
Introduction

Soil contamination by heavy metals has become 
an increasingly serious environmental problem 

throughout the world as a consequence of various 
anthropogenic activities such as industrial production 
and freewill voidance of wastes [1-3]. The pollution 
has a negative effect on the eco-environment as well as 
agricultural production, and eventually affects human 
and animal health [4, 5]. Although the remediation 
of polluted soil with heavy metals is a difficult, time-
consuming, and costly operation, in recent years many 
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Abstract

Screening and breeding of pollution-safe cultivars (PSCs) has become one of the most direct  
and cost-effective methods for reducing the health risks of heavy metal-contaminated soil. In this 
paper we identified and screened out cadmium (Cd)-pollution-safe pakchoi cultivars from 30 pakchoi 
genetype materials through preliminary screening experiments and re-screening experiments in 
field conditions. We found that in preliminary screening experiments, the Cd uptake displayed  
significant variability among the 30 selected pakchoi cultivaters grown in soil with a Cd concentration of  
0.51 mg/kg. 11 out of the 30 pakchoi cultivars belonged to the low-Cd accumulated cluster classified by 
cluster analysis, which had the potential to be Cd-PSCs. The re-screening experiments under different Cd 
levels of contaminated soils in combination with the studies of the enrichment factors (EFs) and translocation 
factors (TFs) further confirmed the consistency and genotypic stability of the low-Cd accumulating traits 
of the potential Cd-PSCs. This study proves the feasibility of applying cluster analysis in the process  
of identifying PSCs. 
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efforts have been devoted to heavy metal-polluted soil 
remediation by in situ remediation methods such as 
stabilization [6-8] and phytoremediation [9-11]. Among 
them, phytoremediation technology is considered an 
environmentally friendly treatment that is receiving 
increasing attention domestically and overseas because 
of its low cost, in situ, and other advantages [12, 13]. 
That is to screen for hyper-accumulated plants which 
can tolerate and extract high levels of heavy metals from 
soil and store them in harvestable shoot tissue. However, 
many of the hyper-accumulated plants are slow-growing, 
and given the large areas of polluted soil, the cycle of 
phytoremediation is too long to quickly decontaminate 
many polluted soils, severely constraining their potential 
to be used in soil restoration. 

Cadmium (Cd) has been considered one of the 
most deleterious heavy metals, and it is easy to be 
accumulated by many crops that are detrimental to 
human health through the soil biology chain and 
ranked 7th out of the top 20 toxins [14]. Cereals and 
vegetables are the main crops and more than 80% of 
Cd entering the human body comes from them [15]. 
Pokchoi (Brassica campestris ssp.Chinensis Makino) is 
a kind of cruciferous leafy vegetable that is cultivated 
widely across China, which easily causes the risks of 
human exposure to Cd through consumption of pokchoi 
[16]. Therefore, it is imperative to find an instantaneous 
and effective method to reduce the potential health 
risks of Cd entering the human food chain through 
the consumption of pokchoi. Genetic differences in 
Cd uptake and translocation in food crops have been 
observed by many published papers, and the variation 
existed not only among cultivar species and even 
within the genetypes but also in cultivar parts [17-19]. 
Selecting appropriate cultivars with a high tolerance to 
Cd-contaminated soil and low Cd accumulation in the 
edible parts are reasonable to minimize soil-to-crops 
of Cd and reduce the risks of Cd to human and animal 
health. Based on these, Yu et al. proposed the concept 
of pollution-safe cultivars (PSCs), i.e. cultivars in which 

edible parts accumulate specific pollutants at a level 
low enough for safe consumption even when grown in 
contaminated soil [20]. Recently, selecting PSCs grown 
in heavy metal-contaminated soil was considered one 
of the feasible and efficient methods for minimizing the 
influx of heavy metals to the human body and reducing 
the risks of human exposure to heavy metals through 
crop consumption [21-23]. Indeed, a Cd-pollution-
safe wheat cultivar named “Strongfield” has been 
commercially developed and introduced in Canada in 
the past few years [24].

The present study was undertaken to investigate 
genetic differences in Cd uptake and translocation in 
pokchoi cultivars and selecting PSCs. Considering 
that environmental factors can significantly affect the 
availability of heavy metals and the content of heavy 
metals in cultivars [25-27], identifying and screening 
pollution-safe pakchoi cultivars was conducted in field-
culture experiments, and Cd-pollution-safe pakchoi 
cultivars were screened out from 30 pakchoi genetype 
materials. Specifically, cluster analysis was applied in 
the screening experiments.

Materials and Methods 

Pakchoi Materials

30 pakchoi genotypes were collected from the 
Mawangdui Seed Market in Changsha, China, and the 
names and numbers of the selected 30 cultivars are 
listed in Table 1. 

Screening Experiments

Preliminary screening experiments were conducted 
by covering plants with voile in a demonstration  
garden of the Research Institute of Vegetables, Hunan 
Academy of Agricultural Sciences, in Changsha, Hunan 
Province, China. Soil pH, organic matter, total N, total 

Table 1. Selected pakchoi genotypes.

Cultivar name No. Cultivar name No. Cultivar name No.

