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Cadmium re-distribution from pod and root zones
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Abstract Peanut (Arachis hypogaea L.) genotypes may dif-
fer greatly with regard to cadmium (Cd) accumulation, but the
underlying mechanisms remain unclear. To determine the key
factors that may contribute to Cd re-distribution and accumu-
lation in peanut genotypes with different Cd accumulating
patterns, a split-pot soil experiment was conducted with three
common Chinese peanut cultivars (Fenghua-6, Huayu-20,
and Huayu-23). The growth medium was separated into pod
and root zones with varied Cd concentrations in each zone to
determine the re-distribution of Cd after it is taken up via
different routes. The peanut cultivars were divided into two
groups based on Cd translocation efficiency as follows: (1)
high internal Cd translocation efficiency cultivar (Fenghua-
6) and (2) low internal Cd translocation efficiency cultivars
(Huayu-20 and Huayu-23). Compared with Fenghua-6, low
Cd translocation cultivars Huayu-20 and Huayu-23 showed
higher biomass production, especially in stems and leaves,
leading to dilution of metal concentrations. Results also
showed that Cd concentration in roots increased significantly
with increasing Cd concentrations in soils when Cd was ap-
plied in the root zone. However, there were no significant
differences in the root Cd concentrations between different
pod zone Cd treatments and the control, suggesting that root
uptake, rather than pod uptake, is responsible for Cd accumu-
lation in the roots of peanuts. Significant differences of Cd

distribution were observed between pod and root zone Cd
exposure treatments. The three peanut cultivars revealed
higher kernel over total Cd fractions for pod than for root zone
Cd exposure if only extra applied Cd was considered. This
suggests that uptake through peg and pod shell might, at least
partially, be responsible for the variation in Cd re-distribution
and accumulation among peanut cultivars. Cd uptake by
plants via two routes (i.e., via roots and via pegs and pods,
respectively) and internal Cd translocation appear to be im-
portant mechanisms in determining Cd accumulation in the
kernels of peanuts.
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Introduction

Peanut (Arachis hypogaea L.) is one of the most important oil
crops in the world and represents about 10 % of the world
production of oilseeds after soybeans, cottonseed, and rape-
seed (Krishna et al. 2015). For a long time, aflatoxin contam-
ination and pesticide residues (mainly daminozide) were the
major challenges for safe peanut consumption in many devel-
oping counties (Waliyar et al. 2009). More recently, evidence
has confirmed that peanut plants are also very susceptible to
contamination by cadmium (Cd), a toxic heavy metal that
threatens food quality and human health (Pal et al. 2006; Shi
et al. 2014). Peanuts prove to be very effective in extracting
Cd from soil and in transferring Cd from their roots to above-
ground parts and kernels, compared with other oil crops, such
as soybean, oil-seed rape, sesame, and sunflower (Wang 2002;
Chaudhuri et al. 2003; Angelova et al. 2004). Liu et al. (2005)
found that in the polluted area near a lead-zinc mine, Cd con-
centrations of peanut kernels were also significantly higher
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than for soybean, red bean, green bean, sorghum, and maize.
According to a general survey of peanut production in 2003
for the north of China, the average Cd concentration of peanut
kernels was in the range of 0.2–0.3 μg/g (Wan et al. 2005).
Mostly, these concentrations could meet the national standard
of China, which limits the concentration to 0.5 μg/g in the
kernel (GB2762-2005). However, the national non-pollution
food standard (NY5303-2005) that limits concentrations to
less than 0.05 μg/g was exceeded, and partly, this was also
the case for the 0.4 μg/g limit of the national green food
standard (NY/T420-2009). Analysis of Cd in peanut kernels
revealed that it is predominantly present in proteins and car-
bohydrates, and that little Cd is found in oil, regardless of
whether the peanuts originate from clean or contaminated
areas (Carrin and Carelli 2010; Wang and Li 2014).
Therefore, if peanuts are used only as a source of cooking
oil, Cd contamination is not likely to be hazardous.
However, if peanuts are directly consumed, Cd accumulation
in the kernels could be a health risk that warrants extra care.
Since direct peanut consumption is increasing worldwide, Cd
accumulation in peanut kernels is an appropriate concern
(Wang and Zhang 2008).

