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ARTICLE INFO ABSTRACT
Keywords: In order to evaluate the effect of intercropping of the hyperaccumulator, Solanum nigrum L. and
Intercropping wheat on the absorption and accumulation of cadmium (Cd) in wheat. The experiment was
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conducted with three replicates, which conducted on four Cd concentrations (0, 20, 40, 60 pmol
L_l) in the Hoagland solution and using two planting patterns [monoculture wheat (MW),
intercropping wheat and Solanum nigrum L. (IW , IS)]. The results showed that the addition of Cd
in the solutions reduced the total root length by 19.08-55.98%, total root area by 12.35-44.48%,
and total root volume by 16.01-46.00% of wheat plants. Intercropping with Solanum nigrum L.
significantly reduced Cd contents by 28.3-47.2% and Cd accumulations by 10.08-32.43% in the
roots of wheat. Transmission electron microscope (TEM) revealed that the root-tip cells of the
monoculture wheat treated with Cd exhibited swollen spheres of intracellular mitochondria,
disorderly arranged inner ridges of mitochondria, some damaged mitochondrial membranes, and
deformed nuclear membranes. Many dense electron particles in the form of Cd were deposited in
the cell gap, and the cell nucleus became smaller or even disappeared. Under the same Cd con-
centrations, root-tip cells of intercropped wheat showed much less density of electron particles,
starch granules, and the damage to the nucleus and nuclear membrane by Cd.These results
indicated that intercropping with Solanum nigrum L. reduced the Cd toxicity to wheat roots and
decreased Cd uptake and accumulation in both the shoots and roots of the wheat.

1. Introduction

Although cadmium (Cd) is not an essential plant element, it can be readily absorbed and accumulated in plant tissues, particularly
in edible parts, which may ultimately pose a risk to human health and compromise food safety [1]. Contamination of Cd in soils has
become a serious environmental issue globally because of its adverse effects on plant growth [2]. Currently, according to Cd the
pollution studies, the widely-disseminated Cd-contaminated vegetables and rice in southern China pose a significant public health risk
[3,4] High concentration of Cd exhibited the growth and development of chlorosis, burning tips, leaf curling, and other Cd toxic
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symptoms of corn, and decreased the number and area of leaves. Besides, Metal toxicity is a complex phenomenon that affects almost
every aspect of the physiology and biochemistry of plants. It needs to be solved urgently by any feasible strategy [5].

The remediation of soils contaminated with heavy metals can be conducted using chemical, physical, and biological techniques.
Chemical and physical methods have the advantage of a short remediation period, but are expensive and cause secondary pollution
[6]. Phytoremediation is an ecological and safe approach to remove, stabilize, render heavy metals, and has received increasing
attention in recent years [7]. However, the limitation lies in the fact that the efficiency of phytoremediation is influenced by many
factors, such as the slow growth of the plants and a small amount of biomass [8]. Intercropping is an ideal practice to solve this problem
and the plants in the intercropping system can also effectively improve the utilization efficiency of light, water, fertilizer, and the
growth space to a certain extent, as well as improve the plant production efficiency [9]. Compared with the monoculture, inter-
cropping could improve the removal efficiency of various metals [10]. In recent years, more and more studies have utilized inter-
cropping to improve the efficiency of phytoremediation [11]. Solanum nigrum L., an ideal Cd hyperaccumulator for the
Cd-contaminated soil [12], which not only has superior Cd-accumulating ability, but also has strong resistance to the stress that
competes for light, nutrient, and water. Wheat is one of the three major food crops in China. Among them, Ai-Kang 58 is one of the
main wheat varieties planted in Henan province [13,14], which performed outstanding drought-enduring, freeze resistance, wide
adaptability, and high yield behaviors [15]. Due to the complex soil properties and various environmental factors, it is difficult to
distinguish the role of hyperaccumulators in competition or coordination under intercropping systems. The previous studies mainly
focused on the bioavailability, migration, and transformation activities of Cd in the soil [16]. At present, there are many studies on the
accumulation mechanism of heavy metals in plants [17,18], but there are few reports on the accumulation mechanism of wheat root
morphology and cellular ultrastructure under intercropping pattern [19]. Observation of root cell ultrastructure acts as an important
way to understand the cellular mechanism involved in Cd toxicity [20]. Besides, some studies were also conducted on root morphology
but these were mainly focused on the relationship between root morphology and yield, and there is little information available on the
relationships between root morphology and hyperaccumulation under intercropping pattern.

Therefore, the purpose of the present study was to investigate the effect of wheat intercropping with Solanum nigrum L. on wheat
root morphology, ultrastructure, Cd uptake and accumulation, to find out the mechanism involved in the uptake of Cd by the wheat
under different Cd stresses and planting patterns. The combination of changes in cell ultrastructure and differences in Cd uptake and
transport can effectively reveal the stress mechanism of plants to Cd.

2. Materials and methods
2.1. Experimental design

The Solanum nigrum L. and wheat (Triticum aestivum L., Ai-Kang 58) obtained from the Farmland Irrigation Research Institute of the
Chinese Academy of Agricultural Sciences (Beijing, China), which were used in our previous work [21]. The seeds with similar sizes
were selected and treated with 0.5% (V/V) NaClO for 15 min, rinsed, and soaked in distilled water at 25 °C for 12 h. Then the
germinated seeds were planted in a seedling growing tray with the container media. After the Solanum nigrum L. seedlings grew the
fifth true leaf and the wheat grew a leaf, the uniform seedlings were selected and transplanted into a 500 mL black culture barrel.

