 2004; Seregin and Kozhevnikova, 2006; Chen et al.,
2010). Excessive Ni toxicity can also cause the viration of cellular structure, and directly disturb the
normal performance of cellular organelles including chloroplast, mitochondrial, nucleus, large vacuole
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ribosomes, etc (Chandrasekhar et al., 2019; Sorrentino et al., 2018, Chandra et al., 2010). Numerous
literatures have revealed that the generating of reactive oxygen species (ROS) and malonaldehyde (MDA)
in plant cells and tissues is recognized as a signal of lipid peroxidation (Soares et al., 2016;
Chandrasekhar et al., 2019; Zhao et al., 2019; Rizwan et al., 2018). However, glutathione S-transferase
(GST) as a part of defense mechanism can �ght against ROS toxicity, which exists in most organisms
and regulates important pathways of cell signaling, detoxi�cation and biosynthesis (Yang and Zhang,
2015; Zhao et al., 2019). GST family protein gene has also been reported with respect to metals transport
or resistance (Nkongolo et al., 2018; Zhao et al., 2019), while few studies have been conducted to
investigate GST and related gene in wheat under the Ni stress.

It is very meaningful to focus on the toxic effects of heavy metals and understand the complex plant-
mediated defence mechanisms. For example, some tolerant species with hyperaccumulation potentials
for heavy metals can be used for soil rehabilitation (Chandra et al., 2010; Ali et al., 2013). For some heavy
metal-sensitive plants, they can be regarded as sensitive biological indicators to evaluate heavy metals
pollution and provide early warning for the environment (Norouzi et al., 2015). Besides, compared with
some developed countries such as United States, United Kingdom, and Netherlands, ecological risk
assessment started late in China (Zheng et al., 2018). There is no available risk-based ecological soil
screening levels in China to protect the agricultural soil and ensure the safety of agricultural products.
Therefore, establishing the ecological screening value is an urgent and critical task at present (Zheng et
al., 2018). The overall research work should be based on a large amount of ecotoxicological data along
with the exploration of the toxic impacts of Ni on wheat in a soil system.

There are few research works involving in the wheat with respect to Ni-contaminated soil. The toxicity
responses and tolerance mechanisms of wheat exposed to Ni-contaminated soil were not clearly
reported. Moreover, it is very important to study the accumulation and transportation of heavy metals in
edible wheat to ensure food safety and human health. Wheat is widely cultivated in all over the world
because of its strong adaptability to environmental changes. It shows the great signi�cance to
systematically explore the toxicity responses and tolerance mechanisms of wheat exposed to Ni-
contaminated soil. Additionally, the establishment of terrestrial ecosystem toxicology database along
with the establishment of more practical regional soil environmental quality standards in China urgently
needs these fundamental data related to the ecotoxicity. In our present conducted study, we chose an
excellent variety of wheat “Ningmai 16” as the experimental material. It is widly distributed in the Yangtze
River Delta. We have focused on the differences of bioconcentration and translocation factors of Ni in
wheat roots and shoots in the current research work. Transmission electron microscopy (TEM) was
employed to determine ultrastructural changes and Ni intra-cellular distribution in wheat cells. Moreover,
the implication of Ningmai 16 for Ni tolerance has also been explored in detail, along with physiological
parameters such as chlorophyll content, TTC reduction content, proline and MDA content. Besides, the Ni-
resistance related gene GST and their expression products (GST enzyme content) were investigated to
elucidate the tolerance mechanisms of wheat at a gentic level. Additionally, we try to establish a
signi�cant relationship between these physiological parameters and Ni contents by using different
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extractants such as CaCl2, HNO3, and EDTA. We believe that our current study would deeply revealed the
tolerance mechanisms and physiological responses of Ningmai 16 after exposure to Ni. The present
study will open the new avenues for deeper insights into Ni threat to the health of human beings followed
by the availability of basic data support for the establishment of ecological risk assessment system of
heavy metals contaminated soil.