Compared with other cereal crops, knowledge regarding
the mechanism of Cd accumulation and re-distribution in pea-
nut, especially into kernels, is limited (Shi et al. 2014; Cheng
et al. 2015). An additional complication may be that accumu-
lation of Cd in peanuts differs significantly between different
genotypes (Shi et al. 2014). Popelka et al. (1996) found that
Cd was mainly extracted by the main roots of peanut plants,
while 11 % of Cd in the kernels came from the extraction of
pod shells. However, McLaughlin et al. (2000) suggested that
only 1–3 % of Cd in the kernels was directly absorbed by
pods. For cereal crops, such as wheat and rice, it has been
demonstrated that xylem loading and transport (internal trans-
location), rather than uptake by the roots, was one of the rate-
controlling steps for Cd accumulation in the kernels (Stolt
et al. 2003; Liu et al. 2007; Uraguchi et al. 2009). Therefore,
internal translocation may be a major mechanism for differ-
ences in Cd accumulation in peanut kernels. The cause and
mechanism of genotypic variation of Cd accumulation and
distribution in peanut kernels have not been clearly
identified. Bell et al. (1997) proposed that the ability of peanut
roots in absorbing Cd from soil was the major mechanism for
the genotypic variation of Cd concentration in the kernels,
since there was a strong relationship between Cd concentra-
tion in kernels and the amount of Cd absorbed by peanut
plants in their field trials. Their earlier suggestion was not
supported byMcLaughlin et al. (2000), who found significant
differences between several peanut genotypes in the allocation
of Cd to various plant parts but not in the extracted quantity of
Cd.

In this paper, three genotypes of peanut widely cultivated in
China were investigated to assess the re-distribution and

accumulation of Cd, in particular regarding Cd accumulation
in the kernels. Our hypothesis is that indeed, root uptake is
important for Cd accumulation in the plants, in view of the
large root density and large root zone volume and the specific
absorption mechanism. Cd accumulation in the kernels,
though, may be strongly affected both by direct Cd uptake
by the pod shell and by specific characteristics in cadmium
re-distribution of peanut cultivars.

Materials and methods

The used soil for the field experiment is a fluvo-aquic moist
sandy loam according to the Chinese soil taxonomy system
(GSCC), and an aquic ustochrepts soil according to the
USDA soil taxonomy (ST). Major soil properties are given
in Table 1, which also lists the analytical procedures.

Three peanut genotypes were considered, i.e., Huayu-20,
Huayu-23, and Fenghua-6, and these were chosen because
they are the major cultivars for commercial production in
Shandong province, China. Fenghua-6 is a cultivar with
high-protein concentration and middle kernel size which is
favored for direct consumption. Huayu-20 is a large kernel
size cultivar which is mainly used for export to overseas mar-
kets. Huayu-23 is a cultivar with a high-oil concentration and
small kernel size. Some properties of these genotypes are
quantified in Table 2.

The experiment involved five treatments of Cd exposure,
in triplicate. These treatments differ both regarding the con-
centration of Cd in soil (which was 0, 0.5, or 1.0 μg/g) and
whether Cd was applied to the upper soil zone (pod zone) or to
the lower soil zone (root zone). Treatments are therefore coded
for the control as P0-R0, for the pod zone exposure with P0.5-
R0 (with 0.5 μg Cd g−1) and P1.0-R0 (1.0 μg Cd g−1), and for
the root zone exposure treatments as P0-R0.5 and P0-R1.0. The
choice to limit the concentration to 1.0 μg Cd g−1 for soil was
motivated by our intention to avoid phytotoxic Cd concentra-
tions for most contaminated arable soils and focus at Cd ac-
cumulation if yields as such are unaffected by Cd.

Soil was air-dried, sieved, and then divided into three por-
tions. For the control, no Cd was added, and for the other
treatments, analysis grade CdSO4.8/3H2O reagent was added
to two portions of the soil, resulting in soil Cd concentrations
of 0.5 or 1.0 μg Cd g−1, respectively. Tap water was then
applied to the soils until the moisture content was about
70 % of field capacity, and this moisture content was main-
tained during a 60-day incubation period. The soils were then
again air-dried and homogenized. The homogenized soils
were then transferred to the experimental pottery pot with a
height and inner diameter (ID) of 30 cm. Each pot was filled
with 21.0 kg soils, giving a soil layer thickness in the pot of
approximately 18 cm (Fig. 1). This soil formed the Broot
zone.^ Analysis grade urea, potassium dihydrogen phosphate,
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and potassium sulfate were applied to the root zone soil of
each pot at a rate of 0.13 g/kg N, 0.05 g/kg P, and
0.14 g/kg K. Tap water was applied to the pots to establish a
soil moisture content of 70 % of field capacity.

