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Abstract
Aims This study aimed to screen and identify low-
cadmium (Cd) hot pepper (Capsicum annuum L.)
cultivars and to clarify the mechanisms of low Cd
accumulation in fruits.
Methods A pot experiment was conducted to investi-
gate the variations of fruit Cd concentration among 30
hot pepper cultivars and to determine the differences in
uptake and translocation of Cd between low- and high-
Cd cultivars in the control and two Cd treatments.
Results There are significant differences among the
cultivars in their ability to accumulate Cd in fruits.
Fruit Cd concentrations are positively and significant-
ly correlated with the translocation of Cd from roots to
aboveground parts and the Cd concentrations of leaves
and stems. However, no correlation was observed
between the fruit’s Cd concentration and the root’s
Cd uptake ability.
Conclusions Two hot pepper cultivars, Yesheng
chaotianjiao (No. 16) and Heilameixiaojianjiao (No.
23), were identified as low-Cd cultivars, and two,
Jinfuzaohuangjiao (No. 13) and Shuduhong (No. 18),
were treated as high-Cd cultivars. The difference in fruit
Cd concentrations between low- and high-Cd cultivars

is attributable to the difference in Cd translocation from
roots to aboveground parts and from leaves and stems to
fruits, rather than to the root’s Cd uptake ability.

Keywords Cadmium . Translocation . Hot pepper
(Capsicum annuum L.) . Low-Cd cultivars

Introduction

Cadmium (Cd) is a non-essential and highly toxic ele-
ment to plants and can pose a human health risk through
the food chain (Grant et al. 2008). Moreover, Cd levels
in agricultural soils have been elevated continuously due
to anthropogenic activities, such as mining and
smelting, electroplating, and the use of sewage sludge
and phosphate fertilizers (Wong et al. 2002; Wong
2003). Therefore, effective technologies to reduce Cd
accumulation in crops are urgent for food safety.

In recent years, many soil cleanup techniques, in-
cluding the excavation and removal of the top contam-
inated soil layer, phytoremediation, and the washing
of contaminated soils with strong acids and heavy
metal chelators, have been used to remove Cd from
Cd-contaminated agricultural soils. However, most of
these techniques are costly, time-consuming, cause
soil disturbances, and are not readily accepted by the
general public (Zhou and Song 2004; Bhargava et al.
2012). Recently, researchers found that the uptake and
accumulation of Cd varied greatly not only among
plant species but also among cultivars (Greger and
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Löfstedt 2004; Liu et al. 2007; Grant et al. 2008; Liu et
al. 2009). Genotypic variations and genotype depen-
dence in the Cd accumulation of many crop species,
such as potato (Solanum tuberosum L.) (Dunbar et al.
2003), wheat (Triticum aestivum L.) (Greger and
Löfstedt 2004), rice (Oryza sativa L.) (Yu et al.
2006; Liu et al. 2007), Chinese cabbage (Brassica
pekinensis L.) (Liu et al. 2009), and water spinach
(Ipomoea aquatica Forsk.) (Huang et al. 2009; Xin
et al. 2010), have been well reported. On this basis, the
concepts of pollution-safe cultivars (Yu et al. 2006),
Cd-excluder genotypes (Liu et al. 2009), Cd-excluding
cultivars (Li et al. 2012), and pollution free cultivars
(Liu et al. 2012), have been proposed. These are
essentially low-Cd cultivars (Clarke et al. 2002), re-
ferring to cultivars whose edible parts accumulate Cd
at a low enough level for safe consumption when
grown in Cd-contaminated soils. Therefore, the selec-
tion of low-Cd crop cultivars is an effective approach
to reduce the risk of soil Cd entering the human diet
without fallowing agricultural soils.

Hot pepper (Capsicum annuum L.) is one of the
most important crops in the world and is the second
largest vegetable crop in China. At present, the culti-
vated area per year in China is about 1.3 million hm2,
producing 27 million tons of pepper (Xu et al. 2008).
As about 70 % of the Cd intake by humans originates
from vegetable foodstuffs (Günther et al. 2000), it is
extremely important to minimize the Cd concentrations
in hot pepper fruits by using low-Cd cultivars. However,
relevant information on screening for low-Cd hot pepper
cultivars is still quite limited. Additionally, it is neces-
sary to have a good understanding of the Cd accumula-
tion mechanisms in hot pepper fruits to identify low-Cd
cultivars.

