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Abstract
Background and aims Water spinach is a common leafy
vegetable in Asia, with a strong ability to accumulate
cadmium (Cd) in its edible parts. The aims of this study
were to investigate the effects of cultivar variation and
water management on Cd accumulation in this plant.
Methods Three experiments were conducted: a soil pot
trial with 32 cultivars, a rhizobox trial with 4 cultivars
under flooded and non-flooded conditions and an up-
take kinetics trial with 2 cultivars.
Results There were significant differences in Cd accu-
mulation between the different cultivars, and Cd con-
centrations in shoots were significantly lower in the

flooded (0.25–1.4, mean 0.90 mg kg−1 DW) than in
the non-flooded (1.9–4.7, 3.2 mg kg−1) treatments.
Cultivars with a low Cd accumulation had a lower Cd
bioavailability and mobility in the rhizosphere soil,
higher Cd combined with Fe plaque on roots, lower
Cd uptake capacity by roots, and lower Cd transfer
factors than those with a high Cd accumulation.
Conclusions Water spinach grown under anaerobic con-
ditions effectively reduces Cd accumulation in edible
parts. Low Cd-accumulating cultivars tend to possess a
high ability to reduce Cd bioavailability in rhizosphere
soil, as well as decrease Cd uptake, and translocation
from root to shoot.

Keywords Bioavailability . Cadmium . Iron plaque .

Radial oxygen loss (ROL) . Rhizosphere .Water spinach
(Ipomoea aquatica)

Introduction

Cadmium (Cd), one of the most hazardous heavy
metals, has long been recognized as a major human
health threat. Human exposure to Cd in terms of food-
chain transfer should be given top priority (Satarug et al.
2003; Clemens et al. 2013) because Cd is readily taken
up and translocated to different parts of the plant (Florijn
and Van Beusichem 1993). Large areas of agricultural
fields have been contaminated by heavy metals, espe-
cially Cd, in China (Huang et al. 2007; Hang et al. 2009;
Williams et al. 2009). Cadmium contamination in main
food crops and leafy vegetables grown in Cd-
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contaminated fields has aroused considerable attention
in recent years (Arao et al. 2003; Zhuang et al. 2009; Liu
et al. 2010).

It has been demonstrated that genetic variation con-
tributes to changes in Cd concentrations in crops (Grant
et al. 2008; Clemens et al. 2013). Wide variations in the
concentration of Cd between cultivars have been docu-
mented in many crops, including, but not restricted to,
rice (Oryza sativa) (Arao and Ishikawa 2006; Liu et al.
2007; Wang et al. 2011), barley (Hordeum vulgare)
(Chang et al. 1982; Chen et al. 2007), carrot (Daucus
carrota) (Harrison 1986), maize (Zea mays) (Hinesly
et al. 1978), common wheat (Triticum aestivum L.)
(Stolt et al. 2006), lettuce (Lactuca indica L.) (Thomas
and Harrison 1991), pea (Pisum sativum) (Rivera-
Becerril et al. 2002) and potato (Solanum tuberosum)
(Dunbar et al. 2003). There has been a great advance in
the genetic and molecular understanding of the mecha-
nisms underlying genotypic variation in Cd accumula-
tion in rice (Ueno et al. 2010; Miyadate et al. 2011) and
Arabidopsis thaliana (Chao et al. 2012). This variation
is mostly explained by variation in HMA3 transporter
genes. In rice, different OsHMA3 alleles are responsible
for the efficiency of Cd translocation to the shoot from
the root (Ueno et al. 2010; Ishikawa et al. 2011;
Miyadate et al. 2011; Uraguchi and Fujiwara 2013).
OsNramp5 has recently been reported as a major trans-
porter in rice responsible for the transport of Cd and Mn
from the external solution to root cells (Sasaki et al.
2012), and the defective transporter protein encoded
by the mutant OsNramp5 greatly decreases Cd uptake
by roots, resulting in decreased Cd in the straw and grain
(Ishikawa et al. 2012).

Apart from the need to study Cd uptake at a molec-
ular level to characterize the Cd transporter(s), the role
of the rhizosphere as the root/soil interface where roots
access trace elements is easily underestimated (Wei and
Twardowska 2013). Agricultural practices (e.g., water
management) also play an important role in heavy metal
(e.g., As, Cd, Hg) uptake and accumulation in rice (Xu
et al. 2008; Arao et al. 2009; Wang et al. 2014). Arao
et al. (2009) reported that flooding decreases the Cd
concentration in rice grains. Flooding for 3 weeks before
and after heading proved to be the most effective
method in reducing grain Cd, but this treatment
increases As concentration in grains. This suggests that
it is possible to reduce Cd accumulation in crops
through alteration of the growth environment by appro-
priate water management.

