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Abstract Cadmium (Cd) contamination in agricultural prod-
ucts presents a threat to humans when consumed. Sweet po-
tato is the world’s seventh most important food crop. The aims
of this study were to screen for low-Cd sweet potato cultivars
and clarify the mechanisms of low-Cd accumulation in edible
roots. A pot experiment was conducted to investigate the var-
iation of Cd uptake and translocation among 30 sweet potato
cultivars grown in contaminated soils with three different Cd
concentrations. Cadmium concentrations in edible roots were
significantly different among cultivars and were significantly
affected by Cd treatment, and the interaction between cultivar
and Cd treatment. High-Cd cultivars have higher ratios of
edible root/shoot Cd concentration and edible root/feeder root
Cd concentration than low-Cd cultivars; however, the ratio of
shoot/feeder root Cd concentration seems unrelated to the
ability of Cd accumulation in edible roots. Four sweet potato
cultivars, Nan88 (No. 10), Xiang20 (No. 12), Ji78-066 (No.
15), and Ji73-427 (No. 16), were identified as low-Cd culti-
vars. Cadmium translocation from feeder roots to edible roots
via the xylem, and from shoots to edible roots via the phloem,
controls Cd accumulation in edible roots of sweet potato
cultivars.
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Introduction

Cadmium (Cd), a non-essential and highly toxic element, can
be easily taken up by agricultural crops and subsequently pose
a risk to human health (Grant et al. 2008). Cadmium contam-
ination caused by anthropogenic activities, such as mineral
exploitation and the use of phosphate fertilizer and sewage
sludge, has been a worldwide environmental problem (Xin
et al. 2013). For example, Cd contamination of agricultural
soils was widely reported in the Jinzu River Basin of Japan
(Ishihara et al. 2001), Mae Tao watershed of Thailand
(Kosolsaksakul et al. 2014), midstream and downstream of
the Xiangjiang River in Hunan Province (Wang et al. 2008),
and Pearl River Delta in Guangdong Province (Wong et al.
2002) of China. Therefore, efficient technologies must be de-
veloped to deal with the problem of Cd-contaminated soils.
The uptake and accumulation of Cd varied greatly not only
among plant species but also among cultivars (Grant et al.
2008). Thus, several scientists proposed that selection of
low-Cd crop cultivars is an effective method to reduce Cd
entering food chain. Many low-Cd cultivars were selected
from different crops such as rice (Liu et al. 2005; Yu et al.
2006), durum wheat (Berkelaar and Hale 2000), Chinese cab-
bage (Liu et al. 2010), peanut (Bell et al. 1997), hot pepper
(Xin et al. 2013), and so on. Low-Cd cultivars, similar as the
concepts of Cd-safe cultivars (Liu et al. 2010), pollution-safe
cultivars (Yu et al. 2006), pollution free cultivars (Liu et al.
2012), Cd-excluding cultivars (Li et al. 2012), and Cd-
excluder genotypes (Liu et al. 2009), refer to cultivars whose
edible parts can accumulate Cd at a low enough level for safe
consumption even when grown in Cd-contaminated soils.
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Therefore, it may be a feasible way to provide sufficient and
safe food for the people located in the areas where the soils are
lightly contaminated by Cd.

Sweet potato (lpomoea batatas (L.) Lam.) is the world’s
seventh most important food crop after wheat, rice, maize,
potato, barley, and cassava (Ray and Ravi 2005). Its nutrition-
al advantages, including high levels of (3-carotene, anthocya-
nins, and minerals (calcium, iron, and potassium), make it a
popular food in the world (Woolfe 1992). China produces
about 90 % of the world’s production of ~117 million tons
of sweet potatoes (Jung et al. 2011). However, it was reported
that more than 13,000 ha of farmland are contaminated by Cd
in the 11 provinces of China (Biao and Nan 2000), and the soil
environmental quality is becoming worse and worse (Zhao
etal. 2015). As a result, the selection of sweet potato cultivars
with low Cd accumulation can help produce safe sweet pota-
toes in China.