The hydroponic experiment was performed in a greenhouse (25/20 °C (day/night) temperature and a 65-75% relative humidity)
on August 2022. A completely randomized block design with three replicates was conducted on four Cd concentrations (0, 20, 40, 60
pmol L) in the Hoagland solution and using two planting patterns [monoculture wheat (MW), intercropping wheat and Solanum
nigrum L. (IW , IS)]. The seedlings were cultured in ', strength Hoagland solution for nine days, then shifted to the full-strength
Hoagland solution for another nine days. The composition of full-strength Hoagland solution was: Ca(NO3),-4H20 1.18g, KNOg3
0.51g, MgS04-7H,0 0.49g, KH,PO, 0.14g, EDTA-FeNa-3H,0 3.46 x 1072 g, MnCly-4H,0 1.81 x 1072 g, H3BO3 2.86 x 107° g,
ZnS04-7H,0 2.20 x 10~* g, CuS04-5H,0 8.00 x 10> g and (NH4)6Mo7024-4H,0 1.80 x 107° g in a liter of water. Finally, seedlings
were cultured in one of the solutions with four Cd concentrations (0, 20, 40, and 60 pmol L™Y) for another six days. The nutrient
solution was replaced every three days, and the pH of the solution was adjusted to 6.5 + 0.5 by 0.1 mol L™! NaOH or 0.1 mol L™! HCL.
Cadmium stock solutions prepared from CdCl,-2.5H20 and all chemicals used for this experiment were analytical grade and purchased
from Beijing Haike Hongchuang Biological Technology Co., Ltd. (Beijing, China).

2.2. Samples collection and determination

After cultured 24 days, seedlings were separated into roots and shoots which were washed with tap water and deionized water. The
roots were rinsed with deionized water again for three times after placed in 20 mmol L™! Nay-EDTA for 15 min. Both shoots and roots
were dried at 105 °C for 30 min and then at 80 °C until constant weight. The dried samples were weighed recorded for their dry
weights, then grounded with a ball mill, and passed through a 0.25 mm sieve. Plant samples were digested with HNO3 + HCIO4 (4:1)
[22], and the Cd contents were determined using ICP-MS (7700x, Agilent, Foster City, US). The reference material, citrus leaves
[GBW10020 (GSB-11), with 0.17 + 0.02 mg kg ™! Cd from the Institute of Geophysical and Geochemical Exploration, China] was used
for QA/QC and the Cd concentration (within the expected standard range (0.17 + 0.02) mg-kg™!) study.

The fresh root was scanned using a scanner (EPSON PERFECTION 700, Seiko Epson Corporation , Japan), and the images were
acquired by a root analysis software, WinRHIZOPro2013 (Regent Instruments Inc., Quebec, Canada). The length, surface area, and
volume of roots were calculated as described by Pimentel [23].

Fresh root tips were sampled and cut into 1-3 mm segments and quickly placed in a 2.5% glutaraldehyde fixator (prepared with a
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phosphate buffer pH = 7.2) at room temperature in the dark for 6 h. Then the sample was washed four times with phosphate buffer
solution (pH = 7.2) for 0.5 h each time before transferred to 1% osmium tetroxide for fixation. The samples were dehydrated with
gradient acetone (30, 50, 70, 80, 99, and 100%) at each level for 15 min and placed in epoxy resin SPURR in an oven at 70 °C for 12h.

Finally, the sample was sliced using an ultra-thin microtome (EM UC6, Leica, Germany) and its morphologies was observed with a TEM
(H-7500, HITACHI, Japan) [24].

2.3. Data analysis

Statistical analysis of the data was performed using SAS 9.4. All values reported were the average of three independent replicates.
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Fig. 1. The total root length (a), total root surface area (b) and total root volume of wheat (c) under different Cd stress. The bars are mean +
standard deviation (n = 3), and the different letters of the same tissue indicate that the difference at the p < 0.05 level is significant.
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Data were tested at the significance level of p <0.05 using the one-way ANOVA and Duncan’s tests. Before the analysis of variance, the
data were tested for homogeneity of variance. When the F value was greater than 0.05, the results were considered statistically
significant.

The following formulas were used to determine the translocation factor (TF) and mass translocation factor ( mTF):

TF= Cd concentration in shoots/Cd concentration in roots
mTF= Cd accumulation in shoots/Cd accumulation in roots

[Cd] is the content of Cd in a specific plant part, expressed as mg/kg ™!, and [mCd] is the mass of Cd in a specific plant part,
expressed as pug.

3. Results
3.1. Effect of intercropping with Solanum nigrum L. on root growth of wheat treated with different Cd concentrations

Fig. 1 shows the effect of Cd concentration on total length, surface area, and volume of wheat roots. It was observed that the
decreased of all these characteristic root parameters decreased with the increase of the Cd concentrations in hydroponic solution.
There was no significant difference of root growth indexes between MW and IW under the control condition (no Cd added) while all
these root measurements for IW had higher root growth attributes than MW under Cd stress (Fig. 1). The total root length, total root
surface area, and total root volume of IW with the treatment of 20 pmol L' Ccd were 1.14, 1.01, 1.23 times higher than these of
monoculture wheat, respectively. Under 60 pmol L lcd treatment, the total root length, total root surface area, and total root volume
of IW were 1.19, 1.15, and 1.14 (p < 0.05) times higher than MW, respectively. Although the results showed that all the parameters of
wheat root growth were affected by the Cd stress. But with the increase of the Cd stress, a larger decreasing slope for all parameters
were shown on MW than IW, indicating that the intercropping with Solanum nigrum L. alleviated the effect of Cd on wheat root growth.