As reported by many researchers, the transport pro-
cesses mediating Cd accumulation in the aerial plant
parts includes the uptake of Cd by roots, root-to-shoot
Cd translocation, and xylem-to-phloem Cd transfer
(Herren and Feller 1997; Uraguchi et al. 2009; Xin et
al. 2012; Su et al. 2013). After Cd reaches root cell
membranes via the apoplasmic pathway, it enters the
plant root system by some other nutrient metabolic
pathway, such as iron, calcium, or zinc (Cosio et al.
2004). A portion of the Cd that enters the root system
is translocated to the aboveground parts via the xylem
in the form of Cd-complexes with organic acids,
phytochelatins, and metallothioneins (Salt et al.
1995). In hot pepper plants, cadmium is probably

either translocated directly via the xylem to the fruits
or is translocated from leaves to the fruits via the
phloem. Consequently, the accumulation of Cd in hot
pepper fruits may be affected by root Cd uptake and
Cd translocation via the xylem or phloem. Furthermore,
the mechanisms responsible for Cd accumulation in
fruits are also unknown.

The objectives of this study were to screen for low-
Cd cultivars from the tested hot pepper cultivars and to
determine differences in the uptake and translocation of
Cd in hot pepper cultivars to elucidate the mechanisms
of low Cd accumulation in fruits. We hypothesized that
there would be significant differences in the fruit Cd
concentration among the 30 hot pepper cultivars. We
also hypothesized that the Cd accumulation in hot pep-
per fruits would be related to root Cd uptake and the Cd
translocation from roots to aboveground parts.

Materials and methods

Experimental site and soil

A pot experiment was carried out in an experimental
garden of Hunan Institute of Technology (112°41′E,
26°52′N), Hunan Province, China. The experimental
soil was collected from a vegetable farm at the insti-
tute, was air-dried, and ground to pass through a 5 mm
sieve. The soil was a sandy loam whose main physical
and chemical properties were measured according to
the analytical methods described by Lu (2000). The
soil pH, organic matter content, cation exchange ca-
pacity, total nitrogen, available P, available K, total Cd
and DTPA-extractable (bio-available) Cd were 6.35,
1.84 %, 8.9 cmol kg−1, 1.7 g kg−1, 90.3 mg kg−1,
115.4 mg kg−1, 0.28 mg kg−1 and 0.09 mg kg−1, re-
spectively. According to the Farmland Environmental
Quality Evaluation Standards for Edible Agricultural
Products (HJ 332-2006), the maximum level (ML) for
Cd is 0.3 mg kg−1; therefore, the tested soil is clean
and severed as the control in this experiment. Two Cd
treatments, low-Cd and high-Cd with target concen-
trations of 1.0 and 2.5 mg kg−1, respectively, were
created by mixing the clean soil with appropriate
amounts of Cd in the form of Cd(NO3)2·4H2O. Each
of the two soils was placed in a large basin, watered,
and left to equilibrate outdoors under a waterproof
tarpaulin for about 4 months. This long period allowed
for the balancing of the various sorption mechanisms
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in the soils (Alexander et al. 2006). For low-Cd and
high-Cd treatments, the final soil total Cd concentra-
tions were 1.16 and 2.69 mg kg−1, respectively, and
the DTPA-extractable Cd concentrations were 0.58
and 1.62 mg kg−1, respectively.

Plant materials and experimental design

There were 30 hot pepper cultivars (Table 1) used in
this study. Seeds of the cultivars were collected from a
seed market in Changsha, China. Plastic pots, with
diameters of 18 cm (top) and 13 cm (bottom) and a
height of 15 cm, were each filled with 3.0 kg of the
prepared soil. The seeds were sown into the soil in the
pots on March 25, 2012 and watered daily with tap
water. The experiment was laid out in a completely
randomized design with three replicate pots per treat-
ment. Fifteen days after germination, the seedlings
were thinned to one per pot. A solid compound fertil-
izer (N:P:K = 15:15:15) was applied into the soil at
3.0 g per pot every 2 weeks thereafter.