The edible roots of sweet potato are true roots, so sweet
potato may have a particular pathway of Cd uptake and dis-
tribution when compared with non-root crops. It is well
known that calcium (Ca) is not phloem mobile and it is
transported only in the xylem, but Cd can move both in the
xylem and phloem. For instance, in potato, whose tubers have
a quite low concentration of Ca because of the low transpira-
tion rates, Cd was mainly transported from shoots to tubers via
the phloem (Reid et al. 2003). However, in contrast with po-
tato, sweet potato has a high Ca content in its edible roots.
Therefore, the determination of which pathway, xylem or
phloem, is more important in Cd accumulation in the edible
roots of sweet potato and is vital to control the concentration
of Cd in sweet potato.

The objectives of this study were to screen for low-Cd
cultivars from the tested cultivars of sweet potato and to de-
termine differences in the uptake and translocation of Cd in
cultivars of sweet potato. Low-Cd cultivars were also com-
pared with high-Cd cultivars to provide some insight into the
likely pathways for movement of Cd into edible roots of sweet
potato.

Materials and methods
Experiment site and soil

A pot experiment was conducted in an experimental garden of
the Hunan Institute of Technology (112° 41" E, 26° 52" E),
Hunan Province, China. The tested soil was collected from a
Cd-contaminated farm near the Hunan Institute of Technolo-
gy. The soil was air-dried and ground to pass through a 5-mm
sieve. The general physicochemical properties of the soil are
listed in Table 1. The total Cd concentration in the tested soil
(0.95 mg kg_l) exceeded the maximum level (ML) (0.3 mg
kg ') regulated by the Farmland Environmental Quality
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Table 1  General physicochemical properties of the tested soil
Parameter Value
pH 6.42
Cation exchange capacity (cmol kg ') 8.7
Organic matter content (%) 1.78
Total N (g kg ™" 1.9
Extractable P (mg kg ") 89.1
Extractable K (mg kg ) 112.9
Total Cd (mg kg ") 0.95
DTPA-extractable Cd (mg kg ") 0.56

Evaluation Standards for Edible Agricultural Products (State
Environmental Protection Administration of China 2006).
Therefore, the tested soil is considered as Cd-contaminated
and served as a treatment (T1) without adding Cd*". Two
other Cd treatments (T2 and T3) were obtained by mixing
T1 soil with appropriate amounts of Cd in the form of
Cd(NO3),"4H,0 in this experiment. Each of the T2 and T3
soils were placed in a large basin and watered. The moist soils
equilibrated for 4 months in order to balance the various ab-
sorption mechanisms in the soils (Alexander et al. 2006). For
T2 and T3 treatments, the final soil total Cd concentrations
were 1.67 and 2.91 mg kg ', respectively; the DTPA-
extractable Cd concentrations were 1.03 and 1.46 mg kg ',
respectively.

Plant materials

Thirty sweet potato cultivars (Table 2) provided by Hunan
Crop Research Institute were used in this study. Five kilo-
grams of prepared soil was put into each plastic pot with
diameters 24 cm (top) and 20 cm (bottom) and a height of
30 cm. Shoots with uniform size were selected and used for
cutting propagation. One shoot was put into each pot in order
to get one seedling on May 1, 2013. All plants were watered

Table 2 Tested sweet potato (Ipomoea batatas (L.) Lam.) cultivars®

No. Cultivar No. Cultivar No. Cultivar

1 Guang87 11 Minishu 21 Jinan78-075
2 w7 12 Xiang20 22 Zai2

3 YS19 13 X22 23 NingB58-5
4 Meiguoshu 14 Xiangl9 24 Sijihong

5 N007 15 Ji78-066 25 Ci83-8

6 X18 16 Ji73-427 26 Banlixiang
7 Yuenanzi 17 Mianzi9 27 Huabei48

8 Xiangl4 18 Huaishu3 28 Qixiagugua
9 Xiangl6 19 Guniangshu 29 Zhangguishu
10 Nan88 20 Tangzhang17 30 Puyazhong

#These cultivars were provided by the Hunan Crop Research Institute
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daily with tap water (no Cd detected). A solid compound
fertilizer (N:P:K=15:15:15) was applied to the soil at the rate
of 5.0 g per pot every 2 weeks.