3.2. Effect of intercropping with Solanum nigrum L. on wheat biomass under different Cd stresses

There was no difference in biomass between MW and IW for non-Cd treatments (Table 1). Under the same Cd stress, the shoots and
roots biomass of IW were higher than these of MW. The roots biomass of IW treated with 40 pmol L™ Cd was 10.87 and 20.00% higher
than these of MW, respectively. The biomass of shoots and roots of IW treated with 60 pmol L™ Cd was 23.08 and 33.33% higher than
these of MW. The Cd stress inhibited the growth of shoots and roots of wheat for both MW and IW since the shoot and roots biomass
decreased with the increase of Cd concentration. The results demonstrated that under different Cd concentrations, intercropping with
Solanum nigrum L. promoted the growth of wheat roots and shoots for almost all the tested Cd concentrations. At a high Cd concen-
tration (60 pmol L), the shoots and roots biomasses of IW was increased 23% and 25%, which significantly increased in comparison
with that of MW.

3.3. Effect of intercropping with Solanum nigrum L. on Cd absorption of wheat under different Cd stresses

In the control samples (non-Cd), both MW and IW had no significant difference in Cd contents in shoots and roots of wheat.
However, the Cd content of wheat roots was significantly higher than shoots. The Cd contents in wheat shoots and roots were increased
significantly with the increase of Cd concentrations in solution, but the increase of Cd contents in roots of MW was greater than these of
IW. Compared with MW, the Cd contents in IW treated with 20, 40 and 60 pmol L™} Cd decreased by 17.53, 16.00 and 26.80% for
shoots and 28.30, 43.94, 47.20% for roots, respectively (Fig. 2a and b). The results showed that the Cd contents of IW was decreased
significantly, and intercropping with Solanum nigrum L. minimized the Cd absorption in wheat.

3.4. Effect of intercropping with Solanum nigrum L. on Cd accumulation of wheat under different Cd stresses

Under non-Cd stress, there was no significant difference in Cd accumulation in shoots and roots of MW and IW. Cadmium accu-
mulation in shoots and roots of IW were lower than these in MW (Table 2). The accumulation of Cd were 14.60-16.74 g.plant_1 and

Table 1

Differences in biomass of monoculture and intercropping wheat under different Cd stress.
Cd concentration ( pmol-L™! ) Shoots (g-plant™1) Roots (g-plant™!)

MW W MwW w

0 0.22 £ 0.02a 0.21 £+ 0.02a 0.08 + 0.01a 0.10 £+ 0.01a
20 0.18 £ 0.02a 0.19 £+ 0.01a 0.06 + 0.00a 0.08 £ 0.01a
40 0.15 £ 0.01a 0.17 £ 0.01a 0.05 £ 0.01a 0.06 £ 0.01a
60 0.13 4 0.03b 0.16 £+ 0.01a 0.04 + 0.00b 0.05 £ 0.00a

Note: The data in the table are mean + standard deviation (n = 3), and the different letters of the same tissue indicate that the difference at the p <
0.05 level is significant. MW, Monoculture Wheat; IW, Intercropping Wheat.
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Fig. 2. Cd content of wheat shoots (a) and roots of wheat (b) under monoculture and intercropping. The bars are mean + standard deviation (n =
3), and the different letters of the same tissue indicate that the difference at the p < 0.05 level is significant.

12.70-15.08g.plant ! in the shoots of IW and MW, respectively. The shoos and roots Cd accumulation of IW under Cd stress were
decreased compared with MW, the roots Cd accumulation of IW treated with40, and 60 umol L~ were significantly decreased by32.43,
29.51%, respectively. The results showed that with the increase of Cd stress intensity, the Cd accumulation of wheat was increased, and
intercropping with Solanum nigrum L. inhibited the Cd accumulation of shoots and roots in wheat.

3.5. Effect of intercropping Solanum nigrum L. on translocation factor (TF) and mass translocation factor (mTF) of wheat under different
Cd stress

Under different Cd stress, the TF of IW was greater than that of MW (Fig. 3 (a)). The TF of MW was 0.07-0.11, and IW was
0.08-0.12. Compared with MW treated with 20, 40 and 60 pmol L™}, the TF of IW increased by 15.78, 49.64 and 38.67%, respectively.
Under 20 pmol L™! Cd treatment, there was no significant difference in mTF between IW and MW. The mTF of IW increased signif-
icantly by 36.92 and 28.47% compared with these of MW under 40 and 60 pmol L™! Cd treatments (Fig. 3b). The results showed that