2. Materials And Methods

2.1 Chemicals and plant materials
Analytical grade of Nickel (II) nitrate hexahydrate [Ni(NO3)2·6H2O] as soil poisoning reagent was used in
our experiments. All analytical reagents were purchased from Sinopharm Chemical Reagent Co., Ltd.
Seeds of “Ningmai 16” were bought from Jiangsu Academy of Agricultural Sciences.

2.2 Soil preparation and plant cultivation
Soil samples were collected from uncontaminated top layer (0~20 cm) farmland soil at Fengxian district,
Shanghai, China. All collected soil was naturally air-dried, grounded and sieved (2-mm) for Ni poisoning.
Physicochemical properties of soil were characterized as shown in Table S1 (Supplementary Material).
Different concentrations of Ni(NO3)2·6H2O solution were added to 1.0 kg dry soil, and then mixed
thoroughly obtaining arti�cially Ni-contaminated soil. The concentrations of Ni in soils were spiked as 0,
100, 200, 400, 800, and 1200 mg/kg, respectively, abbreviated as CK-Ni, 100-Ni, 200-Ni, 400-Ni, 800-Ni,
and 1200-Ni. Three parallel groups were set up for each treatment. The mixed soil was kept natural aging
for 30 days before cultivation of Ningmai 16.

Healthy seeds with the same size were chosen for culture. Firstly, the seeds were disinfected with 5%
hydrogen peroxide and soaked in deionized water for at least two hours, then incubated at 20oC in a dark
environment for 48~60 hours to germinat. Six germinated seeds were selected and transplanted into
each processing group. The environmental temperature was kept at 18~22oC, and the humidity was
maintained at about 70% of the �eld capacity by watering once a day. All test groups were poured 1/3
Hoagland nutrient solution once a week. In the culture cycle, the samples of shoots and roots were
collected regularly for experimental analysis.

2.3 Determination of Ni in wheat and soil
Fresh root and shoot samples were oven dried for 15 min at 105°C followed by drying at 70°C overnight,
then these were crushed followed by the mixing. The total contents of Ni in plant samples were
determined as follows: 0.5 g dry matter was digested with HNO3/HF/30% H2O2 (5:2:1) using a microwave
digester (Zhao et al., 2019). When the samples became colorless, the residues were diluted with 1% HNO3

and the solutions were �ltered by a 0.45 µm membrane �lter. Finally, the concentrations of Ni were
analyzed by a �ame atomic absorption spectrometer (AAS, nov AA400, Analytik Jena AG). It should be
noted that the transfer factor of Ni from soil to wheat root (TFsoil to root) was calculated by the ratio of the
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total amount of Ni in the root to the soil (Sun et al., 2017). And, the transfer factor of Ni from root to shoot
(TFroot to shoot) was calculated by the ratio of the total amount of Ni in the shoot to the root.

The bioavailability of Ni in the soil was extracted with 0.01 mol/L of CaCl2, 0.43 mol/L of HNO3 and 0.05
mol/L of EDTA solution (Wang et al., 2020; Lock and Janssen, 2010; Menzies et al., 2007). The speci�c
steps were as follows: Freeze-dried soil samples (1.0 g) were weighed and then added 10 mL extractant
respectively, shaken for 2 hours at room temperature. The centrifugation and �ltration were conducted
followed by using the AAS for the �lterates (Rivera et al., 2016).

2.4 Determination of biochemical parameters of wheat

2.4.1 Chlorophyll and proline contents
We followed the method as previously reported in the literature to determine the chlorophyll content
(Chandrasekhar et al., 2019). Pieces of fresh leaves of wheat along with 0.1 g of sample were poured into
a mortar grinder, and 10 mL of 90% ethanol was added, then grounded in a dark environment until the
tissue turned into white. All the homogenate was transferred to a centrifuge tube, and the supernatant
was taken after the centrifugation. The absorbance values were respectively measured at 665 nm, 470
nm, and 649 nm to obtain the contents of chlorophyll a (Ca), chlorophyll b (Cb), and xanthophyll (Cx,c),
and then the total chlorophyll content was calculated. Moreover, the “ninhydrin method” (Bates et al.,
1973) was applied to determine the free proline contents.