Sampling and chemical analysis

The plants were harvested on October 1, 2013 and separated
into shoots, edible roots, and feeder roots. Edible roots and
feeder roots were rinsed with tap water to remove soil and then
desorbed for 15 min in ice-cold 5 mM CaCl, solution (5 mM
Mes-Tris, pH 6.0). Shoots were rinsed with tap water, and then
all samples were washed twice with deionized water for ap-
proximately 3 min. Edible roots were cut into pieces about 3-
mm thick, and then all samples were dried first at 105 °C for
20 min and then at 70 °C in an oven until completely dry.
Fresh and dry weights were recorded. The plant samples were
ground into powders, passed through a 0.149-mm sieve and
then digested with HNO3-H,O, (10:3, v/v) in a microwave
oven (Microwave digester XT-9900A, Shanghai Xintuo Ana-
lytical Instruments Co., Ltd., China). Concentrations of Cd in
digested solutions were determined with a flame atomic ab-
sorption spectrophotometer (Hitachi Z-2300, Japan). Quality
control of the analytical measurements was performed using
blank samples and certified reference materials of plant
GBWO07605 (provided by the National Research Center for
CRM, China).

Safety standard and statistical methods

To evaluate the safety of edible roots of the tested sweet potato
cultivars, 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 in this study. The
Codex ML for Cd is 0.1 mg kg ™' (fw) in root and tuber veg-
etables. All the data was statistically processed on a computer
using the Excel 2003 and SPSS 13.0. The data was analyzed
using a least significant difference (LSD) test based on a two-
way ANOVA. Correlations were assessed using the Pearson
correlation coefficient.

Results
Edible root biomass response to Cd exposure

The variation of biomass is considered as a good indicator of
plant response to Cd exposure (Shi and Cai 2009). Edible root
biomass of sweet potato was significantly influenced by Cd
treatment, cultivar, and interaction between the two factors
(»<0.01) (Table 3), which indicated that edible root biomass
of sweet potato was determined not only by the levels of Cd in
soils but also by genetic factors. The edible root biomasses of

Table 3 Two-way ANOVA results of sweet potato ([pomoea
batatas(L.)Lam.) cultivar, Cd treatment, and cultivar x Cd treatment
effects on the Cd concentration and biomass of edible root

Source of variance SS MS F

Edible root biomass

Cultivar 434864.6 14995.3 27.3%
Cd treatment 62158.1 31079.1 56.6*
Cultivar x Cd treatment 391813.8 6755.4 12.3*
Error 98772.1 548.7
Total 5254998.1

Edible root Cd concentration
Cultivar 16.3 0.6 77.0%*
Cd treatment 24.6 12.3 1684.2*
Cultivar x Cd treatment 12.1 0.2 28.6*
Error 13 0.0
Total 99.5

*Significant at p<0.01 level

16 cultivars in both T2 and T3 treatments did not decrease
significantly compared with those in T1 treatment (Fig. 1).
Furthermore, the edible root biomasses of four out of the 16
cultivars (Nos. 3, 8, 11, and 17) in T3 treatment were even
significantly higher (»p<0.05) than those in T1 treatment
(Fig. 1). These results indicated that the four cultivars had a
greater tolerance to Cd toxicity than those cultivars whose
edible root biomasses significantly decreased with increasing
Cd in soil.

Accumulation of Cd in edible roots

Significant differences (p<0.05) in edible root Cd concentra-
tion were found among the 30 cultivars in each treatment
(Table 4), ranging from 0.00 to 0.41, from 0.01 to 0.87, and
from 0.33 to 2.65, with averages of 0.14, 0.26, and 0.83 mg
kg ! for T1, T2, and T3 treatments, respectively. The differ-
ences between the highest and lowest edible root Cd concen-
tration exceeded eightfold in the three treatments. The edible
root Cd concentrations in T3 treatment were, on average, 5.9
and 3.2 times higher than those in T1 and T2 treatments,
respectively. The Codex ML for Cd is 0.1 mg kg™ (fw) in
root and tuber vegetables, and the average water content in
sweet potato edible roots is 72 %. As a result, the edible roots
whose Cd concentration was lower than 0.36 mg kg™ (dw)
are safe for consumption. The edible root Cd concentrations of
only two cultivars, Nos. 7 and 11, exceeded 0.36 mg kg ' in
T1 treatment. Most cultivars still met the standard in T2 treat-
ment; only the Cd edible root concentrations in the five culti-
vars, Nos. 3, 7, 11, 19, and 29, exceeded the Codex ML for
Cd. However, in T3 treatment, only two cultivars, Nos. 15 and
26, met the standard. It was also found that Cd concentrations
in edible roots of sweet potato were significantly affected by
Cd treatment, cultivar, and the interaction between the two
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Fig. 1 Effect of Cd exposures on edible root biomass of sweet potato cultivars. Different lower case letters on bars indicate a significant difference at
<0.05 among treatments in the same cultivar. Error bars represent the standard deviation (n=3)