Table 2
Accumulations of Cd in shoots and roots of monoculture and intercropping wheat under different Cd stress.
Cd concentration(ymol-L™1) Cd accumulation of shoots Cd accumulation of roots
(pg-plant™) (ug-plant™)
MW w MW w
0 0.03 + 0.00a 0.02 + 0.00a 0.13 + 0.03a 0.14 £+ 0.00a
20 14.60 + 1.39a 12.70 &+ 0.68a 48.75 + 2.91a 43.84 + 1.66a
40 1491 + 1.81a 13.77 £ 0.61a 68.92 + 8.54a 46.57 + 5.68b
60 16.74 + 1.20a 15.08 + 0.94a 70.61 + 1.28a 49.77 + 5.24b

Note: The data in the table are mean + standard deviation (n = 3), and the different letters of the same tissue indicate that the difference at the p <
0.05 level is significant. MW, Monoculture Wheat; IW, Intercropping Wheat.
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intercropping with Solanum nigrum L. promoted the transfer of Cd from the wheat roots to shoots, and the Cd mTF of IW treated with 40
and 60 pmol L1 Cd was increased significantly.

3.6. Effect of intercropping Solanum nigrum L. on ultrastructure of wheat root-tip cells under different Cd stress

Fig. 4 shows the ultrastructure of root-tip cells of MW treated with 20 pmol L™ and 60 pmol-L-1 Cd .At 20 pmol L™ Cd (Fig. 4 a, b),
the mitochondria in the cells were swollen spheres, some mitochondrial membranes were damaged, and the nuclear membranes were
all deformed. Compared with the root-tip cells of MW, the starch grains in IW cytoplasm were significantly reduced. The starch
granules in the cytoplasm of IW were significantly reduced, and only scattered sporadically between the nuclear membrane and the cell
membrane. The wheat root-tip cells of the two planting patterns were severely distorted and the cell wall was deformed at a 60 pmol
L~! Cd concentration (Fig. 4c and d). The nucleus membrane were damaged to a large extent and a large amount of dense electron
particles in the form of Cd were deposited in the cell gap. The nucleus of the cell became smaller or even disappears. Compared with the
root-tip cells of IW treated with 60 pmol L™} Cd, the root-tip cells of MW were more deformed, the number of starch granules in the
cells increased significantly, the cell walls and the nuclear membrane were more recessed, and the formation of Cd was dense.
Electronic particles are not only collected in cell membranes and vacuoles, but also widely distributed in the cytoplasm. The results
showed that under the same Cd concentration stress, intercropping with Solanum nigrum L. inhibited the absorption of Cd*" in the
solution by the wheat root, reduced the dense electronic particles in the cell, and inhibited the synthesis of starch granules in the wheat
root cell.

4. Discussion
4.1. The effect on wheat root morphological parameters

Elevated Cd concentrations adversely affected the root morphological characters such as surface area, volume, and diameter. Since
roots are in direct contact with a nutrient medium, their morphology influences the uptake of water, minerals, and metals. Therefore, it
is important to study root morphological alteration under Cd-induced stressl [25]. In the current study, the roots growth parameters
such as length, surface area, and volume of wheat have been influenced by the planting patterns and Cd stress. When wheat seedlings
were cultured in nutrient solutions with 20, 40 , and 60 pmol L' Cd for six consecutive days, the growth of roots was inhibited and all
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different letters of the same tissue indicate that the difference at the p < 0.05 level is significant.
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(a)

()

Fig. 4. The ultrastructure of root tip cells of MW (a) and IW (b) treated with 20 ymol L~! Cd and root tip cells of MW (c) and IW (d) treated with 60
umol L™ Cd. Note : The different structures of wheat root cells are represented by these white letters in the picture: N (nucleus), NO (nucleolus), CH
(chromatin), NE (nuclear envelope), V (vacuole), M (mitochondria), P (plastid), S (starch granule), PM (plasma membrane), CW (cell wall) and ER
(endoplasmic reticulum), Cd deposition (—) in the form of electronic dense particles deposited or attached. Monocropping wheat and intercropping
wheat treated with 20 pmol L~! Cd (Panels a and b); Monocropping wheat and intercropping wheat treated with 60 pmol L' Cd (Panels ¢ and d).
MW, Monoculture Wheat; IW, Intercropping Wheat.

these parameters of roots were reduced obviously, indicating that Cd stress inhibited plant growth. This is because excessive Cd enters
the plant cells which results in a series of physiological toxicity processes [26]. It was reported that excessive Cd stress disrupted the
system balance between the generation and removal of active oxygen in plants and caused lipid peroxidation damage [27]. In the
present research, we found that intercropping with Solanum nigrum L. promoted wheat root growth in comparison with MW, which was
consistent with the research results that the root length and root surface area of broad bean intercropped with accumulators were
significantly higher than that of monoculture broad bean [28].

4.2. The effect on wheat biomass of roots and shoots

In the present research, there was an overall reduction in plant growth attributes under Cd stress. And the reduction in wheat shoots
biomass was similar to the reduction in its roots that as the concentration of Cd increases, the biomass decreases in the nutrient media.
When the concentration of Cd in the solution exceeds the tolerance capacity of plants, Cd toxicity indirectly influenced the physio-
logical metabolism and various aspects of plant growth. Cd toxicity of wheat was expressed in the growth form, with the main
symptoms of wheat chlorosis and root tip browning, leading to the decrease of biomass [29]. The biomass of wheat shoots and roots
were decreased under Cd stress. This is supported by the work of other researchers, who found that biomass was reduced in the two
cotton genotypes when plants exposed to Cd, indicating that Cd stress inhibited plant growth [20]. However, this finding was in
consistent with our previous result that the biomass of wheat shoots under intercropping was higher than that of monoculture under
same Cd stress [21], which indicated that intercropping with Solanum nigrum L. reduced the toxic effect of Cd on wheat.

