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Abstract: Cadmium in soils not only reduces crop yield and quality but also threatens the safety of
human health and wildlife due to bioaccumulation. Baiyin City, a typical industrial region located
in northwest China, was evaluated to examine the spatial distribution of cadmium. We simulated
soil cadmium concentrations in the laboratory, based on levels found at local sampling sites, to
examine how both Medicago sativa and Zea mays plants accumulate cadmium. The experimental
results revealed that cadmium in all soil samples exceeded China’s national standard levels for
general farmland; in addition, cadmium accumulation in all tissues of M. sativa and Z. mays exceeded
the national fodder standards. Therefore, M. sativa and Z. mays from the study area should not
be used for fodder. However, about 36% of the planting area of M. sativa and Z. mays can be
used for phytoextraction because of cadmium accumulation. For soil pollution management, we
suggest dividing the study area into three different regions, including a non-planting region, a
phytoremediation region, and a planting region. Our soil management model can effectively help
local people to avoid food safety risks and to realize sustainable development of soil utilization in
contaminated areas.

Keywords: soil pollution; cadmium; food safety; spatial distribution; GIS spatial threshold analysis

1. Introduction

With rapid global economic and industrial development, pollutants have been released
into the environment in many countries around the world [1]. In particular, heavy metals,
due to their biotoxicity and non-degradability, are especially problematic [2]. Heavy metal
pollution in industrial regions requires environmental management and remediation and
must be considered in the context of agricultural land use and development [3,4]. Cadmium
is an example of a heavy metal that is highly toxic for plant growth [5,6]. Specifically,
cadmium uptake in plants occurs in the roots via essential metal transporters and is partly
translocated aboveground [7-9]. Cadmium in soils not only reduces crop yield and quality
but also threatens both animal and human health because this metal can bioaccumulate
within a food chain [10,11]. Although efforts have been made to prevent such pollution,
heavy metals, nonetheless, pose a risk to food safety in areas where metal mining takes
place, such as our study area in Northwest China [12].
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Phytoremediation has gained more attention in recent times as an alternative technol-
ogy for environmental restoration in these contaminated sites with heavy metal [13-15].
Several methods have been proposed to examine phytoremediation. New methods, such
as ultramicroscopic, radioautographic, fourier-transform infrared spectroscopy (FTIR),
and energy dispersive X-ray microanalysis (EMAX), following glutaraldehyde fixation
with sulfide supplements or freezing of plant samples, have been used to examine where
cadmium is located within plants [16-18]. However, these methods are applied at a mi-
croscopic scale to examine cadmium localization at a cellular, tissue, or organ level but
do not describe the larger scale distribution of cadmium in an area [19,20]. Alternatively,
for macroscopic-scale research, a GIS-based multivariate analysis approach can be used
to interpret field-based geochemical data [21,22]. In particular, this type of GIS-based
multivariate analysis approach can be used to monitor the spatial distribution of heavy
metals [23-25] and construct a spatial distribution map [26,27]. This type of approach is
an effective method that has previously been successfully applied to the examination of
spatial patterns in heavy metal pollution [28-30]. Overall, the majority of existing research
focuses on toxicology and a systematic macro-scale evaluation of cadmium distribution
is lacking [31]. However, many questions have seldom been addressed, such as whether
crops can be planted in heavy metal-contaminated soil, what types of crops can be planted,
how to determine the planting area of crops, and how to classify the planting areas of
contaminated soil [32]. Therefore, we designed an integrated model comprising toxicology,
food safety, and spatial analysis to achieve classified management of contaminated soils
and reduce the risks of food and fodder safety.

Baiyin City is part of an inland industrial region, located in the middle of the Gansu
province of northwest China. This study area was chosen as being typical of agricultural
food environments in northwest China; the northwest farming area is mostly in the Loess
Plateau river flow area. This region is rich in non-ferrous metals such as Cu, Pb, Zn, Co,
Au, and Ag, which are locally mined and processed in smelting factories; however, these
heavy metals frequently contaminate streams and rivers in this area [25,27]. With the
development of the mining and metallurgical industry, arable land in this region has been
polluted by Cd, Cu, Pb, and Zn [33,34] because of the usage of polluted river water for
irrigation [25]. Crop plants take up such heavy metals and consumption of contaminated
crops by humans and/or livestock can result in human/livestock exposure. In this study,
we examine cadmium bioaccumulation in maize (Zea mays) and alfalfa (Medicago sativa),
both of which are widely planted in the Baiyin City area and are used as forage feedstock
for cattle, sheep, and pigs. Furthermore, the outcomes and recommendations for food
safety should be broadly applicable irrespective of the specifics of the natural geographical
environment or traditional human agricultural activities. The primary objective of this
study is to determine the spatial distribution of cadmium in the soils of the Yellow River
irrigation region of Baiyin City. This study can be used in the classified management of
contaminated soils and for establishing a corresponding application model (Figure 1). The
deep soil utilization management model can be used as an example of soil utilization in
mining areas and may help to achieve soil utilization, environmental governance, and
sustainable development.
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Figure 1. The experiment design of the deep utilization model.

2. Materials and Methods

The experimental design of the deep utilization model of contaminated soil is shown
in Figure 1. First, the soil Cd concentrations are determined in different parts of the region
and, second, we propose a setup for the Cd concentration laboratory experiments based
on the results of the above field experiment. According to the growth status of plants and
the permissible value of cadmium in crops, we then use GIS and a geostatistical analysis
approach of spatial patterns in cadmium soil pollution to classify contaminated soil into
three areas: (1) planting region, (2) phytoremediation region, and (3) non-planting region
for crop production (Figure 1).