Sampling and chemical analysis

The whole plants were harvested after the 120-day
growth period. All of the fruits from each plant were

harvested to reduce the influence of fruit position on
the fruit Cd concentrations. Fruits, leaves, stems and
roots were separately rinsed with tap water, and roots
were desorbed for 15 min in ice-cold 5 mM CaCl2
solution (5 mM Mes-Tris, pH 6.0). All samples were
thoroughly washed with deionized water, dried at
105 °C for 20 min and then at 70 °C to a constant
weight, and the fresh and dry weights were recorded.
The dried plant samples were crushed to pass through a
0.149 mm sieve for chemical analysis. Concentrations
of Cd in the dry samples were determined with a flame
atomic absorption spectrophotometer (Hitachi Z-2300,
Japan) after digestion with HNO3-H2O2 (10:3, v/v) in a
microwave oven (Microwave digester XT-9900A,
Shanghai Xintuo Analytical Instruments Co., Ltd.,
China). A Certified Reference Material (CRM) of plant
GBW07605 (provided by the National Research Center
for CRM, China) was used for quality assurance and
quality control (QA/QC) of the Cd analysis.

Safety standard and statistical methods

The General Standard for Contaminants and Toxins in
Food and Feed (CODEX STAN 193-1995, Revision 4,
2009, http://www.codexalimentarius.org/standards/list-
of-standards/en/?no_cache=1) was used to evaluate the

Table 1 Tested hot pepper (Capsicum annuum L.) cultivars and their providers

No. Cultivar Provider No. Cultivar Provider No. Cultivar Provider

1 Tedaniujiao A 11 Zhoupijiao J 21 Xinyangjiaojiao R

2 Lvjianniujiao B 12 Texuanxin 22 K 22 Dahuangchaotianjiao S

3 Tianyingjiao C 13 Jinfuzaohuangjiao L 23 Heilameixiaojianjiao T

4 Xianjiao8819 D 14 Ribensanyingjiao M 24 Wannong 25 U

5 Hanguohongfeng E 15 Chixuanjiaowang N 25 Xiangyan 6 V

6 Xinjinfeng 2 F 16 Yeshengchaotianjiao O 26 Xiangla 66 V

7 Changjiang 8 G 17 Jipinhangjiao 1 P 27 Xiangxin 15 V

8 Maoxian 2 H 18 Shuduhong Q 28 Taiguochaojilajiao W

9 Huajiao 5 I 19 Zilameizi R 29 Xinyu 8819 X

10 Xianjiaowang J 20 Bailameizi R 30 Meiguo 3 Y

Providers: A, Tianjin Jixian Jinong Seed Industry Company; B, Tianjin Jixian Baofeng Vegetable Seeds Station; C, Qingxian Yitian
Seed Industry Co., Ltd.; D, Qingxian Chunfeng Vegetable Fine Breed Farm; E, Shaanxi Taigu Dazhi Xihulu Research Center; F, Hebei
Qingxian Wangzhendian Seed Breeding Station; G, Hainan Haimao Seed Industry Technology Co., Ltd.; H, Guangdong Maoming
Maoshu Seed Industry Technology Co., Ltd.; I, Jiangxi Yichun Chunhua Seed Industry Company; J, Kunming Lusheng Vegetable
Research Institute; K, Shanxi Dahedong Seed Industry Co., Ltd.; L, Henan Yuyi Seed Industry Technology Development Co., Ltd.; M,
Henan Zhengzhou Wanfeng Seed Industry Co., Ltd.; N, Chifeng Tianyuan Seed Industry Co., Ltd.; O, Beijing Nanwu Tech-trade Co.,
Ltd.; P, Hangzhou Xingnong Seed Shop; Q, Sichuan Zigong Shicong Hybrid Pepper Research Institite; R, Harbin Nongxin Seed Co.,
Ltd.; S, Harbin Jinlong Agriculture Co., Ltd.; T, Harbin Jinlong Agriculture Co., Ltd.; U, Changsha Xinwannong Seed Industry Co.,
Ltd.; V, Hunan Xiangyan Seed Industry Co.,Ltd.; W, Huazhiyuan Shop; X, Qingxian Xingyun Vagetable Seed Station; Y, Liaoning
Beining Fulong Vegetable Seed Breeding Center
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safety of consuming fruits of the tested hot pepper
cultivars. The Codex ML for Cd in fruiting vegetables
is 0.05mg kg−1 (fresh weight, fw). The cadmium uptake
ability of plants can be estimated by the net uptake of Cd
via roots, which was calculated as the total amount of
Cd in the whole plant divided by the root dry weight.
The Cd translocation to the aboveground parts (includ-
ing fruits, leaves and stems) was calculated as the
amount of Cd in the aboveground parts in relation to
the total amount of Cd in the whole plant (Greger and
Löfstedt 2004). Data were statistically analyzed using
the least significant difference (LSD) test based on a
two-way ANOVA using Excel 2003 and SPSS 13.0.
Correlations were assessed using the Pearson correlation
coefficient. Results were expressed on a dry weight (dw)
basis.