2.4.2 TTC reduction content
Dehydrogenase activity in the root could cause the TTC to decline. By measuring the TTC reduction
content by a spectrophotometer at 485 nm, dehydrogenase activity in the root of Ningmai 16 could be
determined as described in a previous study (Zhao et al., 2010).

2.4.3 MDA and GST contents
Firstly, 10 mL of sodium phosphate buffer was poured into 1.0 g of root and shoot samples respectively
followed by grounding to obtain the plant tissue homogenates. Then the supernatants (crude extracts of
enzymes) were collected by centrifuging at 12000 rpm for 20 min at 4°C and stored at -80°C. MDA and
GST contents were determined by following the instructions of the matched test kit from Nanjing
Jiancheng, China.

2.5 Expression analysis of GST gene
Gene expression of GST was determined by RT-qPCR (Zhao et al., 2019). Firstly, the root and shoot
samples were grounded to the powder in a liquid nitrogen environment, then the total RNA was extracted
according to the total RNA kit operating instructions. Secondly, the concentration and purity of RNA were
determined by a Nanodrop spectrophotometer, and was used for �rst-strand cDNA synthesis. Thirdly, the
RT-qPCR was performed by the speci�c primers. Actin gene was used as the internal reference gene. The
primers of GST gene and related action gene are listed in Table S2 (Supplementary Material).
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2.6 TEM observation
The fresh shoots and roots were cut into 2-3 mm pieces, and quickly poured into 4% glutaraldehyde
solution, then pumped and �xed in a refrigerator at 4°C for 24 hours. Then it was washed with 0.1 mol/L
of PBS, �xed for 4 hours with 1% hydrochloric acid solution, washed with distilled water for several times,
and dehydrated by serial concentrations of ethanol (Chandrasekhar et al., 2019). Finally, EPON 812 epoxy
resin was used for embedding, and limb V-type ultra-thin slicer was used for longitudinal cutting. The
sections were stained with uranyl acetate and lead citrate, then were observed and photographed by
using transmission electron microscope (JEM-1400Flash).

2.7 Data analysis
Microsoft Excel, IBM SPSS Statistics 25 and Origin 8.5 were used to process and analyze the data,
presented as mean ± standard deviation (SD). The signi�cance of differences between the treatment and
control groups were evaluated by a least signi�cant difference (LSD) test and a one-way analysis of
variance (ANOVA) at a signi�cant level of P<0.05. Pearson correlation coe�cient was used to conduct the
correlation analyses of different extracted Ni and several physiological indicators.

3. Results And Discussion

3.1 Ni content in the roots and shoots
As displayed in Fig. 1, the roots showed higher Ni accumulation contents than shoots. During the entire
incubation, the concentrations of Ni in both parts indicated a signi�cantly increasing trend (P < 0.05)
gradually with the Ni-spiked levels in soils. It revealed the obvious dose-response relationship, and the
concentration range of Ni were: 88.26-6463.06 mg/kg for roots and 5.72-106.71 mg/kg for shoots (Fig.
1). The accumulation of Ni increased by over 73 folds in roots as much as that in control and over 18
folds in shoots. Speci�cally, in 1200-Ni groups, roots presented higher levels of Ni at 6463.06 mg/kg,
which was over 60-fold higher than in the shoots (106.71 mg/kg) (Fig. 1).