2.1. Study Area

Our study area is located in the region around Baiyin City (36°23'-36°40' N, 104°21'—
104°27" E). It has a typical southeast monsoon climate, with an annual average temperature
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of 6-9 °C and an annual total precipitation of 180-450 mm. Most of the non-ferrous metal
mining and smelting plants are located in the upper reaches of the Dongdagou stream and
several Nonferrous metal mines are located in the upper reaches of the Xidagou stream
(Figure 2). The most significant effluent sources are mills, nonferrous metal smelters,
and mine tailings. Domestic wastewater and industrial sewage and effluent containing
cadmium are released into both streams [33], which drain directly into the Yellow River [35].
With the expansion of industrial development, the Yellow River has become increasingly
polluted and irrigation water from the Yellow River contains many hazardous pollutants,
including heavy metals [36]. The main agricultural region in the study area is located along
the Dongdagou stream and the Yellow River, where farmlands are irrigated using river
water. Broadly speaking, this area is a traditional semi-arid agricultural region.

Figure 2. Map of the study area and the sampling sites.

2.2. Sample Collection and Analysis

Fifteen sampling areas were selected along three streams (Figure 2). Five sampling
areas (D1-D5) are located along the Dongdagou stream between Liangjiayao to Shahekou,
five sampling areas (H1-H5) are located along the Yellow River between Silong and
Zhongbao, and a further five sampling areas (X1-X5) are located in the upstream area
of Xidagou between Liujiayao and Shuichuan. The number of samples taken from each
sampling area is five (n = 5). Each of the five sampling areas along each stream was located
about 4.5 km apart. In each sampling area, we chose sampling sites located 1, 101, 201,
and 301 m from the side of the stream. At each sampling site, five soil samples for each
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depth (i.e., 0-20 cm, 20-40 cm, and 40-60 cm depth) were collected using a stainless-steel
borer. These depths were chosen because over 80% of roots of both M. sativa and Z. mays
are located between depths of 0 and 60 cm [37].

The soil samples were air-dried, ground into fine powder, and sieved through a
0.25 mm sieve. Around 4.0 g of each soil was mixed with 10.0 mL of deionized water
in a centrifuge tube. The mixtures were then shaken for 30 min on a mechanical shaker
and centrifuged at 3000 r/min for 10 min [38]. The pH value of the supernatants was
measured with a pH electrode (MP522, Shanghai, China) [39]. To determine the cadmium
concentration, 0.2 g of each soil sample was extracted with concentrated HNO3-HF-HCIO4
(v/v 3:1:1) in a 100 mL Teflon beaker on an electric hot plate (150 °C, 1 h); after showing
HCIO4 smoke, 10 mL HNO3 was added. Subsequently, the digested solution was diluted
with deionized water to 100 mL in a volumetric flask. Finally, the cadmium concentrations
in the solutions were determined with a flame atomic absorption spectrophotometer
(M6AA system, Thermo, Waltham, MA, USA) at a wavelength of 228.8 nm. Standard
material, GBW-10015, was purchased from a standard material center in Beijing, China, to
control the analytical quality. The recovery rate was 95 £ 5%.

According to the National Standard on Soil and Fodder, the maximum permitted
level of cadmium applicable to general farmland, tea plantations, orchards, or farms is
0.6 mg kg’1 (Table 1).

Table 1. Summary of maximum allowable cadmium concentrations in soil and fodder.

Soil Fodder
Variety
pH<6.5 65<pH<75 pH>75 Compound Feed
Cd concentration (mg kg~1) 0.3 0.3 0.6 0.5

2.3. Plant Materials and Hydroponics Procedure

There are a few principles to be considered in the selection of experimental materials.
First, they should be easy to plant in large quantities; second, they should have a large
biomass; and third, the available part of the plant should have economic value. M. sativa
and Z. mays are important food and fodder crops in the research area and both satisfy the
aforementioned criteria; therefore, these species were chosen as experimental materials for
this study.

The seeds of M. sativa were provided by the Longdong Grassland Research Institute
at the Chinese Academy of Agricultural Science in Hohhot, Inner Mongolia. The Jinsui
No. 3 cultivar of Z. mays seeds was provided by the Baiyin Jin Sui Seed Industry Company.

The M. sativa and Z. mays seeds were surface sterilized by dipping in 75% (v/v)
ethanol for 30 s after being soaked for 1.5 h under running water. The disinfected seeds
were rinsed with sterile distilled water 3-5 times and soaked in 5% NaClO for 15 min,
then rinsed a further 3-5 times with sterile distilled water. The seeds were then placed
in sterile Petri dishes with rinsed filter paper for 24 h in darkness at 25 °C. Germinated
seedlings with roots 1.0 cm long were transferred to a hydroponics system in a greenhouse
and grown under a 16 h light/8 h dark regime at a constant temperature of 25 °C. The
light intensity at the shelf height was 230 mmol m2s~! using fluorescent lamps [38]. The
hydroponic system (Australian Center for Plant Functional Genomics, Australia) consisted
of 20 plastic vessels with a 25 L capacity, into which Hoagland modified medium plus
cadmium treatments were pumped with a small aquarium air pump for 15 min, twice an
hour. The Hoagland medium was modified to contain 5 mM KNO3, 1 mM NHyH, POy,
0.5 mM MgSOy4-7H0, 0.5 mM Ca(NO3);-4H,0, 92 mM H3BO3, 18 mM MnCl,-4H,0,
1.6 mM ZI’ISO4-7H20, 0.6 mM CUSO4'5H20, 0.7 mM (NH4)6M07024-4H20, and 59 mM
Fe-EDTA. A pH of 8 was maintained by adding 1 M NaOH as required throughout the
experiment. To simulate the environmental conditions of the studied Yellow River irrigation
region, we used cadmium concentrations based on field measurements, specifically, 0, 1, 3,
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5,10, 15, 20, 25, and 50 mg kg_1 CdCl; [38]. There were five replicates of both M. sativa
and Z. mays plants for each concentration.