Results

Fruit biomass response to Cd exposure

Fruit biomass (dw) of hot pepper was significantly
affected by cultivars, Cd treatments, and interaction
between the two factors (p<0.01) (Table 2), indicating
that fruit biomass of hot pepper was determined not
only by genetic factors, but also by Cd levels in soils.
All of the cultivars had some tolerance to Cd toxicity.

The fruit biomasses of 30 cultivars in the two Cd
treatments did not decrease significantly (p>0.05)
compared with those in the control (Fig. 1). Furthermore,
the fruit biomasses of No. 3, 8, 12, 23, 25, 26, and 30 in the
high-Cd treatment were significantly higher (p<0.05) than
those in the control. This indicated that the seven cultivars
had a greater tolerance to Cd toxicity than did the other
cultivars.

Variations in Cd accumulation

Significant differences (p<0.05) in fruit Cd concentra-
tion were found among the 30 cultivars in each treat-
ment (Table 2), ranging from 0.07 to 0.23, from 0.39
to 1.23, and from 1.32 to 3.28, with the averages of
0.15, 0.78 and 2.39 mg kg−1 for control, low- and
high-Cd treatments, respectively. In the same three
treatments, the differences between the highest and
lowest fruit Cd concentrations were 3.3-, 3.2- and
2.5-fold, respectively. In addition, the fruit Cd concen-
trations in the high-Cd treatment were, on average,
16.8 (10.8–27.7) and 3.1 (2.1–5.0) times higher than
those in the control and low-Cd treatment, respective-
ly. The differences in fruit Cd concentrations were
much greater than the differences in soil total Cd
concentrations between high-Cd and control (9.6
times) and between high-Cd and low-Cd (2.3 times)
but close to the differences of DTPA-extractable Cd
(18.0 and 2.8 times, respectively). The fruit Cd con-
centrations of all cultivars (fw) in the control treatment
were lower than 0.5 mg kg−1; thus they were below the
Codex ML for Cd (0.05 mg kg−1) because the water
content of hot pepper fruits was 90 % (the mean value
in this study). However, only two cultivars, Nos.16
and 23, met the standard in the low-Cd treatment, and
the fruit Cd concentrations (fw) of all the cultivars
exceeded 0.05 mg kg−1 in the high-Cd treatment.
These results indicate that most of the hot pepper
cultivars easily take up Cd, even from slightly Cd-
contaminated soils. Furthermore, Nos.16 and 23 al-
ways accumulated less Cd, whereas Nos. 13 and 18
had consistently higher fruit Cd concentrations than
most of the other cultivars in the three treatments. Cd
concentrations in fruits of hot pepper were also signif-
icantly influenced by cultivars, Cd treatments and the
interaction between the two factors (p<0.01) (Table 2),
indicating that fruit Cd concentration was determined by
genetic factors besides Cd exposure levels. Thus, the
trait of Cd accumulation in hot pepper fruits can be used

Table 2 Two-way ANOVA results of hot pepper (Capsicum
annuum L.) cultivars, Cd treatments and cultivars × Cd treat-
ments effects on the Cd concentration and biomass of fruit

Source of variance SS MS F

Fruit biomass

Cultivars 214.24 7.39 11.67*

Cd treatments 32.47 16.24 25.64*

Cultivars × Cd treatments 75.02 1.29 2.04*

Error 113.98 0.63

Total 5784.70

Fruit Cd concentration

Cultivars 15.73 0.54 18.17*

Cd treatments 240.72 120.36 4032.32*

Cultivars × Cd treatments 14.13 0.24 8.16*

Error 5.37 0.03

Total 606.64

* Significant at p<0.01 level

418 Plant Soil (2013) 373:415–425



to select low-Cd cultivars in certain Cd-contaminated
soils.