TF can be used to characterize the absorption and migration of Ni in wheat, and it can also illustrate the
differences of Ni uptake in roots and shoots in current conducted research study. TFsoil to root was always
greater than 1.0, increasing continuously (Fig. 1), indicating that Ni was easily enriched in wheat roots.
However, TFroot to shoot was observed to be far less than 0.1, suggesting a signi�cant decline with the Ni-
spiked levels (Fig. 1). Some potential reasons could be used for interpretation the differences of TFsoil to

root and TFroot to shoot. The �rst possible reason is that the roots of wheat were the �rst organ to be
exposed to Ni, which makes TFsoil to root was signi�cantly higher than TFroot to shoot. Additionally, the
majority of pollutants could inhibit the roots’ normal growth, and only small amounts of them could
translocat to the shoots, resulting in the lower value of TFroot to shoot. Another possible reason for the
lower TFroot to shoot is that the occurrence of defense processes in roots such as protein chelation
reducing the amount of Ni that can be transferred to the up-ground parts of wheat (Wang et al., 2004).
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Thirdly, the coordination of ligands produced in wheat could also lead to the differential distribution of Ni
in roots and shoots, resulting in different TF values as proved in a published literature (Parlak and
Kadiriye, 2016).

3.2 Effect of Ni on biochemical parameters

3.2.1 Chlorophyll content
The variations of total chlorophyll during the cultivation period are illustrated in Fig. 2(a), and the
contents of chlorophyll a, chlorophyll b and carotenoid with respect to 45 days exposure are presented in
Fig. 2b. The analyses of total chlorophyll did not reveal a signi�cant variation before 30 days. On the 45th
day, the total chlorophyll were increased gradually and recorded the highest value at the Ni level of 200
mg/kg then reduced signi�cantly (P < 0.05) after that (Fig. 2(a)). The appropriate concentration of Ni was
bene�cial to the hydrolysis of urea in leaves, which could improve the photosynthetic activity and
promote the synthesis of chlorophyll. However, a signi�cant inhibition (P < 0.05) was observed in wheat
exposed to the highest Ni value of 1200 mg/kg (45 d) with reducing over 20% compared with the control
(Fig. 2(a)). Overall it indicated the harmful impacts of Ni on wheat physiology, especially photosynthesis.
The analyses of pigment contents at 45 d suggested the same pattern of chlorophyll a and total
chlorophyll (Fig. 2(b)). Chlorophyll b and carotenoids reduced signi�cantly (P < 0.05) only at high
exposure levels of Ni. Among these three photosynthetic pigments, chlorophyll a was more susceptible to
Ni stress, which were reinforced by a previous report about the impacts of nickel on canola plants
(Kazemi et al., 2010).

Exposure to large amounts of heavy metals does interfere with the chlorophyll synthesis, adversely
affecting the enzyme and photosynthetic activity (Chandrasekhar et al., 2019; Papi et al., 2002). The
effects on photosynthesis have become a sophisticated process, because heavy metals often have
different action sites in plants. Chlorophyll contents reduction might be due to lower iron contents,
inhibiting the enzymes’ activities related to chlorophyll biosynthesis, or may be due to the injury of plants’
organs involved in photosynthesis under the Ni stress (Dhir et al., 2009; Chandrasekhar et al., 2019). The
decrease of pigment contents can also be explained with respect to the displacement of magnesium ions
by excessive Ni intake by plants (Parlak and Kadiriye, 2016; Padmaja et al., 1990).

3.2.2 TTC reduction content
Our current conducted research study revealed the dynamic changes of root vigor by measuring TTC
reduction content (Fig. 2(c)). The root activity was found to decrease gradually with Ni exposure time
from 10 d to 30 d. On the 10th day, TTC reduction contents were not signi�cantly affected except in the
highest Ni-polluted group. On the 20th day, TTC reduction contents increased gradually and recorded the
highest value at 400 mg/kg of Ni in soils, indicating the signi�cant reduction (P < 0.05) with the increase
of Ni exposure, and it was found to drop by 38% at 1200-Ni level compared with the control. On the 30th
day, the peak of TTC reduction value appeared at 100 mg/kg of Ni, then exhibited a signi�cant decline
trend (P < 0.05) and kept stable (Ni ≥ 200 mg/kg) (Fig. 2(c)). This trend was in agreement with the
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previous phenomenon that TFroot to shoot rising �rst and then droping with the increase of Ni dose. As a
rule of thumb, the root activity could directly affect the amounts of Ni transfer from root to shoot as inline
our current �ndings in this study. According to Zhao’s observations, the TTC reduction contents of maize
were also presented a pattern of reducing �rst and then increasing (Zhao and Zhou, 2011).