factors (p<0.01) (Table 3). This result indicates that the Cd  genetic factors besides soil Cd levels. Consequently, the char-
concentrations in edible roots of sweet potato depended on  acteristic of Cd accumulation in sweet potato cultivars can be

Table 4 Concentrations of Cd

(mg kg, dw) in edible roots of Cultivar No.  T1 Cultivar No. T2 Cultivar No. T3

sweet potato ([pomoea batatas

(L.) Lam.) cultivars in different 11 0.44+0.11 a 7 0.87+£0.14 a 29 2.65£0.28 a

Cd treatments 7 0.41+0.08 a 19 0.58+0.11b 3 2.16+0.34 b
3 0.28+0.06 b 11 0.57+0.10 be 2 1.61+£0.21 ¢
19 0.27+£0.04 b 3 0.50+0.01 ¢ 24 1.28+0.27d
27 0.26+0.05 be 5 0.42+40.06 d 5 1.26+0.13d

0.26+0.04 bed 29 0.40+0.06 d 11 1.21+0.15 de
0.21£0.04 cde 30 0.32+0.02 ¢ 7 1.06+0.14 def

29 0.21£0.05 def 27 0.32+0.03 ¢ 19 1.00+0.16 ef
5 0.20+0.01 efg 9 0.31+0.05¢ 9 0.97+0.16 £
24 0.16£0.00 efgh 2 0.28+0.02 ef 27 0.94+0.04 £
17 0.15+0.02 fgh 24 0.28+0.06 ef 30 0.91+0.07 fg
25 0.15+0.02 ghi 20 0.28+0.04 efg 21 0.90+0.09 fg
8 0.14+0.02 hi 21 0.23+0.03 fgh 20 0.69+0.14 gh
6 0.12+0.01 hij 6 0.23+0.03 fgh 6 0.68+0.15 hi
4 0.12+0.02 hij 8 0.22+0.03 fghi 22 0.63+0.06 hij
18 0.11£0.03 hij 22 0.21+0.02 fghij 17 0.61+0.04 hij
21 0.11+0.00 hij 25 0.21+0.04 fghij 23 0.56+0.04 hijk
20 0.11+0.01 hijk 1 0.20+0.02 fjhij 25 0.56+0.08 hijk
23 0.09+0.02 ijkl 17 0.20+0.03 ghijk 18 0.53+0.06 hijk
1 0.08+0.02 jkl 23 0.19+0.01 hijk 13 0.51+0.06 hijk
22 0.08+0.02 jkl 28 0.16+0.03 hijkl 10 0.51+0.08 hijk
30 0.07+£0.01 jkim 4 0.15+0.01 ijkl 8 0.51+0.06 hijk
28 0.05+£0.00 klmn 18 0.14+0.01 jkl 4 0.46+0.12 ijk
26 0.05+0.00 Imn 14 0.13+0.03 klm 1 0.45+0.08 jk
13 0.03+0.00 Imn 26 0.10+0.02 Imn 28 0.44+0.08 jk
10 0.02+0.00 mn 15 0.06+£0.00 mno 14 0.43+0.07 jk
14 0.01+0.00 n 13 0.05£0.00 mno 16 0.42+0.06 jk
16 <0.01 n 12 0.04+0.00 no 12 0.38+0.05 k
12 <0.01n 10 0.02+0.00 no 15 0.35+0.02 k
15 <0.0l n 16 0.01+0.00 o 26 0.33+0.03 k