4.3. The effect on Cd accumulation in wheat roots and shoots

The study of plant mechanisms for accumulating metals and countering their toxicity stress helps to improve our comprehension of
the processes of metal element and detoxification. In whole plants, roots are the primary sites to which heavy metals gain access. In
most cases, heavy metals are readily taken up by the plant through the root and transported to the aerial parts by xylem vessel.
However, much amount of them is stored in roots compared to shoots [30], this finding was consistent with our result. The reason for it
could be attributable to the roots have many transition metal transport proteins that improve the ability of Cd** extraction, but the
process of Cd transport to the shoot was affected by factors such as Cd concentration in the culture medium, and the Cd transport to the
shoot was much lower than the absorption amount of root [31], Previously study has shown that intercropping between heavy metal
hyperaccumulators and cash crops may reduce the concentration of Cd in food crops [32]. This finding was consistent with our result,
which intercropping with Solanum nigrum L. inhibited the absorption of Cd by the roots of wheat and reduced the Cd contents of wheat
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shoots and roots. This might be due to Solanum nigrum L. has a strong ability to compete for Cd absorption. It was found that inter-
cropping increased the accumulation of As in the centipede grass and reduced the concentration of As in the leaves of the mulberry tree
[33]. This finding was in agreement with our result that intercropping with Solanum nigrum L. inhibited the absorption and accu-
mulation of Cd by wheat. Some researchers believe that different planting patterns show the different species diversity, and plant
diversity can reduce the adverse effects of polymetallic pollution on plant growth [34]. In conclusion, the present study demonstrated
that intercropping with Solanum nigrum L. alleviated the Cd toxicity of wheat.

4.4. The effect on wheat root-tip cells ultrastructure

The roots are directly exposed to the soil and affected by Cd-contamination. Therefore, this organ must tolerate the Cd stress to keep
the whole plant alive and the root tip is also suggested to function as a sensor. Thus, the investigation on Cd-induced ultrastructural
changes in roots is important. Due to the complementary relation between the structure and function of plants, the effect of Cd on the
cellular organization is important for understanding the physiological alterations. Electron microscopy helps to assess damage at the
tissue and ultrastructural levels providing a basis for macroscopic examination [25]. Compared with those of MW, the density of
electron particles and starch granules decreased in the root cells of IW, and the degree of Cd damage in the nucleus and nuclear
membrane of root cells of IW was alleviated, Which may be due to the decreased antioxidant capacity induced by Cd, the activity of
catalase in the roots was reduced and Cd toxicity could destroy plant root cell structure [35]. Higher Cd stress led to severe damage in
the cell structure [36]. Khan et al. [37]found that the cell structure of cucumber root tips exposed to 100 pmol L~ Cd stress showed
obvious disorder. The observed mitochondrial swelling was possibly related to the change of stress-energy state. The deposits in it
came from the storage form of the Cd complex. Intercropping with Solanum nigrum L. reduced the damage of wheat root cells under Cd
stress and promoted the growth of the wheat root system compare to MW. The main reason is that intercropping with Solanum nigrum
L. inhibited the absorption of Cd in the solution by wheat, and the toxic effects of free Cd in wheat root cells on the roots were reduced.
Moreover, other cations inhibited the linear and saturation absorption by competing with Cd?* in the roots [38].

5. Conclusion

In the present research, with the increase of Cd concentration, the total root length, the total root surface area, and the total root
volume of wheat showed a downward trend. In the intercropping system, Solanum nigrum L. has a strong ability to compete for Cd
absorption, which inhibited the absorption and accumulation of Cd by wheat. Compared with MW, the Cd concentration dropped
significantly in shoots and roots of IW. With the increase of Cd concentration stress, the deformation of wheat root tip cells became
more serious, and the nuclear membrane was sunken to a greater degree, which resulted in the strengthening of the toxic effect of Cd on
wheat root tip cells. Under the same Cd concentration, less dense electron particles formed by Cd in wheat root tip cells intercropped
with Solanum nigrum L., which alleviated the toxic effect of Cd to wheat roots.

Author contribution statement

Li Wang: Conceived and designed the experiments; Performed the experiments; Analyzed and interpreted the data; Wrote the
paper.

Rong Zou: Analyzed and interpreted the data.

Jinghang Cai: Contributed reagents, materials, analysis tools or data.

Guihua Liu: Analyzed and interpreted the data; Contributed reagents, materials, analysis tools or data.

Song Qin: Analyzed and interpreted the data; Contributed reagents, materials, analysis tools or data.

Ya Jiang: Analyzed and interpreted the data.

Guanqun Chai: Analyzed and interpreted the data.

Chengwu Fan: Conceived and designed the experiments; Analyzed and interpreted the data; Wrote the paper.

Data availability statement
Data will be made available on request.

Funding

This work was supported by the project of The National Key Research and Development Program of China (2018YFD0800602).

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.