Seeds of peanuts were soaked in saturated CaSO4 solution
for 24 h, after which they were thoroughly rinsed with deion-
ized water and germinated on filter paper moistened with de-
ionized water at 20 °C in the dark. When the radical emerged
(approximately 2 cm in length), two seedlings were sown on
the soil in the center of each pot. The seeds were covered by
6 cm of soil using the surrounding soil in the pot. This practice
was designed to promote the elongation of the hypocotyl to an
acceptable length before cotyledon exposure (larger than
4 cm) for setting its pod zone. To avoid a negative impact of
pot warming from direct solar radiation during the summer
season, the pottery pots were buried in the farm soil, so that
a 5-cm rim was exposed above the ground. The pots were
arranged in a randomized complete block design. After emer-
gence of the seedlings (7 days after sowing), the 6 cm of soil
previously covering the seeds was removed to its original
place in the pot. One seedling was left in each pot and the
other was cut using stainless steel scissors. The chips were left
inside the pot.

An aluminum pan was designed to split the belowground
part into Bpod^ and Broot^ compartments according toWright
(1989). The pan was 12 cm in height and 29 cm in outer
diameter (OD), with a growth hole of 1.5 cm in diameter in
the center of its bottom plate (Fig. 1). The aluminum pan (that

forms the pod zone) was thus positioned on top of the pottery
pot (root zone), letting the seedling just pass through the
growth hole. With skimmed cotton, the growth hole was
blocked around the seedling, both to prevent soil from falling
from the pod into the root zones, and roots to grow from the
root zone into the pod zone.

A quantity of 6.5 kg of pre-incubated air-dried soil was
applied to each of the aluminum pans (which resulted in ap-
proximately 8-cm soil layer in the pan). NPK nutrients were
applied at equal rates as to the root zone soil. Tap water was
applied to establish a moisture content at 70 % of field capac-
ity. A space of 1 cm was left between the outer side of the
aluminum pan and the inner side of the pottery pot to enable
water application to the root zone soil. During the dry season,
300-ml tap water was added every 7 days to each pot (includ-
ing the pod and root zones). During rainy days, standing water
in the pot (pod zone) was immediately removed and stored
separately. When the pot soil (pod zone) became dry, earlier
collected water was returned to the pot where the water was
collected from. The peanut plants were harvested after
127 days.

After harvesting, the plants were separated into leaves,
stems, roots, pegs (gynophores), pod shells, and kernels.
Plant samples were rinsed with deionized water, dried at
100 °C, weighted, and then pulverized with a stainless steel
grinder. Plant samples were digested in a (5:1) mixed concen-
trated solution of HNO3/HClO4, after which the Cd concen-
tration in the solution was determined in a graphite furnace

Table 1 Major soil properties

pHa SOCb (g kg−1) CECc (cmol kg−1) Total Nd (g kg−1) Olsen-Pe (μg g) NH4OAc-K
f (μg g) Total Cdg (μg g) DTPA-Cdh (μg kg−1)

7.2 7.3 3.7 8.0 20.6 73.9 0.12 1.57

a Soil/water ratio=1:5
b Soil organic carbon, oxidized by K2Cr2O7 and concentrated H2SO4

c Cation exchange capacity, exchanged by 1.0 mol l−1 ammonium acetate at pH 7.0
dOxidized by K2Cr2O7 and concentrated H2SO4
e Extracted by 0.5 M NaHCO3
f Exchanged by 1 N ammonium acetate
g Digestion using concentrated HNO3/HCl
h Extracted by 5 mM diethylene triamine pentaacetic acid (DTPA)

Table 2 Some major properties of the used peanut genotypes

Cultivara Canopy pattern Height of Plant (cm) Weight of 100 seeds (g) Seed protein (g kg−1) Seed oil (g kg−1) O/Lb

Fenghua-6 Compact 36 76.4 255 517 1.08

Huayu-20 Intermediate 40 96.6 227 500 1.69

Huayu-23 Loose 37 64.2 229 531 1.54

aFenghua-6 cultivar was introduced by Shandong Agricultural University, and cultivars of Huayu-20 and Huayu-23 were introduced by Shandong
Peanut Research Institute
b Oil quality index, the concentration of oleic acid divided by linoleic acid concentration
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with atomic absorption spectrophotometry. Analysis of a na-
tional standard reference material (GBW07605) resulted in Cd
concentrations not significantly different from certified
values.