The effects of CdCl, stress on biomass production and growth parameters were
determined after 2 weeks of growth with and without Cd. Each harvested plant was
removed and the shoot length, root length, shoot biomass, and root biomass were measured.
The relative root growth rate was determined by the ratio of root biomass under Cd
treatment to the root biomass of the control treatment.

2.4. Cadmium Accumulation in Plant Materials

In order to examine the levels of cadmium accumulation in M. sativa and Z. mays,
80 plants of each species were cultured for two weeks in the hydroponic system, as
described above. Subsequently, the experimental cadmium levels were added for a further
two weeks. Roots, stems, and leaves of the plants were harvested and extensively washed
with distilled water. All samples were then oven-dried, ground to a fine powder, and ashed
in a muffle furnace at 550 °C for 4 h. The ashed residue was brought into solution using
5 mL of 1 M HNO3. The cadmium concentration was then determined with a flame atomic
absorption spectrophotometer (M6AA system, Thermo, America).

To evaluate the phytoextraction potential of M. sativa and Z. mays, two parameters
were calculated: the translocation factor (TF) and the bioconcentration factor (BCF). The
TF, defined as the ratio of the aboveground cadmium concentrations to those in the root
biomass, was used to evaluate the effectiveness of the plant in translocating cadmium from
the root to the shoot. The BCF represents the ratio of the cadmium concentration in the
aboveground tissue to that in the culture medium [40].

2.5. Scanning Electron Microscopy and Energy Dispersive X-rays Analysis

After cadmium treatment for 14 days, root and stem segments were analyzed to
determine the sites of cadmium accumulation. Tissue segments were washed with deion-
ized water and fixed in the presence of 3% glutaraldehyde with a 0.2 M phosphate buffer
(pH 7.2) for at least 24 h at 4 °C. The phosphate buffer contained 0.2 M Na,HPO,4-12H,0
and 0.2M NaH,POy4-12H,0. The tissue segments were then rinsed three times with the
phosphate buffer solution. Post-fixation in 1% OsO4 was performed before dehydration
with an ethanol series (50, 60, 70, 80, 90, and 100% concentrations). Between post-fixation
and dehydration, the tissue segments were rinsed three times with the phosphate buffer. In
order to obtain a fracture surface, the preparations were cut with a razor blade after dehy-
dration. The preparations were then soaked with tert-butanol and freeze-dried. After the
freeze-drying stage, the samples were coated with a thin layer of Au. The scanning electron
microscope (SEM) analysis was carried out using a JEOL JSM-5600LV microscope adapted
with a NORAN energy dispersive X-ray spectrometer with VOYAGER II 1100/1110 soft-
ware. There were five replicates for each cadmium concentration of root and stem for
both M. sativa and Z. mays plants used in the scanning electron microscopy and energy
dispersive X-ray analyses.

2.6. Data Analysis

The cadmium concentrations of the plant tissues are presented as means with two
standard deviations of error. Differences between treatments were analyzed using paired-
samples Tukey tests and one-way analysis of variance (ANOVA) using the SPSS software
package (version 22.0, SPSS Inc., Chicago, IL, USA). The spatial distribution of cadmium
was then analyzed using a GIS dimensional analytical method, described below [22].

2.7. GIS Spatial Analysis

In order to understand the different cadmium concentrations of the cultivated land in
the study area, we obtained the existing global land cover products. The FROM-GLC10
product with 10 m spatial resolution was downloaded from http://data.ess.tsinghua.edu.
cn (accessed date: 6 September 2021). We extracted the spatial distribution of cultivated
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land in the study area in ArcGIS. We used Kriging spatial interpolation to obtain the
concentration distribution in ArcGIS 10.4 software, and combined the spatial distribution
of cultivated land in the study area to divide the contaminated soil area into three different
areas, including a non-planting region, a phytoremediation region, and a planting region.