Huangjin 1 Baiyu 2 11 Tuzitui 21

Jiahui 2 Dongjing 1 12 Shanghaiqing 22

Aikangjiaxue 3 Lvxiu 13 Jingpin 23

Chunlaizaobai 4 Huojian 14 Biangeng 24

Xiaobaicai 536 5 Jinsha 15 Lusan 25

Xianfeng 6 Chunlaijiabai 16 Degaoxialv 26

Danping 7 Baiyu 1 17 Nanhu 161 27

Cuimei 8 Kangrejiangjun 18 Suzhouqin 28

Bailingliren 9 Lvbao 19 Xialv 29

Jinghua 1 10 Baixuegongzhu 20 Chunbulao 30
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P, available K, and total Cd were 5.36, 22.60 g/kg, 
1.29 g/kg, 0.49 g/kg, 130.20 mg/kg, and 0.51 mg/kg, 
respectively, and the Cd concentration of selected  
soil was slightly beyond the limited value of Cd  
(0.3 mg/kg), referring to the Farmland Environmental 
Quality Evaluation Standard for Edible Agricultural 
Products (HJ 332-2006). Seeds were sowed directly 
into the selected soil in September 2014, and the 
mature plants were randomly collected in January 2015.  
The collected samples were sequentially washed, 
weighted, and analyzed for Cd concentrations.

Re-screening experiments were conducted followed 
by preliminary screening experiments in Xiangtan, 
Hunan Province, China, where soil suffered different  
Cd-level contamination due to the intrusion of 
wastewater, particle powder, and mine gangue. 
According to the field survey data on Cd concentrations 
in vegetable lands in China [28] and the published 
literature by Wang et al. [29], Chinese vegetable lands 
fall into three categories: low Cd-contaminated soil 
with a 0.30-0.60 mg/kg Cd concentration, moderate  
Cd-contaminated soil a 0.60-1.00 mg/kg Cd 
concentration, and high Cd-contaminated soil with 
a concentration higher than 1.00 mg/kg. Thus, the 
experiments were conducted on five typical areas with 
different Cd contamination levels ranging from 0.30 to 
2.12 mg/kg. The physicochemical characteristics of the 
five soils are shown in Table 2. The treatment of the 
seeds and mature plants was the same as described in 
preliminary screening experiments. 

Data Analysis

Two indicators were used to measure the safety  
of edible parts of pakchoi grown in Cd-contaminated 
soils: the maximum permissible concentration of Cd 
of 0.20 mg/kg in leaf vegetables for safe consumption 
(GB2762-2012), and the maximum concentration of  
0.05 mg/kg for “no-polluted vegetables” (GB18406.1-
2001). Enrichment factor (EF) was used to evaluate the 
ability of pakchoi to accumulate Cd, while translocation 
factor (TF) was related to the capacity of pakchoi 
cultivars to translocate Cd from roots to edible parts [30, 
31]. Combining the analysis of Cd uptakes in edible parts 
of pakchoi under different Cd concentrations in soil with 
EFs and TFs were used for understanding the relationship 
between the soil contamination level and pakchoi 

species. The values of EFs and TFs were considered as  
a screening standard (EF<1.0 and TF<1.0), which can be 
calculated based on the following equations:

EF = C1/C0

TF = C1/C2

…where C0 is the Cd concentration in the soil, C1 is the 
Cd concentration of the edible part in pakchoi cultivar, 
and C2 is the Cd concentration of the root in pakchoi 
cultivar.

Data were analyzed by Origin 8.5 and Excel 2016, 
and results of cluster analysis were obtained by DPS 2.0 
(data processing system 2.0).

Results and Discussions

From Fig. 1, the differences among the Cd 
accumulation in 30 pakchoi cultivars were significant. 
The selected pakchoi cultivars were classified by 
cluster analysis, and the results are shown in Fig. 2. It 
was obvious that the selected pakchoi cultivars fall into 
four clusters at classification distance of about 0.07, and 
for the convenience of screening, the first and second 

Table 2. Physicochemical characteristics of tested soils.

Total Cd/ mg/kg Soil pH Organic matter/g/kg Total N/g/kg Total P/g/kg Available K/ mg/kg

0.30 5.57 24.91 1.43 0.98 140.36

0.39 5.30 22.42 1.03 1.12 119.69

0.64 5.82 25.94 1.06 1.26 168.88

1.46 5.18 21.08 1.33 1.25 155.39

2.12 5.24 24.30 1.07 1.04 187.14

Fig. 1. Cd uptakes in edible parts of pakchoi cultivars under Cd 
concentration of 0.51 mg/kg.
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clusters in Fig. 2 were put into one cluster renamed as 
first cluster (low-Cd accumulated cluster), and the other 
two clusters were accordingly renamed as second cluster 
(medium-Cd accumulated cluster) and third cluster 
(high-Cd accumulated cluster). 