Data were analyzed with PASW statistics 18 (SPSS Inc.).
Differences between treatments and cultivars were analyzed
by one-way ANOVA (p<0.05) according to the Tukey’s mul-
tiple range test. All results were expressed on a dry weight
basis.

Results

Plant biomass (dry weight)

As shown in Table 3, peanut cultivars differed with regard to
biomass on a dry weight basis for all parts (roots, pegs, stems,
leaves, shells, and kernels) as well as for the entire plant. There
were no obvious differences in dry weight, either of the dif-
ferent parts or of the entire plant, for each peanut cultivar as a
function of soil Cd concentration, regardless of whether Cd
was added to the root or pod zone. However, statistically sig-
nificant difference was observed in dry weight of different
parts and the total plant among the cultivars in reference to
the average biomass of all treatments, with Fenghua-6 having
the smallest biomass and Huayu-23 the highest biomass.

Plant Cd concentrations

Table 4 showed the Cd concentrations in different tissues of
the three peanut cultivars under different treatments. The Cd
concentrations increased significantly as the Cd concentration

in the soil increased, particularly for plants where Cd was
applied to soil in the root zone. For each peanut cultivar, re-
gardless of the Cd concentration or whether the Cd was ap-
plied to pod or root zones, significant differences in Cd con-
centrations were found between the different plant tissues.
Concentrations increased in the order of leaves ≥ stems ≥ roots
> pegs ≥ testas > pod ≥ shells ≥ kernels. Considerable differ-
ences were found between peanut cultivars for Cd concentra-
tions in kernels, pod shells, and pegs, with the high-protein
cultivar Fenghua-6 having the largest Cd concentrations.
When 0.5 and 1.0 μg/g of Cd were added to the root zone,
the Cd concentrations in kernels of Fenghua-6 were 7 and
10 %, and 5 and 30 % larger than for the Huayu-20 and
Huayu-23 cultivars, respectively.

Plant Cd accumulation and distribution

Total Cd uptake and its distribution in three peanut cultivars
were shown in Table 5. For the same Cd treatment, significant
differences in Cd uptake were observed between the peanut
cultivars, in increasing order of Cd uptake: Huayu-23 >
Huayu-20 > Fenghua-6. It is apparent that Cd applied to the
root zone increased Cd accumulation in peanut plants more
than Cd applied to the pod zone.

Table 5 also showed that most Cd was allocated to the
leaves (36.7–52.5 %) and stems (24.9–28.3 %), and whereas
a still appreciable percentage was found in the kernels (11.4–
20.7%), a remarkably small percentage was found in the roots
(2.70–3.58 %). The proportion of the amount of Cd in kernels
to the total Cd uptake by plants differed significantly between
the three peanut varieties. Considering the treatments, the pro-
portions of kernel Cd to total plant Cd were 20.7, 11.4, and
12.4% for Fenghua-6,Huayu-20, andHuayu-23, respectively
(Table 5).

We found that the fraction of Cd accumulation in kernels to
total plant Cd ranged from 10.0 to 20.4 and 10.3 to 23.6 % for
treatments where Cd was applied to the root and pod zones,
respectively, if we take into account both the indigenous and
extra applied Cd. If only the extra applied Cd is considered,
the proportion of kernel Cd to total plant Cd increased signif-
icantly (ranging from 14.7 to 49.1 %) if Cd was applied to the
pod zone, whereas the ratio changed only slightly (ranging
from 9.7 to 21.5 %) if Cd was applied to the root zone. This
suggested that the path of Cd transportation from the pod
shells and pegs to kernels is more efficient than from the main
roots to kernels. By subtracting plant Cd of the control from
plant Cd in pod zone Cd treatment, the contribution of applied
Cd to the proportion of Cd uptake by pegs and pods to the total
plant Cd (extracted via roots, pegs and pods) was calculated.
These proportions were 19 and 14, 21 and 10, and 11 and 9 %
for the Fenghua-6, Huayu-20, and Huayu-23 cultivars, where
0.5 and 1.0 μg/g Cd were applied, respectively. This indicates

Fig. 1 The pottery pot and aluminum pan used in the experiment
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that Cd uptake in peanuts via pegs and pod shells cannot be
ignored.

Relationships between Cd concentration in kernels
and total Cd uptake by plants

As shown in Fig. 2, cadmium concentrations in the kernel
were highly related to total Cd uptake by any peanut cultivar
in our experiment. The fitted lines were Y=0.67ln(X)-2.23
(R2=0.906); Y=0.48ln(X)-1.81 (R2=0.885); Y=0.42ln(X)-
1.66 (R2=0.927) for Fenghua-6, Huayu-20, and Huayu-23,
respectively. However, the significance of the relationship be-
tween kernel Cd and total plant Cd decreased if the different
genotypes are combined, because of the large differences in
internal translocation of Cd by the different genotypes.