3.2.3 MDA and proline content
MDA and proline contents in wheat roots and shoots are illustrated in Fig. 2(d) and (e). As shown in
Fig. 2(d), on the 20th day, as the Ni dose was lower than 1200 mg/kg, there was no signi�cant change of
MDA in wheat roots, and it was remarkably promoted at 1200-Ni treatment with a rising of 1.73-fold
comparing with the control. As for shoots, a signi�cant increase (P < 0.05) of MDA content was also
depicted in the highest Ni values of the soil and recorded the 76.85% increment. A signi�cant rising in the
MDA values is a signal of membrane damage induced by excessive Ni contents (Rizwan et al., 2018).
When exposure time of Ni was prolonged for 30 days, the levels of MDA showed a signi�cant rising trend
in shoots, while a notable decreasing trend in roots. And, the overall pattern of MDA contents in different
treatments was similar to that for 20 days. Additionally, we found that shoots presented a more sensitive
response to Ni exposure due to the high induced MDA concentration. Similarly, a higher MDA level was
also reported in the shoots of Solanum nigrum L. rather than in the roots (Soares et al., 2016). According
to Hayat et al. (2012), the high levels of Ni exposure could weaken the absorption of iron, copper, and
zinc, etc by plants, and these nutrients played a signi�cant role in the syntheses of MDA related enzymes.

As for roots, excess Ni (> 400 mg/kg) caused a signi�cant increase in proline content, and recorded the
value in the group of 1200 mg/kg, which was 16.59-fold higher than that in the control (Fig. 2(e)). In root
samples, the levels of proline increased �rst and then decreased with Ni-spiked concentrations, and
reached the top value (344.22 µg/g) at 400 mg/kg of Ni, which was about 4-fold higher than the control.
Proline plays a vital role in free toxic-free radicals such as ROS, stabilizing membranes, enzymes
protection and osmotic pressure regulation, thus the accumulation of proline could be regarded as
another indicator for the stress of heavy metals (Ahmad et al., 2010; Jogaiah et al., 2013; Rasool et al.,
2013). Similar observations of that the accumulation of proline were also found in cabbage (Pandey and
Sharma, 2002), wheat (Siddiqui et al., 2011) and soybean (Kazemi et al., 2010) exposed to heavy metals.

3.2.4 Soluble sugar
Soluble sugar has a vital role in plant growth and stabilizing membranes, and also plays a signi�cant role
under the stress environment. It has been observed that there is no signi�cant change of soluble sugar at
low Ni-concentrations of soil, but the high treatments (Ni > 400 mg/kg) exhibited a trend of signi�cant
increases (P < 0.05) (Fig. 2(f)). Specially, both in the groups of 800-Ni and 1200-Ni, the levels of soluble
sugar increased by more than 30% compared with the control (Fig. 2(f)). Numerous studies have
con�rmed that soluble sugar could also be induced to increase signi�cantly under high temperature, high
salt and drought conditions (Asensi-Fabado et al., 2015; Irenaeus et al., 2014).

