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A B S T R A C T   

Cadmium (Cd) is present in many soils and, when enter a food chain, represents a major health threat to humans. 
The existent large variation in grain Cd content amongst wheat genotypes opens prospects for genetic 
improvement for reduced Cd uptake in this species. However, selecting low-Cd-accumulating varieties comes 
with a possible caveat of affecting uptake other essential nutrients. In this work, we screened 134 wheat varieties 
in 3 various field studies and selected 15 high- and 15 low-Cd accumulating varieties in grains for ionomics 
analysis. Our results showed that high-Cd accumulating varieties also possessed an ability to accumulate mineral 
elements of calcium, magnesium, manganese, iron and zinc, while varieties with low Cd content were deficient in 
many essential nutrients and, especially, zinc (Zn). The above data was confirmed in an independent trail 
involving another 97 wheat varieties. Thus, selecting plants for high Zn accumulation (as a part of bio-
fortification programs) resulted in an inadvertent increase in accumulation of the toxic Cd in wheat. Vice versa, 
selecting low Cd-accumulating varieties comes with a danger of reducing their Zn content, with major conse-
quences to food quality and human health. We suggest that the above conundrum can be resolved by under-
standing the structure-function relations of various transporters isoforms involved in Zn and Cd transport and 
issue-specific mode of their operation, via cell-based phenotyping followed by molecular breeding.   

1. Introduction 

Cadmium (Cd) is a trace element in the soil that originates from 
numerous sources such as atmospheric deposition, sewage sludges, 
irrigation water, and excessive use of fertilizers. Intensification of these 
anthropogenic practices has resulted in an accumulation of significant 
amounts of Cd in the soil (Qin et al., 2020). Cd is a highly toxic heavy 
metal to both humans and animals, and belongs to non-essential ele-
ments for plant growth and development (Shan et al., 2017). Cd accu-
mulations in crops is influenced by various soil and climate factors and 
management practices (Hamid et al., 2019; Khan et al., 2017). 

Uptake and distribution of essential and non-essential trace elements 
varies drastically between crop species and varieties, both as a result of 
the natural evolution and breeding practices (Grant et al., 2008). For 

example, Zhi et al. (2020) analyzed the Cd content of 25 soybean vari-
eties and found that a 10-fold differences in Cd content among different 
varieties. Similarly, a 6.2- and 2.7-fold difference in Cd accumulation 
was found amongst rape (Xin et al., 2019) and wheat (Perrier et al., 
2016) varieties. Thus, varietal screening offers a possibility to reduce 
accumulation of the potential harmful trace elements such as cadmium, 
preventing it from entering a food chain. 

Bread wheat (Triticum aestivum) is one of the world’s most important 
staple cereals (Dong et al., 2015) that is responsible for 20% of the total 
caloric intake by humans. Given its cultivation in literally every region 
across the globe, there are certain differences in the extent of Cd accu-
mulation in wheat grains between different countries and regions, which 
are related to the soil type, soil Cd background and climatic conditions. 
For example, the average Cd concentration in wheat grains in New 
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Zealand is 66 μg kg− 1, with accepted safety thresholds being 100 μg 
kg− 1; however, some wheat varieties exceed this safety standard (Gray 
et al., 2019). The Cd pollution survey in Brazil showed that the Cd 
concentration in wheat was 15–83 μg kg− 1, and no genotype exceeded 
the maximum safety threshold (Ahmad et al., 2015; Corguinha et al., 
2015). At present, China stipulates that the Cd concentration in wheat 
grain should be lower than 0.1 mg kg− 1. However, many wheat varieties 
in China’s main production area exceed this national threshold of 
acceptable Cd concentration (Chen et al., 2017; Lu et al., 2015). At the 
same time, significant genotypic variation in Cd accumulation in wheat 
grains could be traced back to the last century 90’s (McLaughlin et al., 
1999), and strong evidence have been provided that Cd concentration in 
grain could be effectively reduced by breeding practices (Grant et al., 
2008). However, compared with rice, maize and other food crops, 
relatively little screening work was done to select wheat germplasm for 
this trait. Also scarce are studies on mechanisms underlying Cd transport 
to developing grains. 