Discussion

In previous studies, genotypic variation in Cd accumulation by
peanuts has been explicitly addressed (McLaughlin et al. 2000;

Su et al. 2013; Wang and Li 2014). However, the mechanism of
genotypic variation of Cd accumulation and distribution in pea-
nuts, especially in kernels, is still not clear and formed the major
incentive for the present investigation. This study investigated
the response of three peanut cultivars with different Cd accumu-
lating patterns. They are different with regard to the importance
of various uptake routes of Cd and its influence on Cd accumu-
lation and distribution within the plants. Our results confirmed
that peanuts both had a high capability for Cd uptake and exhib-
ited large genotypic variation of Cd accumulation and within
plant Cd allocation. The proportion of kernel Cd to total plant
Cd was 20.7, 11.4, and 12.4 %, for the genotypes Fenghua-6,
Huayu-20, and Huayu-23, respectively (Table 5). Our results
also showed that compared with the high Cd accumulation cul-
tivar (Fenghua-6), low Cd accumulation cultivars (Huayu-20
and Huayu-23) showed higher biomass production, especially
in stems and leaves (Table 3). This was in agreement with Shi
et al. (2014), who observed a negative correlation between Cd
concentration in peanut seeds and the biomass of vegetative
tissues. We also found that Cd accumulation in seeds was not
related to those in stems and leaves (Table 5). These results

Table 3 Dry weight of different tissues of three peanut cultivars for different treatments

Treatmenta Roots Pegs Stems Leaves Shells Kernels Total
(g pot−1)b

Fenghua-6

P0-R0 1.0±0.0b 1.1±0.2a 7.5±1.6c 7.0±0.6b 10.0±0.5a 28.1±2.1a 55.3±4.2a

P0-R0.5 0.8±0.1a 1.2±0.1a 5.8±1.3ab 7.0±1.0b 8.9±1.1a 24.8±0.7a 49.1±3.8a

P0-R1.0 0.8±0.1a 1.3±0.3a 5.2±1.1a 5.7±0.7a 8.8±0.3a 25.7±0.4a 48.0±7.0a

P0.5-R0 0.9±0.2ab 1.2±0.4a 7.0±0.9bc 6.9±1.3b 8.6±0.2a 25.9±0.9a 51.1±1.5a

P1.0-R0 0.9±0.1ab 1.2±0.2a 6.7±0.9bc 7.1±0.9b 10.1±0.7a 29.0±1.4a 55.6a±6.1a

Huayu-20

P0-R0 1.4±0.1a 1.2±0.2a 10.6±1.1a 14.6±2.1a 9.6±0.6a 29.2±1.9a 67.2±3.1a

P0-R0.5 1.9±0.2a 1.8±0.1a 13.7±0.4a 17.9±1.2ab 10.7±0.7a 32.3±1.3a 78.9±2.7a

P0-R1.0 1.8±0.2 a 1.2±0.3a 12.6±0.7a 19.9±0.7b 11.1±1.0a 34.3±0.4a 81.8±3.7a

P0.5-R0 1.7±0.2a 1.5±0.2a 15.0±1.4a 19.4±1.1b 10.9±0.4a 34.4±0.8a 83.6±2.8a

P1.0-R0 1.8±0.3a 1.7±0.2a 11.7±2.6a 16.8±0.7ab 11.8±0.6a 35.2±1.7a 79.8±1.6a

Huayu-23

P0-R0 2.4±0.2ab 3.0±0.8a 16.3±2.8ab 24.5±3.2a 14.9±1.1a 47.5±0.5a 109.8±10.1a

P0-R0.5 1.8±0.1a 2.4±0.4a 12.9±1.3a 20.5±2.1a 12.3±0.8a 40.7±2.1a 91.8±2.1a

P0-R1.0 2.0±0.4a 2.8±0.3a 13.3±1.4a 19.5±1.2a 12.7±0.4a 42.3±2.8a 93.6±0.9a

P0.5-R0 2.0±0.1a 3.1±0.6a 14.0±1.1ab 24.1±0.2a 14.2±1.1a 47.1±3.1a 105.6±1.7a

P1.0-R0 2.7±0.6b 2.9±0.5a 17.3±3.7b 28.5±0.5a 15.8±0.9a 44.2±0.8a 112.6±2.1a

Average

Fenghua-6 0.88±0.08a 1.20±0.07a 6.44±0.93a 6.74±0.58a 9.28±0.71a 26.7±1.77a 51.8±3.50a