Values shown are the means+SD, n=3. Values followed by different letters in the same column are significantly
different at »<0.05 among cultivars
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used to select low- and high-Cd cultivars. The stability of Cd
accumulation in edible roots was considered when we identi-
fied low-Cd sweet potato cultivars. The seven cultivars, Nos.
10, 12, 14, 15, 16, 26, and 28, were always among the top ten
cultivars with the lowest edible root Cd concentration in each
Cd treatment (Table 4). Furthermore, there was no significant
difference in edible root Cd concentration among Nos. 10, 12,
15, and 16 in each treatment. Therefore, the four cultivars
were identified as low-Cd cultivars. On the other hand, Nos.
3,7, 11, and 19 were always among the top four cultivars with
the highest edible root Cd concentration in the T1 and T2
treatments, and they were the second, seventh, sixth, and
eighth cultivars with the highest edible root Cd concentration
in the T3 treatment, respectively (Table 4). Thus, these four
cultivars were selected as high-Cd cultivars.

Cd concentration in feeder roots and shoots

Cd concentration in feeder roots differs in different cultivars
(Fig. 2), but there is no tendency that low-Cd cultivars have
higher or lower feeder root Cd concentration than high-Cd
cultivars. For example, in T2 treatment, Cd concentrations in
feeder roots of high-Cd cultivars, Nos. 3, 7, and 11, are not
significantly different than those in low-Cd cultivars Nos. 10,
15, and 16. There is also no correlation that low-Cd cultivars
have higher or lower shoot Cd concentration than high-Cd
cultivars. For example, in T1 treatment, Cd concentrations in
the shoots of high-Cd cultivars, Nos. 3, 7, 11, and 19, have no
significant difference with those in low-Cd cultivars, Nos. 10,
12, and 16. This result indicates that low Cd concentration in
shoot or feeder root does not mean low Cd levels in edible
roots.

Ratios of Cd concentration in different organs

The highest shoot/feeder root ratio of Cd concentration was
observed in No. 19, a high-Cd cultivar (Table 5). However, a
high shoot/feeder root ratio of Cd concentration was also
found in the low-Cd cultivar (No. 15). There was no correla-
tion of high-Cd cultivars to a higher shoot/feeder root ratio
(0.11-0.32) than low-Cd cultivars (0.07-0.38). These results
indicate that Cd translocation from feeder root to shoot is not a
limiting factor that influences Cd concentration in edible
roots.

There was a tendency of high-Cd cultivars to have a higher
edible root/shoot ratio of Cd concentration (0.25-0.60) than
low-Cd cultivars (0.00-0.18) (Table 5). This indicates that Cd
translocation from shoots to edible roots is more difficult in
low-Cd cultivars than in high-Cd cultivars. Furthermore, the
edible root/feeder root ratio in the low-Cd cultivars (0.00—
0.04) was significantly lower than that (0.05-0.11) in the
high-Cd cultivars in each treatment. This result demonstrates
that Cd translocation from feeder roots to edible roots is more

T1

bbbbpb?p

37 11 1910 12 1516
Feeder root

3 7111910 1215 16
Shoot

Cd concentration (mg kg!, dw)

T2

3 7 1119101215 16
Feeder root

3 7 111910 12 15 16
Shoot

Cd concentration (mg kg!, dw)
S

37 111910 12 15 16
Feeder root

37 111910 12 15 16
Shoot

Cd concentration (mg kg!, dw)

Fig. 2 Concentrations of Cd in the shoots and feeder roots of low- (solid
column) and high-Cd (open column) sweet potato cultivars. Different
lower-case letters on bars indicate a significant difference at p<0.05
among cultivars

difficult in low-Cd cultivars than in high-Cd cultivars. Low
Cd accumulation in low-Cd cultivars may have a greater abil-
ity to retain Cd in feeder roots and shoots, which is probably
associated with the mechanism involved in Cd translocation
from feeder roots and shoots to edible roots, but not Cd trans-
location from feeder root to shoots, which is considered the
most important step in Cd concentration in leafy vegetables
and grain or fruits.