Plant growth is strongly affected by the balance between essential 
and non-essential elements in the soil (Takahashi et al., 2012). The 
accumulation of Cd in plants may have complex interaction with other 
elements, including inhibition or promotion of their uptake (Wan et al., 
2016). Most previous studies considered genotype-specific Cd accumu-
lation in crops without looking at Cd-induced changes in plant ionomics 
(hence, impact on plant nutrition and food quality). At the same time, 
understanding the relationship between various elements in high- and 
low-Cd accumulating varieties could be instrumental in improving crop 
germplasm for optimal growth and yield. The main objectives of this 
work were to evaluate the grain nutrient status of wheat germplasm 
contrasting in its ability to accumulate Cd, to develop approach for 
optimizing quality of wheat grains in Cd-contaminated soil, and provide 
a theoretical foundation for breeding and improvement of wheat vari-
eties on Zn-enrichment and Cd-reduction in grains. 

2. Materials and methods 

2.1. Site description and management 

Two field experiments (Field 1 and Field 2) were set up in a ran-
domized complete block design with an average plot size of 16 m2 (6.7 
m × 2.4 m) in Huazhong Agricultural University, Wuhan City, Hubei 
Province, China (N 30◦28′41.14′′, E 114◦21′36.50′′), each plot was 
replicated 4 times and 20 seeds are sown for each variety of wheat. Two 
other field experiment (Field 3 and Field 4) were set up in a randomized 
complete block design with an average plot size of 79 m2 (44 m × 1.8 m) 
in Luoqiao village, Daye City, Hubei Province, China (N 30◦08′34.65′′, E 
114◦57′18.29′′), each plot was replicated 4 times and 100 seeds are sown 
for each variety of wheat. Basic soil chemical properties are shown in 
Table S1 and all soil types are yellow brown earth. 134 wheat varieties 
(Table S2) from China’s different regions were used in this study (Field 1 
Field 2 and Field 3), another 97 wheat varieties (Table S3) planted in 
Field 4 for verification; these include both widely cultivated and new 
(emerging) varieties. Most of them came from China’s main wheat 
producing region, such as Henan, Shandong, and Shanxi provinces. 
Wheat was planted on Field 1, Field 2 and Field 3 from 2015 to 2017, 
and the test results were verified on Field 4 from 2016 to 2017. All 
agronomical practices such as fertilization, weeding, watering and pest 
control, were unified. At the maturity stage, each variety was harvested 
from each plot, and seeds were collected and stored after drying. 

2.2. Measurement of elements 

Dry grain samples were ground to a fine power for further analysis. 
About 0.3 g of each grain sample was weighed by 1/10,000 balance, and 
all samples were digested in mixed acid (HNO3 (Gr): HClO4 (Gr) = 9:1) 
with a controlled temperature to 160 ℃ until solution became clear. All 
the digestive solutions were transferred to the volumetric flask and then 

topped up to 50 ml using 2% HNO3. Cd concentrations in the digests 
were determined using a graphite furnace atomic absorption spec-
trometry (Z-2000; HITACHI, Tokyo, Japan). A similar digestion pro-
cedure was used for grain ionomics studies. Grain elements such as Ca, 
Mg, Mn, Fe, Zn, Cu, Cr, Co, Ni, As, Se, Mo, Ag, Cd, and Pb were quan-
tified by inductively coupled plasma mass spectrometry (ICP-MS, EXPEC 
7000; Focused Photonics Inc, China). Two internal standard solutions of 
indium and rhodium were used to calibrate the instrument, and the final 
concentration was 10 μg L− 1. Measurements were checked for trace 
element determination accuracy using certified standard reference ma-
terials purchased from the National Center of Standard Material in China 
[geochemical standard reference wheat (GBW10011)]. The recoveries 
of all samples were controlled at 90–110%. 