3. Results
3.1. Spatial Distribution of Cadmium in the Sampling Areas

Soil cadmium concentrations ranged from 0.2 to 24.8 mg kg~ ! in the sampling areas
(Figures 3 and 4). The areas along the Dongdagou stream (D1-D5) had the highest cadmium
levels (4.21 to 24.83 mg kg~ !), while the southeast and northeast parts of the study area
showed relatively lower cadmium concentrations. Within Dongdagou, the cadmium
concentrations were highest in the upstream area (D1) and gradually decreased along the
flow direction of the stream. The cadmium concentrations also gradually decreased further
away from the Dongdagou stream. The Xidagou stream and Yellow River also showed
the same trend as the Dongdagou stream. Based on Figures 3 and 4, at the same sampling
depth at all three sites, in general, the greater the distance from the water, the lower the
cadmium concentration of soil. Similarly, at the same distance from the water at all three
sites (Figure 4), the deeper the sampling layer, the lower the cadmium concentration of
the soil.
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Figure 3. Soil cadmium concentration in sample region at the same depth and different distances. (A) means 0-20 cm depth;
(B) means 20-40 cm depth; and (C) means 40-60 cm depth. In addition, 1, 101, 201, and 301 indicate distances in meters
from the edge of the stream. Sample region one (D1-D5) is located along the Dongdagou stream between Liangjiayao

to Shahekou. Sample region two (X1-X5) is located in the upstream area of Xidagou between Liujiayao and Shuichuan.
Sample region three (H1-HD5) is located along the Yellow River between Silong and Zhongbao. Sample size (n = 5). Bars
represent standard errors.
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Figure 4. Soil cadmium concentration in sample region at the same distance and different depths. (A-D) indicate distances
of 1 m, 101 m, 201 m, and 301 m away from the edge of the stream, respectively. Furthermore, 0—20 means 0-20 cm depth;
20-40 means 2040 cm depth; 40-60 means 40-60 cm depth. Sample region one is the Dongdagou stream, sample region
two is the Xidagou stream, and sample region three is the Yellow River. Sample size (n = 5). Bars represent standard errors.

3.2. Cadmium Accumulation in M. sativa and Z. mays

In order to determine the laboratory experiment cadmium levels, we used a clustering
analysis for the soil samples. All the concentrations of cadmium in the soil of the sampling
sites were clustered as 1, 3, 5, 10, 15, 20, and 25 mg kg_l (Figure 5). Values of 0 to
2.0 mg kg~ ! were clustered as 1.0 mg kg !, 2.0 to 4.0 mg kg ! was clustered as 3.0 mg kg !,
4.0 to 7.5 mg kg~ ! was clustered as 5.0 mg kg1, 7.5 to 12.5 mg kg~! was clustered as
10.0 mg kg1, 12.5 to 17.5 mg kg~ ! was clustered as 15.0 mg kg~ !, 17.5 to 22.5 mg kg !
was clustered as 20.0 mg kg~!, and 22.5 to 27.5 mg kg ! was clustered as 25.0 mg kg~ 1.

70
60
50
40
30

Frequency

CdCl, concentration (mg kg™')

20

0 I

O L L L L . L -
1 3 5 10 15 20 25

Figure 5. Frequency analysis of the soil cadmium concentration.
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The cadmium content in M. sativa roots was much higher than that in the stems
and leaves. Cadmium content values reached 1663, 157, and 139 mg kg~! dry biomass
in the roots, stems, and leaves, respectively (Table 2). The cadmium content in Z. mays
showed the same pattern as in M. sativa, with cadmium content values reaching 1529,
811, and 466 mg kg~! dry biomass in the roots, stems, and leaves, respectively (Table 2).
These results indicate that most of the cadmium taken up by M. sativa and Z. mays plants
remained in the roots and only a minor amount of cadmium was transported into the
stems and leaves, especially in M. sativa. The cadmium concentrations in the Z. mays stems
were around 2-10 times higher than those in M. sativa, while the cadmium concentrations
in Z. mays leaves were approximately 3—-6 times higher than those in M. sativa (Table 2).
These results indicate that under the same treatment conditions, Z. mays accumulates more
cadmium than M. sativa in its aboveground tissues.

Table 2. Cadmium levels in root, stem, and leaf in M. sativa and Z. mays under different cadmium treatments.

Soil Cadmium Cadmium Concentration in Medicago sativa (mg kg=1) Cadmium Concentration in Zea mays (mg kg—1)

Concentration
(mg kg—1) Root Stem Leaf Root Stem Leaf

0.15 0.31 £+ 0.03a 0.13 £ 0.01a 0.09 + 0.01a 0.30 4 0.03a 0.14 +0.01a 0.07 + 0.01a
1 359.14 £ 19.87b 37.79 + 13.64b 25.71 + 12.38b 204.88 £ 11.87b 63.81 &+ 5.64b 28.59 + 3.38b
3 616.04 £ 31.75¢ 56.31 & 20.18cd 36.59 £ 18.98b 580.73 £ 62.75¢ 153.49 4+ 17.18c 79.41 £ 9.98¢
5 1337.51 4 124.21bc 47.41 £ 13.83bc 35.35 &+ 18.04b 854.46 £ 89.21d 324.61 & 37.83d 118.69 + 13.04d
10 1280.38 4 108.21d 71.70 £ 31.66d 67.33 £ 41.21c 1289.45 £ 138.21e 798.96 £ 82.66e 393.37 £ 42.21e
15 1456.33 4= 142.30de 129.71 + 52.27e 105.52 4 53.25d 1159.67 +122.30e ~ 518.65 4= 64.27ed 281.97 £ 31.25e
20 1576.14 4 153.22ef 148.78 + 47.60f 122.58 + 63.53e 1177.62 +123.22e ~ 697.23 + 72.60ef 358.14 =+ 38.53e
25 1662.63 & 175.33f 157.47 + 61.26f 139.43 4 70.52f 1528.70 + 165.33f 811.42 + 86.26f 465.46 £ 53.52f

Note: Values followed by the same letter are not significantly different (p < 0.05). Sample size (1 = 5).