Table 3 lists the Cd uptakes of ten representative 
pakchoi cultivaters of the three clusters based on the 
results of cluster analysis. Among them, Huangjin, 
Aikangjiaxue, Xiaobaicai 536, and Bailingliren belonged 
to the low-Cd accumulated cluster; Baixuegongzhu and 
Lvxiu belonged to the medium-Cd accumulated cluster; 
and the rest belonged to the high-Cd accumulated 

cluster. The average value of Cd uptakes in the third 
cluster was 2.07-fold higher than that in first cluster, 
implying that pakchoi cultivars in the first cluster were 
much more likely to be the Cd-PSCs than in the other 
two clusters.

Moreover, undoubtedly the Cd concentration 
in cultivars is also highly contingent on the Cd 
concentration in soil, and the Cd uptake values varied 
in different Cd-contaminated soils [32-34]. Therefore, 
the Cd-contaminated level in soil should also be taken 
into consideration for screening for Cd-polluted-safe 
pakchoi cultivars. In this paper, to clear the contribution 

Cd accumulated type Cultivar name No. Cd uptakes/(μg/kg) Average value/(μg/kg)

First cluster/
low-Cd accumulated cluster

Huangjin 1 15.24±0.98

19.71
Aikangjiaxue 3 19.86±2.05

Xiaobaicai 536 5 20.97±2.10

Bailingliren 9 22.77±0.86

Second cluster/
medium-Cd accumulated cluster

Lvxiu 13 26.16±1.45
28.74

Baixuegongzhu 20 31.32±2.41

Third cluster/
high-Cd accumulated cluster

Tuzitui 21 37.65±0.88

40.74
Jingpin 23 39.53±1.20

Degaoxialv 26 42.87±0.98

Nanhu 161 27 42.91±2.80

Fig. 2. Results of cluster analysis.

Table 3. Cd uptakes in edible parts of ten selected representative pakchoi cultivars under Cd concentration of 0.51 mg/kg.



2219Variations of Cadmium Accumulation...

of the Cd contaminated level in soil, the re-screening 
experiments in different Cd levels in contaminated soils 
were investigated, and the results are shown in Fig. 3. 
From Fig. 3, an obvious variability of Cd uptake can be 
seen among the ten selected pakchoi cultivars. All the 
ten selected pakchoi cultivars could be defined as “safe 
vegetables” when the Cd concentration in soil was below 
0.64 mg/kg, but none of them belonged to “no-polluted 
vegetables.” However, when the Cd concentration in 
soil lowered to 0.39 mg/kg, even 40% of them could 
be seen as “no-polluted vegetables,” and among them, 
75% belonged to the first cluster. Cd uptakes increased 
with the increasing Cd concentrations in soils, and the 
trend was most clear for the selected pakchoi cultivars 
in the third cluster. With the Cd concentration in soil 
exceeding 2.12 mg/kg, the values of Cd uptake in all 
selected pakchoi cultivars in the third cluster were 
beyond the standard of “safe vegetables,” while that in 
the first cluster still kept to a lower value. And there 
was no significant discrepancy of Cd uptake values 
under different Cd levels for the first cluster, further 
confirming the consistency and genotypic stability 
of the low Cd accumulating traits of the potential  
Cd-PSCs, and that these cultivars have high tolerance 
to Cd toxicity, which seemed to be a genetic connection 
[35]. 

To understand the abilities of Cd accumulation of ten 
representative pakchoi cultivaters and the translocation 
laws of Cd from roots to edible parts, the values of EFs 
and TFs were calculated (shown in Fig. 4), which were 
important in screening and breeding Cd-PSCs and then 
in minimizing the soil-to-plant transfer and roots-to-
edible parts of Cd. It was clear from Fig. 4 that there 
were great differences both in EFs and TFs among 
the ten pakchoi cultivars. All selected representative 
pakchois had EFs less than 1.0 under the five Cd levels 
of contaminated soils. However, only 8 of the 10 selected 
representative pakchois had TFs less than 1.0 under 
the five Cd levels, including Huangjin, Aikangjiaxue, 
Xiaobaicai 536, Bailingliren, Baixuegongzhu, Lvxiu, 
Tuizitui, and Degaoxialv. And among them, 100% of 
pakchois in the first cluster had the potential to become 
Cd-PSCs under the five Cd levels according to this 
standard. 

Conclusions

In this paper, a combination of primary screening 
experiments and re-screening experiments was 
conducted in field culture to systemic screening for 
Cd-PSCs from 30 selected pakchoi cultures. Taking all 
experimental results, including the results of cluster 
analysis performed on data from primary screening 
experiments and the re-screening experiments about 
the effects of the different Cd concentrations in 
contaminated soils on Cd uptakes and the values of EFs 
and TFs into consideration, Huangjin, Aikangjiaxue, 
Xiaobaicai 536, and Bailingliren in the first cluster 

Fig. 4. a) EFs and b) TFs of ten selected representative pakchoi 
cultivars under different Cd levels.

Fig. 3. Cd uptakes in edible parts of ten selected representative 
pakchoi cultivars under different Cd levels.
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as selected by cluster analysis could be confirmed as  
Cd-PSCs under the five investigated Cd levels with Cd 
uptake below 200 μg/kg, and the low Cd accumulating 
traits of the potential Cd-PSCs possess good genotypic 
stability. 
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