2.3. Statistical analysis 

Statistical differences in elements concentration in wheat grain were 
analyzed by ANOVA and Tukey-test (SPSS 19.0). Correlation analysis 
was performed after all data was standardized (Z-score). The charts were 
drawn using SPSS 19.0, Excel 2016 and Multiple Array Viewer. 

3. Results 

3.1. Field experiment and variety screening 

The screening of high and low Cd accumulating wheat varieties was 
based on three independent tests conducted in Field 1, Field 2 and Field 
3. Significant varietal differences in wheat grain Cd concentrations were 
detected at different test sites. In Field 1, the concentration of Cd in the 
grains was 0.43–1.07 mg kg− 1; in Field 2, these values ranged between 
1.18 and 3.50 mg kg− 1; and in Field 3 the values were 0.76–1.71 mg 
kg− 1 (Fig. 1). We then conduced the cluster analysis and selected most 
contrasting (15 high-Cd accumulating and 15 low-Cd accumulating) 
wheat varieties (Table S4). The average Cd concentration of the high-Cd 
accumulating varieties was 1.32 mg kg− 1, and the average Cd concen-
tration in the low Cd accumulating varieties was 0.86 mg kg− 1. 

3.2. Grain ionomics profile in high- and low-Cd accumulating plants 
under Cd stress 

To reveal the effect of Cd stress on the distribution of elements in 
wheat seed, grain ionomics profiles in high- and low-Cd accumulating 
plants were analyzed by ICP-MS ( Figs. 2 and 3). Mg and Ca had the 
highest concentration in wheat grains, followed by Fe, Cu, Zn and Mn, 
while the concentration of some heavy metals and trace elements in 
wheat grains was lowest. There were some variations in the concen-
tration of elements in wheat grains due to the difference of soil back-
ground values in different test fields. In general, the content of Ca, Mg, 
Fe, Mn and some elements in wheat grains was not significantly different 
under different test conditions. The concentration of most heavy metals 
and trace elements in the wheat grains of Field 3 was higher than that of 
Field 1 and Field 2; moreover, the concentration of Cd in wheat grains of 
Field 2 was higher than that of Field 3. 

Fig. 4 presents the radar Chart for ionomics characteristics of high- 
and low-Cd accumulating plants standardized by the Z-score. Similar 
patterns in wheat grain ionomics were observed at various field sites. All 
high-Cd accumulating varieties were also enriched with essential min-
eral nutrients such as Ca, Mg, Mn, Fe, Zn and Mo, while the ability of 
low-Cd accumulating varieties to accumulate these nutrients was 
compromised. The most striking variation was in concentrations of Cd 
and Zn between the two groups, especially in Field 2 and Field 3. We 
have further analyzed the correlations between these elements (Fig. 5) 
and found that the correlations of different elements in the grain of high- 
and low- Cd accumulating varieties were more complex and diverse with 
the increase of Cd stress (Field 1 and Field 2). By comparing the results of 
three field experiments, we found that the concentration of Cd in wheat 
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grains may be significantly correlated with Ca, Mg, and Zn concentra-
tion; moreover, Cd and Zn showed strong positive correlation in Field 2 
and Field 3, and the correlation increased with the increase of Cd con-
centration in the soil (Fig. 5). 

3.3. Verification of the ionomics characteristics of Chinese wheat grain 

To validate the reported association in accumulation of Cd and Zn in 
wheat grains, we have conduced an additional test targeting another 97 
(Table S3) wheat varieties planted in Field 4. After obtaining wheat 
grains, the concentration of 7 key elements in wheat grain were 
measured by ICP-MS. All of them showed a potential relationship with 
Cd accumulation. The highest correlation was between Cd and Zn 
(R = 0.68) followed by Cd/Mg (R = 0.41) and then between Cd and Fe 
and Mn (R = 0.23 and 0.27, respectively) (Fig. 6). Here, Cd concentra-
tion in the grains was 0.66–1.33 mg kg− 1 while Zn concentration ranged 
between 55 and 111 mg kg− 1. Fig. S1 plot displays Cd and Zn values for 
every individual genotype, clearly showing a significant positive cor-
relation between accumulation of two elements. We then selected 10 
high- and 10 low-Cd accumulating varieties from this experiment (97 
Chinese wheat cultivars) in Field 4 and analyzed the average grain Zn 
content, We found that the grain Zn content of high-Cd accumulating 
varieties was significantly higher than that of low-Cd accumulating 
varieties by 54% (Fig. S2). 