Cd uptake by roots

The highest root Cd concentration was always ob-
served in No. 16 (low-Cd cultivar) and was signifi-
cantly higher (p<0.05) than that of No. 23 (low-Cd
cultivar). However, no significant differences were
found among No. 23 and the two high-Cd cultivars,
Nos. 13 and 18, except that root Cd concentration of
No. 18 was higher (p<0.05) than that of No. 13 in the
high-Cd treatment (Table 4). Interestingly, there were
significant differences (p<0.05) in the root Cd uptake
among the four cultivars (Table 4). Under the three

treatments, No. 16 always had a higher (p<0.05) Cd
uptake ability through the roots than No. 23, and the
two high-Cd cultivars had similar Cd uptake abilities.
Moreover, the Cd uptake ability of the high-Cd culti-
vars was not obviously superior to that of the low-Cd
cultivars in each treatment. These results indicate that
the difference of Cd accumulation in fruits between
the low- and high-Cd cultivars is not affected by the
root’s uptake of Cd.

Ratios of Cd concentrations in different organs

In general, there was a tendency for the low-Cd culti-
vars to have lower leaf Cd concentrations than the
high-Cd cultivars, but this was only consistently
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significant in the low-Cd treatment (Fig. 2). The Cd
concentrations in the leaves of the four cultivars were
2.72–6.83, 2.69–5.55 and 2.71–4.70 times higher than
those in the fruits of the control, low-Cd and high-Cd
treatments, respectively (Table 5). The highest leaf:
fruit ratio of Cd concentration was always observed
in No. 16 in each treatment, but the leaf: fruit ratio in
the other low-Cd cultivar (No. 23) was higher than
those in the two high-Cd cultivars in the low-Cd
treatment (Table 5). These results demonstrate that
Cd translocation from leaves to fruits is more difficult
in No. 16 than in other cultivars.

The stem Cd concentrations in the low-Cd cultivars
were significantly lower (p<0.05) than those in the high-
Cd cultivars in each treatment except the Cd concentra-
tion of No. 16was similar with that of No. 18 in the low-
Cd treatment (Fig. 2). The stem: fruit ratios of Cd
concentrations for the four cultivars were 2.69–8.71,
3.86–6.99 and 3.08–5.26 in the control, low-Cd and
high-Cd treatments, respectively (Table 5). The stem:
fruit ratios in the low-Cd cultivars were significantly
higher (p<0.05) than those in the high-Cd cultivars in
each treatment except that no difference was observed
between Nos. 13 and 23 in the high-Cd treatment
(Table 5). This indicates that Cd translocation from
stems to fruits is more difficult in low-Cd cultivars than
in high-Cd cultivars.

The highest root: fruit ratio of Cd concentration was
always observed in No. 16 and was significantly
higher than that in No. 23 in each treatment, but no
significant difference was observed between the two
high-Cd cultivars (Table 5). The root: fruit ratio of Cd
concentration in the two low-Cd cultivars were always
significantly higher (p<0.05) than those in the two
high-Cd cultivars except for Nos. 18 and 23 in the
high-Cd treatment (Table 5). Additionally, the two
low-Cd cultivars always had lower translocation levels
of Cd from roots to aboveground parts than the two
high-Cd cultivars (Fig. 3). These results indicate that
low-Cd cultivars may have a greater ability to retain
Cd in roots, which is probably associated with the
mechanism involved in Cd translocation from the
roots to the aboveground plant parts.

Correlation tests

To estimate Cd translocation to the fruits of hot pepper
cultivars, the relationships between Cd concentrations
in fruits and Cd concentrations in other organs,

including leaves, stems and roots were analyzed
(Table 6). A significant positive correlation (p<0.01)
was observed between Cd concentrations in fruits and
leaves in each treatment. There was also a significant
positive correlation (p<0.01) between Cd concentra-
tion in fruits and stems in the two Cd treatments but
not in the control. However, no significant correlation
(p>0.05) was found between Cd concentrations in
fruits and roots in the three treatments. Furthermore,
the Cd concentration in fruits was significantly posi-
tively correlated (p<0.01) with the Cd translocation
from roots to aboveground parts, but not with root
Cd uptake (Table 6). These correlations suggest that
a low level of Cd in the leaves or stems, or a low
translocation of Cd to the aboveground parts, leads to
a low level of Cd in the fruits.