L. Wang et al. Heliyon 9 (2023) 16270

References

1]
[2]
[3]
[4]
[5]
(6]
[71
[81
[91
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]

[21]

[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]

[38]

W. Swaddiwudhipong, P. Limpatanachote, P. Mahasakpan, S. Krintratun, B. Punta, T. Funkhiew, Progress in cadmium-related health effects in persons with high
environmental exposure in northwestern Thailand: a five-year follow-up, Environ. Res. 112 (2012) 194-198, https://doi.org/10.1016/j.envres.2011.10.004.
A.S. Kanu, U. Ashraf, Z. Mo, S-u-R Sabir, 1. Baggie, C.S. Charley, X. Tang, Calcium amendment improved the performance of fragrant rice and reduced metal
uptake under cadmium toxicity, Environ. Sci. Pollut. Res. 26 (2019) 24748-24757, https://doi.org/10.1007/s11356-019-05779-7.

Yuanan Hu, Hefa Cheng, Shu Tao, The challenges and solutions for cadmium-contaminated rice in China: a critical review, Environ. Int. 92-93 (2016) 515-532,
https://doi.org/10.1016/j.envint.2016.04.042.

Yizhang Liu, Tangfu Xiao, Philippe C. Baveye, Jianming Zhu, Zengping Ning, Huajun Li, Potential health risk in areas with high naturally-occurring cadmium
background in southwestern China, Ecotoxicol. Environ. Saf. 112 (2015) 122-131, https://doi.org/10.1016/j.ecoenv.2014.10.022.

B. Ali, W.J. Song, W.Z. Hu, X.N. Luo, R.A. Gill, J. Wang, W.J. Zhou, Hydrogen sulfide alleviates lead-induced photosynthetic and ultrastructural changes in
oilseed rape, Ecotoxicol. Environ. Saf. 102 (2014) 25-33, https://doi.org/10.1016/j.ecoenv.2014.01.013.

Sara Gustavo, Acosta-Santoyo, et al., Analysis of the biological recovery of soils contaminated with hydrocarbons using an electrokinetic treatment, J. Hazard
Mater. (2019) 625-633, https://doi.org/10.1016/j.jhazmat.2019.03.015, 371.

M. Jayakumar, U. Surendran, P. Raja, et al., A review of heavy metals accumulation pathways, sources and management in soils, Arabian J. Geosci. 14 (2021)
2156, https://doi.org/10.1007/s12517-021-08543-9.

M.D. Jusselme, E. Miambi, T. Lebeau, C. Rouland-Lefevre, Role of Earthworms on Phytoremediation of Heavy Metal-Polluted Soils, Springer International
Publishing, 2015, https://doi.org/10.1007/978-3-319-14526-6_15.

Y. Hong, N. Heerink, S. Jin, P. Berentsen, L. Zhang, W. van Der Werf, Intercropping and agroforestry in China — current state and trends Agriculture, Ecosys.
Environ. 244 (2017) 52-61, https://doi.org/10.1016/j.agee.2017.04.019.

A.R.A. Syukor, S. Sulaiman, M.N.I. Siddique, A.W. Zularisam, M.L.M. Said, Integration of phytogreen for heavy metal removal from wastewater, J. Clean. Prod.
112 (2016) 3124-3131, https://doi.org/10.1016/j.jclepro.2015.10.103.

Q. Lu, et al., Effects of mutual intercropping on the cadmium accumulation in accumulator plants Stellaria media, Malachium aquaticum, and Galium aparine,
Environ. Monit. Assess. 189 (2017), https://doi.org/10.1007/5s10661-017-6322-7.

M.Z.U. Rehman, et al., Remediation of heavy metal contaminated soils by using Solanum nigrum: a review, Ecotoxicol. Environ. Saf. 143 (2017) 236-248,
https://doi.org/10.1016/j.ecoenv.2017.05.038.

Jie Zeng, Guanglei Li, Haiyan Gao, Zhengang Ru, Comparison of A and B starch granules from three wheat varieties, Molecules 16 (12) (2011) 10570-10591,
https://doi.org/10.3390/molecules161210570.

Yu Zhang, Weigang Xu, Huiwei Wang, Haibin Dong, Xueli Qi, Mingzhong Zhao, Yuhui Fang, Chong Gao, Lin Hu, Progress in genetic improvement of grain yield
and related physiological traits of Chinese wheat in Henan Province, Field Crop. Res. 199 (2016) 117-128, https://doi.org/10.1016/].fcr.2016.09.022.
Weiqin Xing, Hongyi Zhang, Kirk G. Scheckel, Liping Li, Heavy metal and metalloid concentrations in components of 25 wheat (Triticum aestivum) varieties in
the vicinity of lead smelters in Henan province, China, Environ. Monit. Assess. 188 (1) (2016) 23, https://doi.org/10.1007/s10661-015-5023-3.

Q. Luo, L.-N. Sun, X.-M. Hu, Metabonomics study on root exudates of cadmium hyperaccumulator sedum alfredii Chinese, J. Anal. Chem. 43 (2015) 7-11,
https://doi.org/10.1016/51872-2040(15)60795-2.

O. Sytar, S. Ghosh, H. Malinska, M. Zivcak, M. Brestic, Physiological and molecular mechanisms of metal accumulation in hyperaccumulator plants, Physiol.
Plantarum 173 (1) (2020) 148-166, https://doi.org/10.1111/ppl.13285.

K. Feki, S. Tounsi, M. Mrabet, H. Mhadhbi, F. Brini, Recent advances in physiological and molecular mechanisms of heavy metal accumulation in plants,
Environ. Sci. Pollut. Res. Int. 28 (46) (2021) 64967-64986, https://doi.org/10.1007/500709-021-01635-z.