3.3 GST content and gene expression under the Ni stress
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GST enzyme has a vital role in resisting heavy metals stress (Nkongolo et al., 2018). The impacts of Ni
exposure on GST activity of wheat roots and shoots are illustrated in Fig. 3. The activity of GST in shoots
was signi�cantly induced when exposed to Ni-800 and Ni-1200 (Fig. 3(a)). However, the low activity of
GST in roots was depicted in all Ni-spiked groups compared with the control (Fig. 3(b)), indicating a
certain hysteresis. There are two possible reasons to explain the phenomenon of GST activity induced in
roots under the Ni stress. The �rst reason is that after being exposed to Ni, the defense mechanism of
roots was �rst activated, and a large amount of GST could be consumed to remove reactive oxygen
species and other secondary products. The second reason is that the roots, as the preferred organ to feel
the stimulation of Ni in soils, accumulated too many toxic free radicals, which directly impacted the
synthesis of GST (Zhao et al., 2019). It has also been reported that the activity of GST was markedly
enhanced when plants were exposed to nickel, cadmium or herbicides (Ahammed et al., 2013; Saleh et al.,
2020). Khan et al. (2012) found that under high concentrations of Ni exposure, plants could produce
excessive H2O2 or O2−, which would be transformed into highly toxic free radicals followed by the
induction of more GST. GST could bind to them, separate from vacuoles or transfer to exosomes, thus
protecting the plants from the damage of ROS.

As shown in Fig. 3, a decreasing trend of relative expression of GST gene was observed �rstly both in
shoots and roots, then increased with the rising of Ni dosage. Additionally, we used pearson correlation
analysis to predict the relationship between GST activity and GST gene expression. The results revealed
that there was a highly signi�cant correlation between the GST content and the related gene expression
(R2=0.909, P<0.01), indicating that the variation of GST concentrations caused by the changes of GST-
related gene expression under the Ni stress. The toxicity of Ni on GST in wheat could be concluded that
the GST gene expression exhibited a clear downward trend �rst, and this inhibition was obviously relieved
at a high dosage (Ni-1200). The promotion of GST gene expression increased the contents of GST, and
then enhanced the tolerance of wheat to Ni stress. Moreover, the potential mechanisms could be
proposed as following: When exposed to high Ni-contaminated soil, antioxidant enzymes in wheat were
not su�cient to clear free radicals, leading to oxidative stress, which further induced the expression of
GST gene as discussed in the literature (Nkongolo et al., 2018).

3.4 Anatomical change
The intracellular changes induced by Ni both in the shoot and root cells of wheat were analyzed by TEM
(Fig. 4). TEM micrographs of the control shoot samples revealed a well-de�ned cell structure, regular
organization of cell wall, proper orientation of several chloroplasts, intact mitochondria, nucleus and large
central limpid vacuoles (Fig. 4 (a,b,c)). Numerous grana and 1 or 2 large starch granules were observed to
be distributed regularly in the chloroplasts (Fig. 4 (a,b,c)). The prominent cytological alterations were
found in shoot cells after treating with Ni (Fig. 4 (d,e,f)). The cell wall was distorted along with thickeness
in shape. Irregular outline of chloroplasts could be clearly observed, and it had lost their typical
organization: Thylakoid membranes, grana, and starch granules were rarely visible. Vesicles and
cytoplasmic vacuoles were more easily formed in the cells. Additionally, the cell wall, cell membrane, as
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well as the cytoplasm were often more electron dense than the control, and metal particles could be
found to aggregate in the shoot cells.

On the cross section of the control root, the epidermal cells were arranged regularly and tightly, the cell
membrane was close to the cell wall, and the cytoplasm was evenly distributed (Fig. 4 (g,h,i)). The cortical
cells had large vacuoles and intercellular spaces. After treating with Ni, the thickened and distorted cell
wall and irregular cell outline could be clearly observed (Fig. 4 (j,k,l)). The cytoplasm was contracted
markedly and numerous vesicles or cytoplasmic vacuoles formed inside the cell. According to TEM
micrographs of the roots, it was also observed that the electron dense bodies of metal particles clustered
in the cell wall, cell membrane, cytoplasm and intercellular space (Fig. 4 (j,k,l)).