Discussion

Fruit biomass response to soil Cd toxicity

In this study, the fruit biomass of all tested hot pepper
cultivars did not significantly decrease in the two Cd
treatments (1.16 and 2.69 mg kg−1) compared with the
control, and the biomass of the seven cultivars even
significantly increased in the high-Cd treatment
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(Fig. 1). These findings suggest that hot pepper culti-
vars have a high tolerance to the levels of Cd contam-
ination commonly found in agricultural soils (Liu et al.
2009, 2012) compared with water spinach (Xin et al.
2010), Chinese cabbage (Liu et al. 2009) and pakchoi
(Brassica rapa L. ssp. chinensis) (Chen et al. 2012). It
has also been reported that the growth of many crop
species was stimulated under exposure to lightly to
moderately Cd-contaminated soils (Yu et al. 2006; Liu
et al. 2009). The stimulatory effect of Cd on plant
growth may be a case of hormesis (Stebbing 1982),
but the mechanism is not well known. One possible
reason is that the Cd ion serves as an activator of
enzyme(s) in the metabolism of cytokinin, thus accel-
erating the growth of plants (Kaminek 1992; Nyitrai et
al. 2004). However, the detailed mechanisms respon-
sible for the activators still need to be further investi-
gated. In addition, all hot pepper cultivars grew well in
Cd-contaminated soils without visible symptoms of
Cd toxicity in this study. Thus, farmers may not get
sufficient warning regarding Cd contamination in hot
pepper fruits only based on yield reduction or phyto-
toxicity symptoms, which greatly increases the human
health risks from Cd-contaminated products.
Therefore, the selection and breeding of low-Cd culti-
vars to reduce Cd accumulation in edible plant parts is
an effective method for ensuring food safety.

Selection of low-Cd hot pepper cultivars

There was more than a 2.5-fold difference in the fruit
Cd concentrations among the 30 hot pepper cultivars
in all treatments (Table 3). The variation was wide
enough when compared with variations of Cd concen-
trations among other crop cultivars to allow for the
selection of low-Cd cultivars (Greger and Löfstedt
2004; Xin et al. 2010). Thus, the first aim of this study
was achievable using our experimental results. We
intended to identify low-Cd cultivars according to
their fruit Cd concentrations and tolerance to Cd tox-
icity. The Codex ML for Cd was used as a standard for
selecting low-Cd hot pepper cultivars, and only the
two cultivars Nos.16 and 23 met the criterion to be
considered as low-Cd cultivars in the low-Cd treat-
ment. The fruit Cd concentrations of Nos. 16 and 23
were always lower than the soil total Cd concentration,
which is less likely to pose a human health risk.
According to the results of the fruit biomasses, all
hot pepper cultivars had a high tolerance to Cd,

especially No. 23, so Nos. 16 and 23 were finally
identified as low-Cd cultivars.

However, no hot pepper cultivars produced fruits
safe for consumption when Cd concentrations in the
soils reached 2.69 mg kg−1. Similarly, Liu et al. (2009)
reported that no low-Cd Chinese cabbage cultivars
were found under moderate Cd exposure (2.5 mg Cd

Table 3 Concentrations of Cd (mg kg−1, dw) in fruits of hot
pepper (Capsicum annuum L.) cultivars under different
treatments

Cultivar
no.