L. Bouttier, A. Paquette, C. Messier, D. Rivest, A. Olivier, A. Cogliastro, Vertical root separation and light interception in a temperate tree-based intercropping
system of Eastern Canada, Agrofor. Syst. 88 (2014) 693-706, https://doi.org/10.1007/510457-014-9721-6.

W. Ibrahim, .M. Ahmed, X. Chen, F. Cao, S. Zhu, F. Wu, Genotypic differences in photosynthetic performance, antioxidant capacity, ultrastructure and nutrients
in response to combined stress of salinity and Cd in cotton, Biometals 28 (2015) 1063-1078, https://doi.org/10.1007/s10534-015-9890-4.

Li Wang, Rong Zou, Yuncong C. Li, Zhaohui Tong, Meng You, Wenmin Huo, Keyu Chi, Hongli Fan, Effect of Wheat-Solanum nigrum L. intercropping on Cd
accumulation by plants and soil bacterial community under Cd contaminated soil, Ecotoxicol. Environ. Saf. 206 (2020), 111383, https://doi.org/10.1016/j.
ecoenv.2020.111383.

W. Huo, R. Zou, L. Wang, W. Guo, D. Zhang, H. Fan, Effect of different forms of N fertilizers on the hyperaccumulator Solanum nigrum L. and maize in
intercropping mode under Cd stress, RSC Adv. 8 (2018) 40210-40218, https://doi.org/10.1039/c8ra07151a.

N. Pimentel, D. Gazzana, J.D.F. Spanevello, K.H. Lencina, D.A. Bisognin, Effect of mini-cutting size on adventitious rooting and morphophysiological quality of
ilex paraguariensis plantlets, J. For. Res. 32 (2) (2020) 815-822, https://doi.org/10.1007/s11676-020-01126-6.

K. Chi, R. Zou, L. Wang, W. Huo, H. Fan, Cellular distribution of cadmium in two amaranth (Amaranthus mangostanus L.) cultivars differing in cadmium
accumulation, Environ. Sci. Pollut. Res. 26 (2019) 22147-22158, https://doi.org/10.1007/511356-019-05390-w.

Sandra KimLavoie Tiam, CarolineHamilton IsabelleDoose, B. Paul, Claude Fortin, Morphological, physiological and molecular responses of nitzschia palea under
cadmium stress, Ecotoxicology 27 (6) (2018) 675-688, https://doi.org/10.1007/510646-018-1945-1.

S.U. Rahman, X. Qi, Z. Zhao, Z. Du, N. Ashraf, Alleviatory effects of silicon on the morphology, physiology, and antioxidative mechanisms of wheat (triticum
aestivum 1.) roots under cadmium stress in acidic nutrient solutions, Sci. Rep. 11 (1) (2021), https://doi.org/10.1038/541598-020-80808-x.

Z.Yan, Y. Chen, M. Qu, P. Yu, B. Yang, Y. Ke, Effects of Cd stress on physiological characteristics of alfalfa and its Cd enrichment, Guangxi Zhiwu/Guihaia 39 (2)
(2019) 218-227.

Y. Zu, et al., Intercropping of Sonchus asper and Vicia faba affects plant cadmium accumulation and root responses, Pedosphere 30 (2020) 457-465, https://doi.
0rg/10.1016/s1002-0160(17)60484-3.

M. Rizwan, J.-D. Meunier, J.-C. Davidian, O.S. Pokrovsky, N. Bovet, C. Keller, Silicon alleviates Cd stress of wheat seedlings (Triticum turgidumL. cv. Claudio)
grown in hydroponics, Environ. Sci. Pollut. Res. 23 (2) (2016) 1414-1427, https://doi.org/10.1007/s11356-015-5351-4.

A. Rizvi, M.S. Khan, Heavy metal induced oxidative damage and root morphology alterations of maize (zea mays 1.) plants and stress mitigation by metal tolerant
nitrogen fixing azotobacter chroococcum, Ecotoxicol. Environ. Saf. (2018), 157, 9-20.10.1016/j.ecoenv.2018.03.063.

M. Labra, et al., Zea mays L. protein changes in response to potassium dichromate treatments, Chemosphere 62 (2006) 1234-1244, https://doi.org/10.1016/j.
chemosphere.2005.06.062.

Y.-T. Tang, et al., Designing cropping systems for metal-contaminated sites: a review, Pedosphere 22 (2012) 470-488, https://doi.org/10.1016/s1002-0160(12)
60032-0.

X. Wan, M. Lei, T. Chen, J. Yang, Intercropped Pteris vittata L. and Morus alba L. presents a safe utilization mode for arsenic-contaminated soil, Sci. Total
Environ. 579 (2017) 1467-1475, https://doi.org/10.1016/j.scitotenv.2016.11.148.

R. Yang, L. Liu, S. Zan, J. Tang, X. Chen, Plant species coexistence alleviates the impacts of lead on Zea mays L, J. Environ. Sci. 24 (2012) 396-401, https://doi.
org/10.1016/51001-0742(11)60721-3.

K. Glowacka, A. Zrobek-Sokolnik, A. Okorski, J. Najdzion, The effect of cadmium on the activity of stress-related enzymes and the ultrastructure of pea roots,
Plants-Basel 8 (10) (2019) 413, https://doi.org/10.3390/plants8100413.