4. Discussion 

4.1. Wheat screening of low Cd accumulation 

The researchers’ efforts are currently focused on three main avenues:  

(1) The use of molecular markers to predict the content of Cd in 
grains. Knox et al. (2009) mapped a gene named Cdu1 by using 
Scopc20. Their results showed that the Cd content in wheat grain 
and the distribution of Cd in root and shoot were related to this 
gene, suggesting its role a key determinant for Cd accumulation 
in wheat. Salsman et al. (2018) established KASP markers using 
molecular markers related to Cd in rice grains, and conducted 
marker assisted breeding experiments on 1278 unique genotypes, 
with an average prediction accuracy of 84–88%.  

(2) Developing mathematical models for predicting the ability of Cd 
accumulation in crops (and, specifically, in grains). Perrier et al. 
(2016) found that leaf biomass can effectively explain the dif-
ferences of Cd content in the grains of different genotypes of 
wheat, and established relevant mathematical models combined 

with biomass and other parameters to predict Cd content in 
grains. However, these models remain to be validated in field 
trials.  

(3) Conducting pot or field experiments to screen for high- and low- 
Cd accumulating crops. For example, Zhan et al. (2019) selected 
15 varieties of soybean with high and low Cd accumulation under 
0.15 mg kg− 1 and 1.98 mg kg− 1 Cd levels in pot experiment. The 
authors found that the capacity of Cd accumulation in soybeans 
has fundamentally different responses to low and high Cd con-
centrations in soil, this may be the reason for the small number of 
soybean varieties. Liu et al. (2020) selected 72 wheat varieties for 
low Cd accumulation in 3 fields, with reported concentration of 
Cd in wheat grain ranging from 0.06 to 0.16 mg kg− 1. However, 
the relative level of Cd contamination in the soil was low 
(0.22–0.42 mg kg− 1) questioning the practical validity of these 
findings. 

In this work, we conducted the screening work through three inde-
pendent field trials on low, medium and high (0.41, 1.10 and 
2.57 mg kg− 1) Cd contaminated soils that are much close related to the 
real-field situation. Based on the Cd concentration of 134 wheat grains, 
30 wheat cultivars were screened by cluster analysis (Fig. 1), including 
15 high and 15 low grain Cd accumulating varieties (Table S4). The high 
reproducibility of our data (e.g., the same trends observed in different 
fields under different levels of Cd contamination in the soil) allows the 
above test as a reliable screening tool for selecting low-Cd accumulating 
genotypes. Also, identification of low- and high-Cd accumulating vari-
eties reported here may be used by plant breeders for creating DH lines 
and identification of QTLs conferring Cd accumulation in wheat grains. 

4.2. Co-enrichment of Cd and Zn in wheat grains 

The relationship between Cd and Zn in crop grains is rather 
controversial. Many reports indicate that there is an antagonistic effect 
between Cd and Zn. For example, it was shown addition of Zn can reduce 
the absorption of Cd from rice (Yang et al., 2020), wheat (Rizwan et al., 
2019a), maize (Rizwan et al., 2019b) and some other crops. At the same 
time, there are many reports of the synergism in Cd and Zn. Through the 
ionomics analysis of 21 rice varieties, Feng et al. (2017) reported similar 
distribution and transport patterns between Cd and those of Zn, Cu, and 
Co (especially Zn), in different plant parts including grains, pointing out 
at the possibility of the joint transport mechanism. Zhang et al. (2020) 
analyzed different soybeans on 20 different contaminated soils around 
the world, and reported a strong association between Cd and Zn (the 
Pearson correlation = 0.66). At the same time, a significant negative 