Fruit Cd concentration

Control Low-Cd High-Cd

1 0.11±0.00 ij 0.69±0.11 hijk 2.06±0.15 jk

2 0.17±0.00 def 0.98±0.04 bcde 2.82±0.42 abcde

3 0.11±0.01 ijk 0.60±0.04 k 2.05±0.09 jk

4 0.15±0.01 fgh 0.84±0.12 efgh 2.36±0.05 fghij

5 0.12±0.02 hi 0.64±0.10 jk 1.92±0.31 jkl

6 0.13±0.02 ghi 0.72±0.11 ghijk 2.38±0.26 efghij

7 0.17±0.03 def 0.78±0.16 fghi 2.65±0.05 cdefgh

8 0.16±0.01 efg 0.84±0.08 efgh 2.69±0.44 cdefgh

9 0.15±0.02 fgh 0.72±0.03 ghijk 2.72±0.30 bcdefg

10 0.11±0.01 ijk 0.64±0.05 jk 2.96±0.19 abcd

11 0.12±0.02 ij 0.68±0.10 hijk 1.80±0.22 kl

12 0.15±0.02 efgh 0.61±0.08 jk 2.52±0.46 defghi

13 0.19±0.01 bcd 1.07±0.20 ab 3.22±0.30 a

14 0.13±0.01 ghi 0.82±0.08 efghi 1.73±0.09 klm

15 0.11±0.01 ijk 0.66±0.04 ijk 1.93±0.22 jkl

16 0.07±0.01 l 0.41±0.01 lm 1.54±0.22 lm

17 0.18±0.01 def 0.86±0.06 efg 3.16±0.51 ab

18 0.23±0.04 a 1.03±0.11 bcd 3.28±0.30 a

19 0.09±0.01 jkl 0.57±0.07 kl 1.32±0.05 m

20 0.16±0.01 efg 0.94±0.17 bcdef 3.04±0.33 abc

21 0.18±0.01 cde 1.04±0.12 bc 2.86±0.36 abcd

22 0.15±0.02 fgh 0.94±0.12 bcdef 2.94±0.37 abcd

23 0.08±0.01 kl 0.39±0.04 m 1.93±0.20 jkl

24 0.21±0.04 ab 1.06±0.09 b 2.93±0.20 abcd

25 0.13±0.02 ghi 0.68±0.12 hijk 2.11±0.03 ijk

26 0.18±0.01 def 0.88±0.15 cdefg 2.27±0.31 ghij

27 0.19±0.02 bcd 1.22±0.12 a 2.75±0.16 bcdef

28 0.11±0.02 ijk 0.68±0.12 hijk 1.51±0.27 lm

29 0.16±0.01 efg 0.62±0.05 jk 2.03±0.32 jk

30 0.21±0.03 abc 0.87±0.06 defg 2.26±0.31 hij

Values represent means ± SD (n=3). Values followed by differ-
ent lower-case letters in the same column are significantly
different at p<0.05 among cultivars
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kg−1 soil). Xin et al. (2010) found that shoot Cd
concentrations in low-Cd water spinach cultivars
exceeded the Codex ML for Cd in leafy vegetables
when grown in the soil containing a Cd level of
0.61 mg kg−1. Therefore, the safety of low-Cd culti-
vars is conditioned by the level of soil Cd. In addition,
Nos. 13 and 18 always had high fruit Cd concentra-
tions and tolerance to Cd toxicity, which can pose a
high risk to human health through the food chain, even
when grown in sites only slightly Cd-contaminated.
Therefore, the two cultivars were identified as high-Cd
cultivars.

Root Cd uptake ability

In the present study, the Cd uptake in low- and high-
Cd cultivars through the roots was characterized to
elucidate the mechanisms responsible for their differ-
ent levels of Cd accumulation in fruits. The amassing
of Cd in aboveground plant parts of has been proposed
to be the results of several transport processes (Herren
and Feller 1997; Uraguchi et al. 2009; Xin et al. 2012;
Su et al. 2013). Because plants take up Cd via the
roots, many researchers investigate the uptake ability
in an attempt to clarify the differences in Cd accumu-
lation between cultivars (Liu et al. 2007; Arao et al.
2003). The root’s net Cd uptake in No. 23 (low-Cd
cultivar) was always the lowest among the four culti-
vars and was significantly lower than that in the other
low-Cd cultivar (No. 16) (Table 4). Thus, the reason
for the lower fruit Cd concentration in No. 23 may be
its decreased ability to uptake Cd through its roots.
However, the Cd uptake ability in the two high-Cd
cultivars was not always significantly higher than that
in the two low-Cd cultivars, and a similar phenomenon

was also observed in the root’s Cd concentrations
(Table 4). Additionally, there was no correlation be-
tween the fruit Cd concentration and the root’s Cd
uptake ability (Table 6). Uraguchi et al. (2009) reported
that the low-Cd rice cultivar ‘Sasanishiki’ had a higher
Cd uptake through the roots than the high-Cd
cultivar ‘Habataki’, but no significant difference
in root Cd concentrations was found between the
two cultivars when grown in Cd-contaminated
soils. The results of this study on hot pepper
illustrated that the root’s Cd uptake is not a major
process determining the distinct difference in fruit
Cd concentrations between low- and high-Cd cul-
tivars. Thus, it is unreasonable to hypothesize that
the Cd accumulation in hot pepper fruits is related
to root Cd uptake.

Cd translocation

Although the root’s Cd uptake ability was not superb
in the high-Cd cultivars in comparison with that in the
low-Cd cultivars, a greater Cd translocation from roots
to aboveground parts was observed in high-Cd culti-
vars (Fig. 3). Additionally, a positive relationship was
found between fruit Cd concentration and Cd translo-
cation to aboveground parts (Table 6). Relationships
were also observed between the Cd concentration in
fruits and the Cd concentrations in leaves and stems
(Table 6). Movement of Cd into fruits occurs via
xylem, which is largely controlled by transpiration
stream, and/or phloem, which is a process of
retranslocation from leaves and stems. Therefore, Cd
translocation to aboveground parts may be crucial for
the accumulation of Cd in fruits. However, if the
translocation from roots to aboveground parts was