Huayu-20 1.72±0.19b 1.48±0.28a 12.7±1.71b 17.7±2.13b 10.8±0.80b 33.1±2.42b 78.3±6.45b

Huayu-23 2.18±0.36c 2.84±0.27b 14.8±1.94c 23.4±3.58c 14.0±1.47c 44.4±2.96c 103±9.47c

a In treatment, P denotes pod zone, and R denotes root zone. The subscripts denote the level of Cd (μg/g) in soil for either zone. Same notation is used in
the following tables
b Values followed by the same letter within one column are not significantly different by Tukey at the 0.05 level under the same cultivar or the average of
three cultivars. Same notation is used in the following tables.
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Table 4 Cd
concentration in different
tissues of three peanut
cultivars for different
treatments

Treatment Roots Pegs Stems Leaves Shells Kernels
(μg/g)

Fenghua-6

P0-R0 1.41±0.11a 0.66±0.07a 1.64±0.02a 1.95±0.04a 0.41±0.01a 0.24±0.02a

P0-R0.5 2.25±0.23b 1.70±0.09b 2.76±0.11a 5.04±0.20b 0.71±0.03ab 0.58±0.00c

P0-R1.0 3.71±0.10c 2.74±0.06c 7.19±0.00b 11.0±0.49c 1.29±0.01c 1.16±0.08d

P0.5-R0 1.56±0.07a 0.91±0.00a 1.90±0.12a 2.19±0.10a 0.67±0.00ab 0.42±0.02b

P1.0-R0 1.55±0.05a 1.01±0.02a 2.57±0.16a 2.27±0.16a 0.83±0.04b 0.42±0.01b

Huayu-20

P0-R0 1.03±0.10a 0.65±0.07a 1.47±0.10a 2.04±0.10a 0.34±0.06a 0.14±0.01a

P0-R0.5 4.05±0.03c 1.12±0.11b 3.68±0.05b 4.74±0.14b 0.46±0.01ab 0.54±0.02c

P0-R1.0 5.15±0.14d 2.70±0.05c 6.90±0.03c 9.85±0.46c 0.79±0.00d 1.05±0.05d

P0.5-R0 1.31±0.11ab 0.97±0.03b 1.75±0.04a 2.09±0.09a 0.51±0.02bc 0.23±0.00ab

P1.0-R0 1.65±0.01b 1.04±0.01b 2.05±0.02a 2.13±0.13a 0.61±0.01c 0.40±0.01bc

Huayu-23

P0-R0 1.38±0.19a 0.57±0.07a 1.19±0.01a 1.88±0.30a 0.24±0.01a 0.19±0.01a

P0-R0.5 2.98±0.07b 1.47±0.03b 4.24±0.04b 6.04±0.21b 0.50±0.02bc 0.55±0.01c

P0-R1.0 6.59±0.18c 2.03±0.15c 8.25±0.02c 11.2±0.14c 0.59±0.01c 0.89±0.0d

P0.5-R0 1.81±0.02a 0.75±0.04a 1.66±0.13a 2.01±0.04a 0.45±0.01b 0.31±0.01b

P1.0-R0 1.89±0.05a 0.81±0.01a 1.65±0.04a 1.90±0.24a 0.55±0.0bc 0.34±0.00b

Table 5 Total Cd accumulation and its distribution in the plants for three peanut cultivars under different treatments

Treatment Cd uptake
(μg pot−1)

Cd distribution portions in plant organs (%)

Roots Pegs Stems Leaves Shells Kernelsa Kernelsb

Fenghua-6

P0-R0 39.1±1.8a 3.6±0.3d 1.9±0.1a 31.5±1.4c 35.0±1.8b 10.4±2.6b 17.6±0.5a –

P0-R0.5 76.5±4.1b 2.4±0.1b 2.6±0.1a 21.1±0.5a 46.1±2.5c 8.3±1.3a 19.3±2.6a 21.2±0.5a

P0-R1.0 148±6.1c 2.0±0.2a 2.3±0.1a 25.1±1.5ab 42.7±2.3c 7.4±1.8a 20.4±0.9ab 21.5±2.1a