Ultrastructural analyses of wheat shoots and roots revealed that the intracellular variation occurred under
the Ni stress, the translocation of Ni particles in wheat. It elucidated the wheat detoxi�cation mechanism
of Ni from another perspective, such as the cell-wall thickening, vacuole compartmentation, and so on
(Chandrasekhar et al., 2019; Chandra et al., 2010). According to these anatomical changes, all our
�ndings are considered as more convincing. It was believed that excessive Ni exposure could impact the
osmotic function of wheat cells, and destroy their cell structures and organelles. It indicated that the
activity reduction in roots followed by signi�cant changes in biochemical parameters including pigment
content, enzyme activity and related gene expression. The accumulation of Ni in Eclipta prostrata (L.)
was conducted by Chandrasekhar et al. (2019), but there was no noticeable changes in cell organelles or
membranes by TEM observation. It could be concluded that the plant has high tolerance to Ni stress.
More severe ultrastructural damages were observed in Sardo and Siciliano when they were exposed to the
soil of Pb and Cd co-existed (Sorrentino et al., 2018). In addition, numerous literatures have also revealed
the morphological changes of plants’ root caused by heavy metals, such as Cd, Pb, and Cu (Sorrentino et
al., 2018, Chandra et al., 2010).

3.5 Ni bioavailability in different extracting agents
The harmfulness and transformation ability of Ni in the process are closely related to its actual chemical
forms or combinative forms. Actually, the bioavailability of Ni in soils is considered to be more easily
absorbed as well as more harmful to plants. In this study, we had used three extracting agents, i.e., 0.01
M CaCl2, 0.05 M EDTA and 0.43 M HNO3 (Fig. 5). The pattern of bioavailability of Ni was extracted by the
three reagents, and the extracted Ni was observed to be in a concentration-dependent manner. Among
these three extractants, their extraction capacity were observed by the following trend: HNO3 > EDTA >
CaCl2 (Fig. 5). The bioavailable content per unit Ni concentration extracted by CaCl2 increased with the Ni-
spiked dose, and improved from 0.734–1.824%, which was just opposite to the trend of using the other
two extractants (Fig. 5). Usually, CaCl2 has been used to extract the water-soluble and the exchangeable
Ni, while HNO3 and EDTA could extract various forms of Ni. It has been observed as the complex
transformation of Ni in soils such as precipitation and dissolution, thus the different extraction results
were appeared (Baklrcioglu et al., 2011; Wang et al., 2020).
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As shown in Table 1, pearson correlation was selected to predict the relationship between the changes of
biochemical parameters of wheat and the bioavailable contents of Ni in soils. It has been found that the
accumulation of Ni in wheat (shoots and roots), the content of proline (root), MDA (shoot and root),
soluble sugar and GST (shoot and root) exhibited a strong signi�cant positive correlation with the
bioavailable Ni extracted by HNO3, EDTA, and CaCl2 (P < 0.01). The contents of MDA and GST in roots,
and chlorophyll in shoots indicated a good negative relationship with the extracted Ni by HNO3 and EDTA
(P < 0.05). These correlations suggested that the series of oxidative stress reactions produced in wheat
were mainly due to the absorption of available Ni in soils, resulting in the changes of various biochemical
indexes. In another sense, these changes could be suitable biological indicators using to predict the
bioavailability of Ni in a soil-wheat system.

Table 1
Correlation analysis between physiological indicators of wheat and the bioavailable Ni in soil.

  Ni-CaCl2 Ni-EDTA Ni-HNO3

Ni-shoots 0.944** 0.970** 0.984**

Ni-roots 0.968** 0.963** 0.981**

MDA-roots 0.523 0.602* 0.598*

MDA-shoots 0.836** 0.721** 0.719**

Proline contents 0.975** 0.916** 0.915**

Chorophyll -0.688* -0.595* -0.640*

Soluble sugar 0.851** 0.897** 0.912**

GST-shoots 0.960** 0.891** 0.892**

GST-roots -0.619 -0.715* -0.660*

* represents signi�cant difference at P < 0.05; ** represents signi�cant difference at P < 0.01.