Cd partitioning in low- and high-Cd cultivars

The overall distribution of Cd in all tissues of low- and high-
Cd cultivars of sweet potato after a 5S-month growth is shown
in Fig. 3. In all treatments, the proportions of total Cd that
were retained in edible roots of low-Cd cultivars, Nos. 10,
12, 15, and 16, were lower than those in high-Cd cultivars,
Nos. 3, 7, 11, and 19, except in the case of No. 7 in T3
treatment, which had a similar Cd proportion retained in edi-
ble roots as low-Cd cultivars; this exception is possibly due to
the low edible root biomass of No. 7 in T3 treatment. On the
other hand, there is no trend that a higher proportion of Cd was
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Fig. 4 Possible transport
pathways of Cd from soil to
edible roots of sweet potato. Cd
absorbed by the feeder roots
where edible roots develop might
be loaded into the xylem and
transported to edible roots. Cd
absorbed by other feeder roots
might be transported to the leaves
via the xylem and then
remobilized to edible roots via the
phloem

N

Selection of low Cd cultivars

The first aim of this study is to select sweet potato cultivars
with low-Cd accumulation in their edible roots. A more than
eightfold difference in the edible Cd concentrations was ob-
served among the 30 tested sweet potato cultivars in all the Cd
treatments. The variation was wide enough to select low-Cd
cultivars (Xin et al. 2013). We intended to identify low-Cd
sweet potato cultivars according to their edible root Cd con-
centrations and the stability of Cd accumulation. The edible
root Cd concentrations in Nos. 10, 12, 15, and 16 always
showed no significant differences in all the treatments and
were lower than the Codex ML for Cd in the T1 and T2
treatments. The four cultivars were identified as low-Cd cul-
tivars. It was worth noting that the biomasses of Nos. 12 and
15 were not affected by soil Cd levels. However, with increas-
ing Cd in soil, the biomass of No. 10 significantly decreased
and that of No. 16 increased firstly and then decreased. These
results indicate that the low-Cd cultivars have different sensi-
tivity to Cd toxicity.

The Cd concentration in edible roots of No. 15 was very
close to the Codex ML for Cd in the T3 treatment. Thus, when
Cd concentration in soil exceeds 2.91 mg kg ', no sweet po-
tato cultivars produced edible roots for safe consumption.
Wright et al. (2012) also found that sweet potato grown in a

Edible root’s ° o ~

Cd absorbed by the feeder rooh
where edible roots developed

Cd absorbed by other feeder roots

» Cd flow via xylem

Cd flow via phloem j

Feeder root

location with 2.65+0.04 mg kg ™' Cd in soil accumulated 0.61
+0.02 mg kg ! (dw) Cd in its edible roots. Xin et al. (2013)
reported that fruit Cd concentrations in low-Cd hot pepper
cultivars exceeded the safety standard for human consumption
when Cd levels in the soils reached 2.69 mg kg '. Therefore,
the safety of low-Cd crop cultivars is conditioned by the soil
Cd level. In addition, Nos. 3, 7, 11, and 19 always had signif-
icantly higher edible root Cd concentrations than the low-Cd
cultivars, which can pose a human health risk through the food
chain, when grown in moderately Cd-contaminated soils.
Therefore, the four cultivars were identified as high-Cd
cultivars.

Cd translocation in sweet potato

In this study, it was found that the genotypic differences in
edible root Cd are due to differences in partitioning. Some
studies also found that Cd partitioning plays an important role
in different Cd accumulations between cultivars. For example,
it was found that in a high-Cd accumulator potato cultivar
Kennebec, 75 % of the total plant Cd was found in the tubers,
whereas in a low Cd accumulator potato cultivar Wilwash,
tuber Cd only accounted for 43 % (Dunbar et al. 2003). It
was also found that accumulation of Cd in the shoots was
13 % (low-Cd NIL) or 37 % (high-Cd NIL) of whole-plant
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Cd accumulation at grain maturity (Harris and Taylor 2013).
However, it was reported that the significant differences in the
Cd-partitioning ratio among rice genotypes had no correlation
with Cd concentration of brown rice (He et al. 2006), meaning
that the role of Cd partitioning in Cd accumulation between
cultivars may differ among species, especially among the spe-
cies with different edible parts.