P0.5-R0 48.0±0.7a 3.0±0.2c 2.2±0.3a 27.8±0.9bc 31.5±0.7ab 11.8±0.5b 23.6±4.1b 49.1±1.3c

P1.0-R0 56.9±1.7a 2.5±0.5b 2.2±0.0a 30.1±0.5bc 28.1±0.3a 14.7±3.0c 22.4±2.6b 32.8±0.7b

Huayu-20

P0-R0 55.3±2.1a 2.6±0.1a 1.4±0.2ab 28.3±0.1ab 53.9±1.6 cd 5.9±1.4b 7.9±2.1a -

P0-R0.5 167±3.8b 4.6±0.3b 1.2±0.0ab 30.1±1.7b 50.6±1.6bc 2.9±0.6a 10.6±0.4a 11.9±0.5a

P0-R1.0 341±10.5c 2.7±0.1a 1.0±0.1a 25.2±1.1a 57.5±3.5d 2.6±0.3a 11.0±0.3a 11.6±1.0a

P0.5-R0 84.3±3.7a 2.6±0.5a 1.7±0.1bc 30.7±1.3b 48.1±2.7b 6.6±0.3b 10.3±0.7a 14.7±0.6a

P1.0-R0 85.9±1.9a 3.4±0.1a 2.1±0.3c 27.4±0.9ab 41.6±2.5a 8.3±1.0c 17.2±2.1b 34.6±1.4b

Huayu-23

P0-R0 83.2±4.2a 4.0±0.7bc 2.0±0.1ab 23.5±0.2a 55.0±1.4b 4.3±0.4b 11.2±1.5ab -

P0-R0.5 216±10.2c 2.4±0.3a 1.6±0.3a 25.4±0.5a 57.0±2.0b 2.9±0.2ab 10.7±0.3ab 10.4±0.7a

P0-R1.0 393±14.6d 3.3±0.2b 1.5±0.0a 27.7±1.3a 55.6±0.6b 1.9±0.4a 10.0±0.4a 9.7±0.1a

P0.5-R0 99.8±3.7ab 3.7±0.0b 2.4±0.1b 23.3±1.5a 48.5±2.9a 6.4±1.2c 15.8±1.0c 38.1±1.4c

P1.0-R0 115±2.3b 4.5±0.1c 2.1±0.3ab 24.8±1.3a 46.6±2.1a 7.6±0.7c 14.5±0.5bc 23.6±2.7b

Average

Fenghua-6 73.7±43.8c 2.70±0.616c 2.24±0.251a 27.1±4.15a 36.7±7.55d 10.5±1.30a 20.7±2.40a 31.2±13.1a

Huayu-20 147±116b 3.18±0.861b 1.48±0.432c 28.3±2.20a 50.3±6.03b 5.26±2.45b 11.4±3.46b 18.2±11.0b

Huayu-23 181±129a 3.58±0.791a 1.92±0.370b 24.9±1.78b 52.5±4.66a 4.62±2.37c 12.4±2.55b 20.5±13.4b

a Cd present in kernel accounts for accumulation of both indigenous soil and extra applied Cd
bCd present in kernel if accumulation of indigenous Cd is disregarded
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indicated that high biomass cultivars could accumulate more Cd
in their vegetative organs while maintaining a lower Cd concen-
tration due to the dilution effect; thereby decreasing Cd accumu-
lation in seeds by limiting Cd transport from vegetative organs to
seed in peanut plants.

The cultivars used in the present study could therefore be
classified into two groups, the high efficient internal Cd trans-
location cultivar (Fenghua-6) and the low efficient internal Cd
translocation cultivars (Huayu-20 andHuayu-23). The high Cd
translocation cultivar has been observed to be more sensitive to
Cd contamination. Fenghua-6 is a high-protein peanut cultivar,
which had the highest Cd concentration and proportion in ker-
nels of the three peanut cultivars considered in the present
study, suggesting that protein concentration is related to kernel
Cd levels. That seed composition may be related to differences
in Cd accumulation and partitioning into kernels for peanut
cultivars is plausible from previous studies that have demon-
strated that Cd in seeds is mainly bound to proteins (Lei et al.
2003; Vogel-Mikus et al. 2010). Thus, Lei et al. (2003) ob-
served that over 80 % of Cd in flaxseed was extracted with
proteins in a Tris buffer. Furthermore, Shi et al. (2014) indicated
that 74.2 and 67.8 % of peanut seed Cd is generally contained
in protein extracts both for the controls and the Cd treatments.
Genotypic variations, particularly in kernel Cd accumulation,
therefore enable the screening of high or low efficient internal
Cd translocation cultivars, and thus select cultivars that are
more appropriate to grow in Cd-contaminated soils. The
growth medium was separated into pod and root zones with
varied Cd concentrations in each zone to determine the key
factor which affects the Cd accumulation of different tissues
of peanuts. Our result showed that Cd concentration in roots
was increased significantly with increasing Cd concentrations
in soils when Cd was applied in the root zone. However, there
were no significant differences in the root Cd concentrations