It has been reported that Cd uptake and accumulation
by a plant are affected by the uptake kinetics by its roots
(Zhao et al. 2006; Van der Vliet et al. 2007). In addition,
for wetland plants such as rice grown in anaerobic
environments, radial oxygen loss (ROL) from roots
plays a key role in iron (Fe) plaque formation on root
surfaces and in the rhizosphere, and then impacts on the
conditions (redox potential, pH, activity and mobility of
toxic elements) in the rhizosphere (María-Cervantes
et al. 2010; Mei et al. 2012; Yang et al. 2012). This
process affects Cd availability in rhizosphere soil and
Cd translocation to the above-ground parts of plants
(Fitz and Wenzel 2002; Cheng et al. 2014).
Furthermore, other biological factors (e.g., the activity
of iron oxidizing bacteria and root exudates) will also
affect Cd availability in the rhizosphere (Macfie and
Crowder 1987; Fitz and Wenzel 2002; Greger and
Landberg 2008). These results suggest that the charac-
teristics of roots and their rhizosphere may have impor-
tant roles in Cd uptake and accumulation in plants.

Water spinach (Ipomoea aquatica Forsk) is a com-
mon vegetable grown and consumed in Southeast Asia,
notably China, Thailand and Vietnam (Göthberg et al.
2002). This plant possesses a strong ability to accumu-
late Cd in its edible parts which may impose health risks
(Wang et al. 2007; Hseu et al. 2013). For example,
Zhuang et al. (2009) reported that this vegetable accu-
mulates the highest Cd concentration [0.65 mg kg−1, on
a fresh weight (FW) basis] in its edible parts among the
selected vegetables grown in a field contaminated by Cd
(total Cd and DTPA-extractable Cd concentrations: 1.6
and 0.29 mg kg−1 in the soil, respectively), exceeding
the proposed maximum concentration (0.2 mg kg−1

FW) set by the FAO/WHO Food Standards
Programme Codex Alimentarius Committee (CAC)
(Codex Standard 248–2005). There is thus an urgency
to find measures to reduce Cd accumulation in this leafy
vegetable. Water spinach is a wetland plant (Marcussen
et al. 2008; Vymazal and Švehla 2013) as well as a
xerophytic plant, and can be cultured under both flooded
and non-flooded conditions. There are a substantial
number of cultivars of this vegetable which may have
different abilities in Cd accumulation. It is suggested
that Cd accumulation in edible parts of this important
vegetable could be reduced by screening cultivars with a
low Cd accumulation and introducing appropriate water
management. However, little information is available on
the effects of cultivars and water management regimes
on Cd accumulation in edible parts of this plant.
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We hypothesize that (1) there is a great variation
between cultivars in Cd accumulation in the edible
parts of water spinach; low Cd-accumulating culti-
vars may possess higher abilities in regulating their
rhizosphere conditions (pH, Eh, Fe3+/Fe2+) and
thereby reducing Cd bioavailability in the rhizo-
sphere through their root activities (ROL, oxidation,
Fe plaque formation); low Cd-accumulating culti-
vars may also have weaker root Cd uptake kinetics
and lower translocation efficiencies from root to
shoot, and (2) flooded treatments may have a greater
ability in reducing Cd bioavailability in rhizosphere
soil, leading to a reduction of Cd accumulation in
plants, compared to non-flooded treatments.

Three trials were conducted in order to confirm
the hypotheses. The first trial investigated variations
in Cd accumulation and biomass of 32 cultivars
growing in Cd-contaminated soil, under both
flooded and non-flooded conditions. The second soil
rhizobox trial investigated the differences in the
ecophysiological features of roots [root porosity,
ROL, Fe plaque formation on roots] and rhizosphere
features (pH, Eh, Fe3+/Fe2+, Cd speciation and mo-
bility), using two low Cd-accumulating cultivars and
two high Cd-accumulating cultivars, growing in Cd-
contaminated soil under both flooded and non-
flooded conditions. An uptake kinetics trial was also
conducted under hydroponic conditions using one

low and one high Cd-accumulating cultivar. The
major aims of this study were thus to investigate
(1) the variation of Cd accumulation in different
cultivars of water spinach, (2) the effects of water
management on Cd accumulation in this plant, and
(3) the potential interaction between cultivars and
water management.

Materials and methods

Experiment 1 - soil pot trial under flooded
and non-flooded conditions

Cultivars tested Seeds of 32 common water spinach
cultivars (Table 1) were selected and acquired from local
seed companies in Guangdong, Hubei, Hunan, Jiangxi
and Jiangsu Provinces, P R China.