The edible parts of sweet potato are its tuberous roots.
Different from leafy vegetables, tuberous roots have low rates
of transpiration, like grains and fruits. While Cd translocation
to the shoot of some plants is mainly driven by mass flow due
to transpiration (Liu et al. 2010; Salt et al. 1995), metal trans-
port to the shoot primarily takes place through the xylem (Salt
etal. 1998). For example, Ca is believed to be transported with
water in the xylem (Busse and Palta 2006). Cd shares many
physical similarities, such as charge and ionic radius, with Ca
(Reid et al. 2003). Cd may follow a similar route to Ca for
movement from soil into leaves. However, in the tubers of
potatoes, where Ca content is very low, xylem was not con-
sidered an important way to translocate Cd to tubers due to the
low transpiration rate in tuberous stem (Reid et al. 2003).
Sweet potato, whose edible parts were its tuberous roots, also
have low rates of transpiration. However, it was found that
low-Cd cultivars had a significant difference in the edible root/
feeder root ratio of Cd concentration when compared with
high-Cd cultivars. This result indicates that Cd translocation
through the xylem from feeder roots to edible roots maybe an
important way to redistribute Cd in sweet potato. There are
two kinds of feeder roots in sweet potato. One kind consists of
the feeder roots which directly connect with the edible root
and can provide water and iron for the edible roots. Cd
absorbed by the feeder roots of the edible roots might translo-
cate Cd to the edible root via the xylem (Fig. 4). This is
consistent with the relative higher Ca concentration in sweet
potato edible roots, which is different from Ca deficiency in
potato (Busse and Palta 2006; Treche 1996). So, an important
way of accumulating Cd is Cd translocation from feeder roots,
probably partly from the feeder roots where edible roots de-
velop from, to edible roots through the xylem. The other type
is the common feeder roots, which can directly transport water
and iron to shoots without passing through edible roots. These
feeder roots may transport Cd to the shoot via the xylem and
then to edible root via the phloem, just like Cd transport in
potatoes. More experiments need to be conducted to investi-
gate if the two kinds of feeder roots play different roles in Cd
accumulation in edible roots.

In this study, we also found that the ratio of edible root/
shoot Cd concentration also were significantly different be-
tween high and low Cd accumulation cultivars, which indi-
cates that Cd translocation between the shoot and edible root
is also an important factor that influences Cd concentration in
roots. The phloem pathway may also play an important role in
Cd accumulation in sweet potato (Fig. 4). It was reported that
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the phloem also plays an important role in Cd translocation to
low-transpiration organs such as grains (Yoneyama et al.
2010), fruits (Xin et al. 2013), and tubers (Reid et al. 2003).
Most Cd in rice grains accumulates through the phloem trans-
port. Low-affinity cation transporter 1 (OsLCT1) in rice facil-
itates Cd loading to the sieve tube by supplying Cd from the
parenchyma cells (Uraguchi and Fujiwara 2013). It was also
suggested that in addition to directional xylem Cd transport,
the phloem is a major vascular system for long-distance
source to sink transport of Cd as PC-Cd and glutathione-Cd
complexes in Brassica napus (Mendoza-Cozatl et al. 2008).
However, Cd has limited phloem mobility in wheat; only a
minor quantity of Cd is transported to the grain via the phloem
in control shoots while a high percentage of Cd is retained in
the peduncle (Herren and Feller 1997). In sweet potato, shoots
usually have higher Cd than edible roots. The efficiency of Cd
translocation from the shoot to root, which is probably
through the phloem, might be an important factor that can
affect Cd content in the edible root. The determination of
whether the shoot or feeder root provides a bigger contribution
in Cd accumulation in the edible root of sweet potato needs
more experiments to test.

In conclusion, sweet potato cultivars Nos. 10, 12, 15, and
16 were selected as low-Cd cultivars in this study. The differ-
ence in edible roots’ Cd concentrations between low- and
high-Cd cultivars resulted from the variations of Cd translo-
cation from feeder roots to edible roots, and those from shoots
to edible roots, but not those from feeder roots to shoots. Both
xylem and phloem pathways are important for Cd accumula-
tion in edible roots. In addition, more experiments should be
conducted to investigate the contribution of feeder root (either
directly connected with edible root or indirectly connected)
and shoot to Cd accumulation in sweet potato.
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