between different pod zone Cd treatments (1.31–1.89μg/g) and
the control (1.03–1.41 μg/g), except for the Huayu-20 cultivar
in the treatment of P1.0-R0 This observation is in agreement
with those of McLaughlin et al. (2000), who found that there
was less effect of pod zone Cd on the root Cd concentration of
two peanut cultivars than root zone Cd (cv. NC7 and Srreeton).
Lu et al. (2013) suggested that root morphology, particularly of
the fine roots, plays a crucial role in determining Cd accumu-
lation in peanuts. Accordingly, Cd applied to the root zone,
rather than to the pod zone, is responsible for Cd accumulation
in the roots of peanuts.

After uptake, Cd becomes re-allocated into different parts
of the peanut plant by internal translocation. Significant dif-
ferences were observed between pod and root zones Cd expo-
sure treatments in terms of Cd distribution. If only extra ap-
plied Cd was considered, Fenghua-6, Huayu-20, and Huayu-
23 accounted for higher Cd distribution fractions under pod
zone (ranging from 14.7 to 49.1 %) than root zone Cd expo-
sure treatments (ranging from 9.7 to 21.5 %). This suggested
that the path of Cd translocation from the pod shells and pegs
to kernels is more efficient than from the main roots to kernels.
Previous study established that direct pod uptake also play a
key role in controlling Cd absorb and transport into kernels by
peanut plants (McLaughlin et al. 2000). These researches sug-
gested that peg and pod shell might, at least partially, be re-
sponsible for the variation in Cd accumulation and distribu-
tion among peanut cultivars.

Two routes, i.e., Cd uptake by plants (either via roots or
through pegs and pods) and internal Cd translocation, are
important mechanisms in determining Cd concentrations in
the kernels of peanuts. In other words, the genetic variation
in kernel Cd accumulation does not solely result from differ-
ences in Cd uptake by the roots or pods, but also from differ-
ences in the internal Cd translocation. The proportion of Cd in
kernels to total plant Cdwas significantly higher when Cd was
extracted by the pods than by the roots. This suggests that the
pathway of Cd translocation from the pod shells and pegs to
kernels is more efficient than that from the main roots to ker-
nels. Therefore, higher concentrations of cadmium in the top
soil (the main layer for peg and pod shell development) may
directly induce a higher concentration of Cd in the kernels.

Conclusions

In conclusion, peanut cultivars exhibit high genotypic varia-
tions in biomass, Cd re-distribution and accumulation in plant
tissues, especially in kernels. Among the three peanut culti-
vars, Fenghua-6 exhibited a high and Huayu-20 and Huayu-
23 a low internal Cd translocation efficiency. Compared with
Fenghua-6, cultivarsHuayu-20 and Huayu-23 showed higher
biomass production, especially in stems and leaves, leading to
a metal dilution phenomenon. Interestingly, we found that

Fig. 2 Relationship between Cd concentration in kernels and amount of
Cd uptake by plants across treatments. Circles Fenghua-6, crosses
Huayu-20; triangles Huayu-23
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plant biomass and Cd uptake routes may be important factors
that determine the differences in Cd re-distribution and accu-
mulation in peanut seeds. Peanut cultivars with high biomass
such asHuayu-20 and Huayu-23 enable plants to retain larger
amounts of Cd within their vegetative tissues while maintain-
ing a lower Cd concentration due to the dilution effect. This
limits the shoot-to-seed Cd transport and results in lower Cd
concentration in kernels. Cd uptake routes by plants (via roots,
pegs, and pods) were also confirmed to be important mecha-
nisms in determining Cd accumulation in the kernels of pea-
nuts. The internal translocation of Cd from the developing peg
and pod shell to the main roots was limited, however, a direct
transport of Cd from peg and pod shell to the kernels was
unimpeded. It appeared that pod to kernel Cd translocation
was more efficient than for roots. This suggests that peg and
pod shell might, at least partly, be responsible for the variation
in Cd re-distribution and accumulation between peanut
cultivars.
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