However, no clear correlation was observed among the contents of MDA (root), GST (root) and the CaCl2-
extracted Ni. In many literatures, CaCl2 extraction was often supposed to be the best way for evaluating
heavy metals’ bioavailability in soils, especially its bioavailability in plants (Menzies et al., 2007; Lock and
Janssen, 2010). Our �ndings revealed that the bioavailability of Ni extracted by EDTA and HCl could be
well correlated with the physiological indexes of wheat, and even better than that extracted by CaCl2 for
some indexes including MDA (root), GST (root), and soluble sugar (Fig. 5). Stable complexes could be
formed between EDTA extractants and soil heavy metals, which is considered to re�ect the interactions
between heavy metals and plant root exudates (Menzies et al., 2007). Leleyter et al. (2012) reported that
the bioavailability of Pb, Cu, and Zn in soils could be well evaluated by EDTA extractants. For acidic
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extractants such as HCL, many researchers believe that it is not an ideal choice due to the poor
correlations between the accumulation of heavy metals in plants and their acid extracted amounts
(Menzies et al., 2007). However, Kubová et al. (2008) has claimed that the acid extractants could also be
used to evaluate the bioavailability of heavy metals in soils as inline our current �ndings.

4. Conclusions
To the best of our knowledge, the occurrence, physiological impacts and toxicity of nickel in Ningmai 16
have been investigated systematically for the �rst time. Our explored �ndings showed that there was a
signi�cant dose-response relationship between the spiked Ni in soils and the accumulation of Ni in wheat
shoots and roots. The variations of wheat parameters such as cholorophyll, TTC reduction content,
proline, soluble sugar, MDA, and GST, as well as TEM observations proved the toxicity of Ni to wheat.
Some of biological indicators (proline, MDA, GST, soluble sugar) are helpful to predict the bioavailability
of Ni in soils. Furthermore, we probed the potential detoxi�cation mechanisms in wheat under the
oxidative damage induced by Ni, such as regulating the metabolite content, inducing the expression of
related genes, cell-wall thickening, vacuole compartmentation, and the depth of mechanisms into gene
levels. However, we only explored the impacts of GST gene expression on GST levels in our current
research work. We believe that further studies will be conducted to investigate some other physiological
and biochemical indicators’ related gene expression, such as proline, antioxidant enzymes by using our
developed route.
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Figures

Figure 1

Accumulation and migration of Ni in wheat treated with different Ni concentrations. Replicates (n) = 3.
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Figure 2

Physiological responses of wheat to nickel stress. (a) Total chlorophyll contents, (b) chlorophyll a,
chlorophyll b, carotenoids contents, (c) TTC reduction contents, (d) MDA contents, (e) proline contents, (f)
soluble sugar contents. Different lowercase letter indicates signi�cant differences (P<0.05) between
different Ni-treated groups. Replicates (n) = 3.

Figure 3
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GST activity and related GST gene expression in wheat shoots and roots. (a) in shoots, (b) in roots.
Different lowercase letter indicates signi�cant differences (P<0.05) between different Ni-treated groups.
Replicates (n) = 3.

Figure 4

Bioavailable Ni extracted by the three extractants. (a) 0.01 M CaCl2, (b) 0.05 M EDTA, and (c) 0.43 M
HNO3 in soil and the bioavailability per unit Ni concentration. Replicates (n) = 3.
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Figure 5

TEM electron micrographs of wheat shoots (a-f) and roots (g-l) of Ningmai 16 exposed to 0 and 1200
mg/kg of Ni. Control (a-c; g-i); Ni treatment (d-h; j-l). Starch grains (Sg); Cell wall (Cw); Cytoplasm (Cy);
Vacuole (V); Mitochondria (M); Chloroplast (C); Cell nucleus (N); Plasmalemma (P); Intercellular space
(Ic). The arrows indicate the cluster of electron dense particles of metals inside the cell.
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