Kar, Musa, Determination of the expression level of stress-related genes in cicer arietinum root cell under cd stress and the relationship to Hy0; concentrations,
Ecotoxicology 27 (2018) 1087-1094, https://doi.org/10.1007/510646-018-1961-1.

M.D. Khan, L. Mei, B. Ali, Y. Chen, X. Cheng, S.J. Zhu, Cadmium-induced upregulation of lipid peroxidation and reactive oxygen species caused physiological,
biochemical, and ultrastructural changes in upland cotton seedlings, BioMed Res. Int. 2013 (2013) 374063. Article ID 374063.

Rong Zou, Li Wang, Yuncong C. Li, Zhaohui Tong, Wenmin Huo, Keyu Chi, Hongli Fan, Cadmium absorption and translocation of amaranth (Amaranthus
mangostanus L.) affected by iron deficiency, Environ. Pollut. 256 (2020), 113410, https://doi.org/10.1016/j.envpol.2019.113410.


https://doi.org/10.1016/j.envres.2011.10.004
https://doi.org/10.1007/s11356-019-05779-7
https://doi.org/10.1016/j.envint.2016.04.042
https://doi.org/10.1016/j.ecoenv.2014.10.022
https://doi.org/10.1016/j.ecoenv.2014.01.013
https://doi.org/10.1016/j.jhazmat.2019.03.015
https://doi.org/10.1007/s12517-021-08543-9
https://doi.org/10.1007/978-3-319-14526-6_15
https://doi.org/10.1016/j.agee.2017.04.019
https://doi.org/10.1016/j.jclepro.2015.10.103
https://doi.org/10.1007/s10661-017-6322-7
https://doi.org/10.1016/j.ecoenv.2017.05.038
https://doi.org/10.3390/molecules161210570
https://doi.org/10.1016/j.fcr.2016.09.022
https://doi.org/10.1007/s10661-015-5023-3
https://doi.org/10.1016/s1872-2040(15)60795-2
https://doi.org/10.1111/ppl.13285
https://doi.org/10.1007/s00709-021-01635-z
https://doi.org/10.1007/s10457-014-9721-6
https://doi.org/10.1007/s10534-015-9890-4
https://doi.org/10.1016/j.ecoenv.2020.111383
https://doi.org/10.1016/j.ecoenv.2020.111383
https://doi.org/10.1039/c8ra07151a
https://doi.org/10.1007/s11676-020-01126-6
https://doi.org/10.1007/s11356-019-05390-w
https://doi.org/10.1007/s10646-018-1945-1
https://doi.org/10.1038/s41598-020-80808-x
http://refhub.elsevier.com/S2405-8440(23)03477-1/sref27
http://refhub.elsevier.com/S2405-8440(23)03477-1/sref27
https://doi.org/10.1016/s1002-0160(17)60484-3
https://doi.org/10.1016/s1002-0160(17)60484-3
https://doi.org/10.1007/s11356-015-5351-4
http://refhub.elsevier.com/S2405-8440(23)03477-1/sref30
http://refhub.elsevier.com/S2405-8440(23)03477-1/sref30
https://doi.org/10.1016/j.chemosphere.2005.06.062
https://doi.org/10.1016/j.chemosphere.2005.06.062
https://doi.org/10.1016/s1002-0160(12)60032-0
https://doi.org/10.1016/s1002-0160(12)60032-0
https://doi.org/10.1016/j.scitotenv.2016.11.148
https://doi.org/10.1016/s1001-0742(11)60721-3
https://doi.org/10.1016/s1001-0742(11)60721-3
https://doi.org/10.3390/plants8100413
https://doi.org/10.1007/s10646-018-1961-1
http://refhub.elsevier.com/S2405-8440(23)03477-1/sref37
http://refhub.elsevier.com/S2405-8440(23)03477-1/sref37
https://doi.org/10.1016/j.envpol.2019.113410

	Effect of Cd toxicity on root morphology, ultrastructure, Cd uptake and accumulation of wheat under intercropping with Sola ...
	1 Introduction
	2 Materials and methods
	2.1 Experimental design
	2.2 Samples collection and determination
	2.3 Data analysis

	3 Results
	3.1 Effect of intercropping with Solanum nigrum L. on root growth of wheat treated with different Cd concentrations
	3.2 Effect of intercropping with Solanum nigrum L. on wheat biomass under different Cd stresses
	3.3 Effect of intercropping with Solanum nigrum L. on Cd absorption of wheat under different Cd stresses
	3.4 Effect of intercropping with Solanum nigrum L. on Cd accumulation of wheat under different Cd stresses
	3.5 Effect of intercropping Solanum nigrum L. on translocation factor (TF) and mass translocation factor (mTF) of wheat und ...
	3.6 Effect of intercropping Solanum nigrum L. on ultrastructure of wheat root-tip cells under different Cd stress

	4 Discussion
	4.1 The effect on wheat root morphological parameters
	4.2 The effect on wheat biomass of roots and shoots
	4.3 The effect on Cd accumulation in wheat roots and shoots
	4.4 The effect on wheat root-tip cells ultrastructure

	5 Conclusion
	Author contribution statement
	Data availability statement
	Funding
	Declaration of competing interest
	References