Table 4 Root Cd concentrations (mg kg−1, dw) and Cd net uptake via roots [mg (kg dw root)−1] in low- and high-Cd hot pepper
(Capsicum annuum L.) cultivars under different treatments

Cultivar no. Root Cd concentration Cd net uptake in roots

Control Low-Cd High-Cd Control Low-Cd High-Cd

Low-Cd cultivar 16 4.13±0.62 a 16.05±2.75 a 43.72±5.63 a 6.11±0.63 a 26.05±3.56 a 68.50±3.35 b

23 2.89±0.36 b 11.77±1.94 b 36.82±3.91 bc 4.70±0.49 b 19.92±1.90 b 61.50±4.80 c

High-Cd cultivar 13 2.17±0.09 b 11.72±1.22 b 31.55±0.68 c 5.34±0.53 ab 24.28±2.48 ab 69.66±2.33 ab

18 2.91±0.05 b 13.84±1.57 ab 39.52±1.05 ab 5.44±0.45 ab 26.52±1.97 a 75.88±2.09 a

Values represent means ± SD (n=3). Values followed by different lower-case letters in the same column are significantly different at
p<0.05 among cultivars
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the only parameter that decided the accumulation of
Cd in fruits, the cultivar’s Cd distribution patterns in
leaves and stems (Fig. 2) would be the same as in their
fruits (Table 3). That is not the case. It was found that
the order of Cd concentrations of leaves and stems
(Fig. 2) among the four cultivars was not consistent
with that of fruits (Table 3). Similarly, the order of Cd
translocation (Fig. 3) was also different from that of
the fruit Cd concentration.

These results indicate a redistribution of Cd within
aboveground parts that is important for the Cd accu-
mulation in fruits. Liu et al. (2007) investigated the
uptake and translocation of Cd in low- and high-Cd
rice cultivars. They found that the redistribution of Cd
within rice shoots was highly correlated with the Cd
concentration in grains. This redistribution is in accor-
dance with the theory that the flag leaf is the major
provider of photosynthates to the grain (Sultana et al.
1999). Greger and Löfstedt (2004) also found the
difference in grain Cd concentrations among durum
wheat cultivars is related to the redistribution of Cd via
the flag leaves. In this study, a positive correlation was
found between the Cd concentrations in fruits and in
leaves. If redistribution via leaves were the only influ-
ence on the fruit Cd concentration, the leaf: fruit ratio
of Cd concentrations should be constant for all the
cultivars, but significant differences in the ratios
among the cultivars existed (Table 5). Similar results
were also observed for the stem: fruit ratios (Table 5).
Therefore, it is likely that both leaves and stems pre-
vent Cd accumulation in fruits, and the preventative
ability varies among different hot pepper cultivars.
Furthermore, the xylem-to-phloem transfer of Cd in
rice occurs in the nodes and plays a critical role in Cd
translocation to the grains (Fujimaki et al. 2010).
However, it is still unclear where Cd transfer from
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Table 6 Relation, given as r values (n=12), between hot pepper
(Capsicum annuum L.) fruit Cd concentrations and the Cd
concentrations in (1) leaf, (2) stem and (3) root, (4) root Cd
uptake, and (5) Cd translocation under different treatments

Treatment Leaf Stem Root Root Cd
uptake

Cd
translocation

Control 0.715* 0.573 −0.554 −0.018 0.846*

Low-Cd 0.834* 0.760* −0.152 0.467 0.805*

High-Cd 0.777* 0.776* −0.564 0.536 0.881*

* Significant at p<0.01 level
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xylem to phloem takes place in hot peppers and what
role it plays in fruit Cd accumulation.

In conclusion, the results of this study support the
hypothesis that there are significant differences
among the hot pepper cultivars in their ability to
accumulate Cd in fruits. The scientific screening
method used in this study identified two low-Cd
hot pepper cultivars, Yeshengchaotianjiao (No. 16)
and Heilameixiaojianjiao (No. 23), which can be
grown to increase food safety. The differences in
fruit Cd concentrations between low- and high-
cultivars were owing to variations of Cd transloca-
tion from roots to aboveground parts and within
aboveground parts, rather than to the root’s Cd up-
take ability. In addition, it is worth studying whether
the accumulation of Cd in hot pepper fruits mainly
originates from xylem transport or phloem transport,
and the result could be incorporated into breeding
programs for low-Cd cultivars.
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