In both M. sativa and Z. mays plants, the translocation factor was < 1 and the biocon-
centration factor was >1 in all treatments (Table 3). In M. sativa, the bioconcentration factor
was highest at low concentrations (i.e., 1 and 3 mg kg~!). In Z. mays, the bioconcentration
factor was generally higher at the lower concentrations (1, 3, 5, and 10 mg kg~') then
dropped at concentrations of 15 mg kg~! and above.

Table 3. Cadmium translocation factors (TF) and bioconcentration factors (BCF) in M. sativa and Z.
mays as influenced by different cadmium treatment concentrations.

Cd Concentration M. sativa Z. mays
(mg kg~1) TF BCF TF BCF
1 0.10 £ 0.0c 36.6 + 0.1d 0.23 £0.1a 46.3 £ 0.6¢
3 0.08 + 0.1ab 154 £ 0.1c 0.20 £ 0.1a 38.8 + 0.8b
5 0.03 £ 0.1a 8.31 +0.2b 0.26 + 0.0ab 444 + 1.3c
10 0.05 £0.1a 6.94 + 0.3a 0.33 + 0.0b 39.1+2.3b
15 0.08 + 0.1b 7.83 + 0.3ab 0.36 + 0.0b 247 +4.2a
20 0.09 + 0.1b 6.76 = 0.3a 042 £ 0.1c 23.7 £5.1a
25 0.09 + 0.1bc 593 £+ 0.4a 0.39 4+ 0.1bc 269 + 5.6a

Note: values followed by the same letter are not significantly different (p < 0.05). Sample size (n = 5).

An appropriate Cd concentration ranging from 0 to 25 mg kg ~! was used for screening
the semi-lethal dose for M. sativa and Z. mays. The relative root growth rate of the two
plants averaged from 0.48 to 1.0 and the relative root growth decreased quickly with
increasing Cd concentration. Generally, the higher the Cd concentration used, the lower
the relative root growth (Figure 6). There was no significant difference in the average
relative root growth rate between 20 and 25 mg kg ! CdCl, treatments. In addition, for
the underground biomass, there was significant difference between 15 and 20 mg kg !, 20
and 25 mg kg~ ! CdCl, treatments in both of the two plants. For the aboveground biomass,
there was no significant difference between 15 and 20 mg kg~! CdCl, treatments, but there
was significant difference between 20 and 25 mg kg~! CdCl, treatments in both plants
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(Table 4). Therefore, considering the aboveground biomass, underground biomass, and
relative root growth, we finally determined that 25 mg kg ! was the semi-lethal dose for
both M. sativa and Z. mays.
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Figure 6. Relative root growth rate (root biomass of plant growth with and without Cd?*) of M.
sativa (a) and Z. mays (b) seedlings in different CdCl, concentrations. Sample size (n = 5). Bars
represent standard errors. Values in a column followed by the same letter are not significantly
different (p < 0.05).

Table 4. Aboveground and underground biomass of M. sativa and Z. mays seedlings in different
CdCl, concentrations. Data shown as mean £+SD, (n = 5).

Cadmium Aboveground Biomass (g) Underground Biomass (g)
Concentration

(mg kg~ M. sativa Z. mays M. sativa Z. mays
0 0.041 + 0.011a 0.235 £ 0.047a 0.0096 + 0.011a 0.053 £ 0.012a
1 0.042 + 0.009a 0.242 £ 0.029a 0.0094 + 0.009a 0.052 + 0.013a
3 0.039 + 0.008b 0.239 + 0.026b 0.0091 =+ 0.008b 0.052 £+ 0.011a
5 0.038 £ 0.009bc  0.238 £ 0.023bc  0.0086 + 0.006¢ 0.048 + 0.009b
10 0.037 + 0.006¢ 0.233 £ 0.031c 0.0072 +£ 0.004d 0.039 £ 0.006¢
15 0.035 £ 0.004d 0.219 £0.026cd  0.0055 =+ 0.004e 0.033 £ 0.003d
20 0.031 £ 0.004de 0.208 £ 0.019d 0.0051 =+ 0.003f 0.027 £ 0.001e
25 0.021 + 0.002f 0.097 + 0.005e 0.0046 + 0.002g 0.022 + 0.002f

Note: Values in a column followed by the same letter are not significantly different (p < 0.05).

For M. sativa, Table 2 shows that with the increase in cadmium concentration, the
content of cadmium in the root, stem, and leaf showed an increasing trend. When the
concentration of cadmium reaches 0.3 mg kg ™!, the content values of cadmium in the
root, stem, and leaf are 2.57 mg kg !, 0.52 mg kg !, and 0.39 mg kg~ !, respectively (data
not shown). These results were consistent with those of Flores-Caceres, and showed that
under the stress of Cd at 6 uM, the Cd content in plants showed roots > stems > leaves [41].
The results indicate that at a 0.3 mg kg ~! cadmium concentration, the cadmium content
in stems exceeded the allowable threshold cadmium content level in feed (0.5 mg kg™1)
(Table 1). When the concentration of cadmium was 25 mg kg~!, normal growth of the plant
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was inhibited severely. When the concentration of cadmium reached 50 mg kg !, neither
plant can survive. Therefore, there were no data for this treatment concentration.