Fig. 1. Clustering analysis of Cd content of 134 wheat varieties - heat map reporting the field varieties screening test results, the content of cadmium in grains was 
represented by the color scale (all date was standardized by Z-Score). (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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Fig. 2. Boxplots of Ca (A), Mg (B), Mn (C), Fe (D), Zn (E), Cu (F), Cr (G) and Co (H) content from the grain of wheat varieties from different experiment field, 
including 15 high- and 15 low-Cd accumulating varieties (label as Field-H and Field-L, respectively). The boxes denote the interquartile range containing 50% of the 
values (25^75%) while the whiskers denote the extremes of the values. 
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Fig. 3. Boxplots of Ni (A), As (B), Se (C), Mo (D), Ag (E), Cd (F) and Pb (G) content from the grain of wheat varieties from different experiment field, including 15 
high- and 15 low-Cd accumulating varieties (label as Field-H and Field-L, respectively). The boxes denote the interquartile range containing 50% of the values 
(25^75%) while the whiskers denote the extremes of the values. 
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correlation (0.4 ≤r＜0.7) between Cd and Zn content in rice grains was 
reported for 51 rice varieties in 4 fields, with the total Cd content in the 
soil ranging from 0.32 to 12.38 mg kg− 1 (Chi et al., 2018). 

Compared with other crops, wheat has a higher Cd-translocating 
ability (Xiao and Dong, 2019). We further analyzed the correlation 
among elements in grain of low- and high- Cd- accumulating groups. We 
found the Cd concentration in wheat grain was significantly positively 
correlated with the concentration of Zn. An independent verification 
using another 97 wheat varieties have also showed that Cd was signif-
icantly positively correlated with Zn in this species. This data is fully 
consistent with a view that most known Cd transporters also operate in 
transport of essential nutrients such as Zn, Fe, Mn or Cu (Huang et al., 
2020). The major players in root Cd acquisition are NRAMPs (natural 
resistance-associated macrophage proteins) and ZIP (zinc/iron-regu-
lated transporter-like protein) transporters; all of them have high af-
finity for micronutrients and, specifically, for Zn (Wang et al., 2019; Wu 
et al., 2019). Also, HMA (Heavy Metal ATPase) family transporters 
participate in long-distant transport and intracellular sequestration of 
Cd (Liu et al., 2017b). 

Cadmium is present in many soils and, when enter a food chain, 
represents a major health threat to humans. At the same time, Zn defi-
ciency is ranked 5th among nutritional causes of disease (cancer, neural 
deterioration causing mental disorders, etc.) in developing countries 

(Cakmak and Kutman, 2018; Liu et al., 2017a). Insufficient micro-
nutrient intake is also widespread in developed countries (Allen, 2003). 
In a light of these, the breeders’ efforts have been always focused on 
creating biofortified cereal genotypes (rice, wheat, maize) with 
enhanced capacity to accumulate Zn in grains (e.g. as a part of the 
“Harvest Plus” international research program; Bouis and Saltzman, 
2017). However, this enhancement comes with a caveat of enhanced 
accumulation of toxic Cd in biofortified genotypes, as reported in our 
study. This calls for a need to entangle transport of these two nutrients, 
and the latter can only be achieved by the cell-based phenotyping and 
understanding the structure-function relations of various transporters 
isoforms (Huang et al., 2020). Individual mutations at diverse sites 
within AtMTP1 conferred Co and Cd tolerance in yeast (Kawachi et al., 
2012). Thus, uncoupling of Cd transport from transport of essential 
micronutrients is technically possible and just requires some more 
orchestrated efforts and a strong attention to the high tissue specificity 
of transporters operation (Huang et al., 2020), prompting a need for 
development of cell-based phenotyping platforms. 
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