As shown in Table 2, with increasing cadmium concentration, the content of cad-
mium in the roots, stems, and leaves of Z. mays also showed the same trend as that of M.
sativa. When the concentration of cadmium reaches 0.2 mg kg~!, the content values of
cadmium in the root, stem, and leaf are 2.14 mg kg !, 0.48 mg kg~ !, and 0.27 mg kg !,
respectively (data not shown). These results were consistent with those of Retamal-Salgado
and Shakeel [42,43]. In this scenario, the content of cadmium in the stems was close to the
threshold of the cadmium content in feed (0.5 mg kg’l) (Table 1). When the concentration
of cadmium was higher than 25 mg kg_l, growth of Z. mays was inhibited, similar to
M. sativa.

We experimentally simulated the actual field environmental conditions to examine
cadmium accumulation in M. sativa and Z. mays. From Table 2, we can observe that when
the cadmium concentration was higher than 1 mg kg~!, the cadmium content values in
roots, stems, and leaves of both M. sativa and Z. mays were higher than 0.5 mg kg 1.
When the cadmium concentration was 1 mg kg’l, the cadmium levels reached 359, 38, and
25 mg kg~! dry biomass in the roots, stems, and leaves, respectively, of M. sativa (Table 2).
For Z. mays, the cadmium levels reached 205, 64, and 29 mg kg~! dry biomass in the
roots, stems, and leaves, respectively, when the cadmium concentration was 1 mg kg’l
(Table 2). The cadmium levels in all tissues of both species were above the maximum
permissible national standard level for crops. For fodder, the allowed maximum cadmium
concentration is 0.5 mg kg~! (Table 1); thus, none of the tissues of either plant can be used
for fodders.

3.3. Cadmium Subcellular Determination in M. sativa and Z. mays

Using SEM analyses, we observed a large cadmium accumulation in the roots of
M. sativa, which were treated with 25 mg kg ! cadmium for 14 days (Figure 7A). Cadmium
accumulation was most frequently observed in the endodermis, pericycle, phloem, and
xylem, and less in the cortex region. EDX analyses confirmed that these deposits contain
cadmium (Figure 7B). The prevalence of deposition within the stele region supports the hy-
pothesis that this forms the main cadmium transport pathway in M. sativa roots. Cadmium
may also be chelated into organic compounds as the EDX spectrum showed oxygen, carbon,
phosphorus, and sulfur peaks (Figure 7B). In contrast to the roots, the stems of M. sativa
only revealed small deposits (Figure 8A). EDX observations also confirmed that these
depositions contain cadmium (Figure 8B). Higher amounts of deposition were observed
in the primary xylem and cambium, as compared to the primary phloem. Cadmium may
be more readily detected in the primary xylem because metal ligands are transported in
both the xylem and phloem, but the higher prevalence of deposition within the primary
xylem supports the hypothesis that this region forms the main cadmium transport path-
way in the stems. Similar to Figure 7B, the EDX spectrum showed possible evidence of
cadmium chelation to organic compounds due to the presence of peaks of oxygen, carbon,
phosphorus, and sulfur (Figure 8B).
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Figure 7. Subcellular location of cadmium in M. sativa (C,D) and Z. mays (G,H) roots exposed to
25 mg kg~! cadmium for 144 h. (A,B,E,F) show the specimens prior to cadmium treatment. Images
(A,CE,G) were obtained by SEM. Graphs (B,D,F,H) are the spectra detected by EDX, which reflect
the white deposits indicated by the arrows on the images on the left. The EDX spectra demonstrate
that the deposition areas contain cadmium. In terms of labels, co refers to the cortex; p refers to the
phloem; me refers to the metaxylem; pr refers to the protoxylem; pe refers to the pericycle; and en
refers to the endodermis. The arrows represent cadmium deposition sites.
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Figure 8. Subcellular determination of cadmium in M. sativa (C,D) and Z. mays (G,H) stems exposed
to 25 mg kg~ ! cadmium for 144 h. Images (A,B,E,F) show the specimens prior to cadmium treatment.
Images (A,C,E,G) were obtained by SEM. Graphs (B,D,F H) are the spectra detected by EDX, which
reflect the white deposits indicated by the arrows on the images on the left. The EDX spectra
demonstrate that the deposition areas contain cadmium. In terms of labels, pp refers to the primary
phloem; px refers to the primary xylem; c refers to the cambium; p refers to the phloem; me refers to
the metaxylem; pr refers to the protoxylem; and bs refers to the bundle sheath. The arrows represent
cadmium deposition sites.

In contrast, the roots of Z. mays treated with 25 mg kg ! cadmium for 14 days showed
less cadmium accumulation (Figure 7C). EDX observations confirmed that the deposition
areas contain cadmium (Figure 7D). Cadmium accumulation was mostly observed in the
endodermis, pericycle, and xylem, and to a lesser extent in the cortex. The prevalence
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of deposition in the pericycle and xylem supports the hypothesis that these areas form
the main pathway of cadmium transport in maize roots. Cadmium may also have been
chelated into organic compounds because the EDX spectrum showed peaks relating to
oxygen, carbon, phosphorus, and sulfur (Figure 7D). Stems of Z. mays revealed only limited
deposition (Figure 8C). Cadmium-treated plants showed abundant clusters inside the
vascular bundle of stem cells including within the phloem, metaxylem, protoxylem, and
bundle sheath (Figure 8C), which were absent in the control specimens. The clusters
observed by SEM within the vascular bundle contain cadmium (Figure 8D). As the EDX
spectrum showed peaks of oxygen, carbon, phosphorus, and sulfur (Figure 8D), similar to
observations in the roots, cadmium may be chelated to organic compounds.

Mechanisms of cadmium detoxification in plants are thought to involve chelation
through phytochelatins or organic compounds. Because the EDX spectra consistently
showed peaks of oxygen, carbon, phosphorus, and sulfur (Figure 8D), this may support the
concept of cadmium chelation to organic compounds. Thus, the role of chelating ligands in
cadmium translocation warrants further attention.

3.4. Situation of Soil Cadmium Pollution in the Study Area

In this research, we established a three-dimensional spatial database relating to the
distribution of cadmium in contaminated soil. The three dimensions are the equidistant
sampling along the direction of each river, equidistant sampling perpendicular to the
direction of each river, and soil sampling at different depths. Figure 9 showed the spatial
distribution map of cadmium concentrations across the study area. Our study sites were
located along the Dongdagou and Xidagou streams, which flow broadly from north to
south, and the Yellow River, which flows from west to east. The Dongdagou and Xidagou
streams function as drainage ditches, originating in an industrial district and draining into
the Yellow River. Both these streams are known to be severely polluted with hazardous
substances, especially heavy metals [35]. These streams play a crucial role in transporting
heavy metals into the soils in our research area.

Figure 9. Estimated spatial distribution map of cadmium concentrations across the study area.

The observed planting of crops in the study area, based on satellite image classification,
is shown in Figure 10. From Figure 10, we found that the entirety of the study area was
used for crop cultivation.
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Figure 10. Spatial distribution of cultivated land in the study area.

In our study area, there is a total agricultural area of 20.87 km?. As shown in Table 5,
for M. sativa, the areas of three classified regions are: non-planting region, 7.44 km?;
planting region, 5.92 km?; and phytoremediation region, 7.5118 km?2. The proportions of
the total planting area represented by each classification are 35.64%, 28.37%, and 35.99%,
respectively. Similarly, for Z. mays, the areas of the three classified areas are: non-planting
region, 7.44 km?; planting region, 5.88 km?; and phytoremediation region, 7.55 km?. The
corresponding proportions of the total area are 35.65%, 28.18%, and 36.17% respectively.

Table 5. Areas of three classified regions for M. sativa and Z. mays.

M. sativa Z. mays
Type
Area (km?) Ratio (%) Area (km?) Ratio (%)
Non-planting region 7.44 35.64 7.44 35.65
Planting region 5.924 28.374 5.884 28.184
Phytoremediation region 7.514 35.994 7.55 36.17

4. Discussion
4.1. Deep Utilization Patterns of M. sativa and Z. mays

In our study, there was no significant difference observed in average relative root
growth rate between 20 and 25 mg kg~! CdCl, treatments; therefore, the 25 mg kg™!
CdCl, concentration was selected for Cd-tolerant accession screening as it gave the widest
distribution of relative root growth (Figure 6). These results indicate that 25 mg kg’l
CdCl, treatment was the semi-lethal dose for M. sativa and Z. mays, meaning that when the
cadmium concentrations in soil are higher than 25 mg kg~!, plants cannot grow. When
the cadmium concentration is below this threshold, the plants can, in theory, survive;
however, although plants can grow normally in contaminated soil, their edible parts are
not necessarily usable by humans or livestock.

Since Cd is toxic to humans at lower concentrations than plants, plants that appear
healthy are not necessarily safe for human consumption. To decrease the potential risks
associated with excessive Cd intake via consumption of contaminated food, the maximum
allowable values of Cd in edible plant parts have been established by the Codex Alimen-
tarius Commission of Food and Agriculture Organization of World Health Organization
(FAO/WHO, CODEX 2006) [44] (Table 1). The threshold values of Cd in edible plant parts
vary with food type (i.e., cereals, legumes, or vegetables) as well as the edible/consumed
plant part (grain, root, stem, or leaf) (Table 1). The tolerable limit of Cd intake for humans
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is <70 pug day ! [45] and the provisional tolerable weekly intake is 7 g kg~ body weight.
The study area has alkaline soils, with a pH range between 7.7 and 8.8 (Table S1). Cadmium
availability depends on the soil pH, and for a soil pH above 7.5, the maximum permitted
soil cadmium concentration is 0.6 mg kg~ !. Cadmium concentrations in all soil samples in
our study exceeded this maximum national standard for general farmland. Thus, none of
the soil in the study area is suitable for farming. Note that both maize and alfalfa did not
grow normally in the 50 mg kg~! cadmium treatment; therefore, there were no maize or
alfalfa accumulation data for this treatment concentration.

4.2. Classified Management Pattern of Contaminated Soil

As shown in Figure 9, The distribution of heavy metal pollution in soils is influenced
by both internal and external factors. External factors, for example, anthropogenic activities
such as mining, smelting, fertilizers, and pesticides, can increase the heavy metal content in
soils. Internal factors such as the soil’s physicochemical properties can affect its heavy metal
content via sorption—desorption, dissolution—precipitation, oxidoreduction, coordination—
chelation, and other geochemical processes [25,46,47]. In our study, the spatial distribution
of heavy metals in soils in different regions appears to be mainly influenced by distance
from the source of pollution.

Our analysis indicated that the sampling sites can be divided into two parts, namely,
areas of high and low contamination. In addition, we use kriging interpolation to obtain the
spatial distribution map of the study area cadmium concentrations according to sampling
(Figure 9) [48,49]. The highly contaminated areas are principally located close to the
headwaters of the Dongdagou and Xidagou streams. Comparatively, the less contaminated
areas are located further away from the streams [12]. Thus, we hypothesize that the
pollution source of the heavy metals in soil is primarily the irrigation water from the
Dongdagou and Xidagou streams.

We designed the cadmium concentrations in the laboratory based on the results
of soil cadmium concentration in study area, under different pollution sources and the
environmental background database. In addition, we compared the differences in cadmium
content in different tissues of our plant materials.

Based on the results above, we combined space analysis with mathematical statistics
to select the spatial location of different deep utilization management patterns in our
experimental site (Figure 11).
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Figure 11. Spatial distribution for deep utilization management patterns.
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The experimental materials selected in our research are important economic crops
that are planted in large quantities in the study area, and their aboveground parts are
widely used, such as stems, leaves, and fruits (seeds). Our results show that when the soil
cadmium concentration exceeds 1 mg kg~ !, although plants can still grow, the cadmium
content in the aboveground parts of the two experimental species consistently exceeded
the threshold value of 0.5 mg kg ! (Table 1); therefore, the aboveground parts cannot be
used as food or fodder. When the soil cadmium concentration was between 1 mg kg ™!
and 25 mg kg~!, the two experimental species could still grow and achieve large biomass,
indicating that these types of soil may be suitable candidates for phytoremediation. When
the soil cadmium concentration exceeded 25 mg kg~! (semi-lethal dose), neither of the
experimental materials could grow; therefore, areas with soil cadmium concentrations
higher than 25 mg kg ! can be classified as non-planting areas. When the soil cadmium
concentration is lower than 1 mg kg~ !, the cadmium contents of the aboveground parts
of both experimental species are within the prescribed threshold range. Therefore, the
aboveground parts of both experimental materials could be used for fodder. Areas with
a soil cadmium concentration less than 1 mg kg~! can, thus, be classified as planting
areas. Therefore, according to the above results, soils contaminated by cadmium can be
classified as follows: (1) areas with soil cadmium content greater than 25 mg kg~! are
non-planting regions; (2) areas with soil cadmium content less than 0.3 mg kg ! are the
planting region and the aboveground plant material can be used as material for fodder
(compound feed); and (3) areas where the content of cadmium in the soil is between
0.3 mg kg~ ! and 25 mg kg ! are the phytoremediation region. Although the aboveground
parts of plants growing in this area cannot be used as materials for feed, they can be used
for phytoremediation because the plant can grow normally and can accumulate large
amounts of cadmium in its aboveground tissue.

In conclusion, if our management model is used in the planting process of contami-
nated soil, food and fodder safety risks can be effectively reduced and sustainable develop-
ment of soil utilization can be realized in contaminated areas. This research suggests that
satellite remote sensing and GIS application could be used by agricultural land use planners
and land policy makers to select suitable lands for increasing crop production [50-52].

4.3. Establishment of Deep Utilization Model of Contaminated Soil

We compared the estimated aboveground cadmium content of M. sativa and Z. mays
based on the spatial distribution of different cadmium concentrations (shown in Figure 9)
with the permissible cadmium content threshold in fodder (Figure 11). The study was then
classified into three regions, namely, the planting region, phytoremediation region, and
non-planting region. As showed in Figure 11, for both M. sativa and Z. mays, the orange
area means non-planting region, the gray area means phytoremediation region, and the
green area means planting region.

The area where both crops can be planted is the planting region, the area where at least
one of the two crops cannot be planted is the phytoremediation region, and the area where
neither crop can be successfully planted is the non-planting region. This classification
model can effectively reduce the dangers to food and fodder safety. At the same time, this
type of model can highlight areas where crops will not grow successfully (or safely) with
relatively sparse sampling, meaning that agricultural producers would be able to predict
areas of poor productivity [53]. These crops enter the food chain as food or fodder and
cadmium contamination can severely affect human or animal health as a result [51,52].

Table 5 showed that for M. sativa and Z. mays, the proportions of the planting area
unsafe for consumption accounted for 71.63% and 71.816%, respectively. Thus, based on
the distribution of crops in the research area, for M. sativa and Z. mays, the plants that
occupy 71.63% and 71.816% of the current planting area, respectively, present serious food
safety risks. Only crops in the planting region should be used for food or fodder. Therefore,
the deep utilization model of contaminated soil in our study can help to guide local crop
cultivation to avoid potential food and fodder safety problems.
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5. Conclusions

This study highlighted the unsafe use of agricultural land in the study area, close
to Baiyin City. The results showed that an integrated approach based on toxicology
experiments combined with remote sensing and GIS-based spatial analysis is an effective
way to carry out agricultural land safety management. Additionally, the results showed
that the safe planting region for alfalfa and maize in the study area accounted for only
around 28% of the existing planting area, thus, indicating that the unsafe planting area is
currently very large. The current planting method may cause serious food safety problems.
In the next step of our studies, we will further explore how to improve the restoration
efficiency of plants in the restoration area, prevent the expansion of unsuitable planting
areas, effectively protect the existing suitable crop planting areas, and achieve sustainable
and healthy development of agricultural land.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/1and10121364/s1, Table S1: Surface soil properties of the study area. Data shown as mean + SD,
(n=05).
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