Soil preparation A ‘clean’ soil was collected from a
paddy field (0–20 cm depth) on the campus of South
China Agricultural University, Guangdong Province,
China. The soil contained 10 % organic matter (OM)
[Total organic carbon (TOC) measured with a total or-
ganic carbon analyzer (TOC-VCPH, Shimadzu, Japan)
(Li et al. 2012), andOM content calculated as a portion of
TOC (Pribyl 2010)], 0.63 g kg−1 total K (determined by
ICP-OES, Perkin Elmer, USA) (Li et al. 2012), 1.3 g kg−1

Table 1 Names and abbreviation
of the 32 cultivars of water spin-
ach tested

Cultivar Abbreviation Cultivar Abbreviation

Baigengliuye BGLY Qinggengjisi 322 QGJS 322

Baiguliuye 311 BGLY 311 Qinggengliuye QGLY

Baiguliuye 996 BGLY 996 Qingliuye QLY

Baigengjisi BGJS Qianyouqing 298 QYQ 298

Bailiuye 8012 BLY 8012 Taiguocuiliu TGCL

Chunqingliuye CQLY Taiguogaofeng TGGF

Chunbaidaye CBDY Taiguojianye TGJY

Dayechunbai DYCB Taiwan 308 TW 308

Guangjiaobaigu GJBG Taiwanbaigu 810 TWBG 810

Gangzhongbaigu 310 GZBG 310 Taiwanqinggeng TWQG

Gangzhongdaye GZDY Taiwanzhuye TWZY

Gangzhongtebai GZTB Taizhongliuye TZLY

Jiangmenliuye JMLY Xiyebaigu XYBG

Jiangxibaigeng JXBG Youguliuye YGLY

Jiangxidaye JXDY Zixinhanweng ZXHW

Liuyebaigeng LYBG Zixinshuiweng ZXSW

Plant Soil (2015) 391:33–49 35



total N and 1.1 g kg−1 total P (using a Smartchem discrete
auto analyzer, Smartchem200, AMS Westco, Italy) (Li
et al. 2012). The soil pH (1:2 soil/water, suspensions)
(Gleason et al. 2003) was 6.28 and the total Cd concen-
tration (determined by AAS, Z-5300, Hitachi) of the soil
was 0.09 mg kg−1. The soil was air-dried, sieved to<
8 mm. After thoroughly being homogenized, PVC pots
(18 cm in upper diameter and 14 cm in height) were filled
with 1.2 kg of the prepared soil. The soils were spiked
with 1 mg kg−1 Cd in the form of 2.0 mg CdCl2 dissolved
in 300 ml pot−1 deionized water. Two weeks after the Cd
addition, 2.0 g pot−1 of a compound basal fertilizer
[N:P:K=26:6:13, in the form of (NH2)2CO, KH2PO4

and K2SO4] were added to the bulk soil and mixed
thoroughly. The soil in each pot was kept submerged
using deionized water for a month for equilibration in a
glasshouse with the following conditions: temperature
day/night 28/18 °C, day/night relatively humidity 60/
80 %, and 16 h of light with a>350 μmol m−2 s−1 photon
flux density. After soil equilibration, the final total Cd and
diethylene triamine pentaacetic acid (DTPA)-extractable
Cd concentrations were 1.06 and 0.32 mg kg−1,
respectively.

Experimental design Seeds of water spinach were ster-
ilized in 30 % H2O2 (w/v) solution for 15 min, followed
by thorough washing with deionized water and then 10
seeds of each cultivar were sown into each prepared pot
on 2 April 2012. The experiment was arranged in a
randomized complete block design with four replicates;
a total of 256 pots were used. The experimental plants
were grown in a glasshouse at a temperature of 18–
28 °C and watered daily with deionized water to main-
tain 70 % of water-holding capacity. On the 10th day
after germination, seedlings were thinned to four per
pot. One week later, two water treatments were conduct-
ed by adjusting the water regime for each cultivar:
flooded or non-flooded for 60 days. Deionized water
was added daily to raise the water status to full satura-
tion capacity with c. 2 cm of standing water for the
flooded treatment and to 70 % of the soil water-
holding capacity for the non-flooded treatment. All
plants of the cultivars were harvested on 19 June 2012.
Biomass of shoot and root and concentrations of Cd in
shoot and root tissue dry matter were subsequently
determined. The DTPA-extractable Cd concentrations
in soils collected from the root zone of the 11 cultivars
(selected randomly) were also determined.

Experiment 2 - rhizobox trial and observation of root
anatomy

Cultivars tested Four water spinach cultivars [cv.
Baigengliuye (BGLY) and cv. Qianyouqing 298 (QYQ
298) possessing higher Cd accumulation, designated as
‘high Cd-accumulating cultivars’; cv. Chunqingliuye
(CQLY) and cv. Zixinshuiweng (ZXSW) with lower
Cd accumulation, ‘low Cd-accumulating cultivars’]
were selected and used in this rhizobox trial according
to the results of Experiment 1. Sterilized seeds were
germinated in the moist ‘clean’ soil. After 10 days,
uniform seedlings (at the 3 leaf stage) were selected.

Rhizobox and soil preparation A rhizobox was de-
signed according to a modified version described by
Youssef and Chino (1989) and Mei et al. (2012). It
was constructed of a Plexiglass box (15×15×12 cm
high) with an open top. Each box was separated into
four sections (zones) by nylon netting (50 μm mesh) [a
central zone or rhizosphere soil zone, 8 mm (4-0-4 mm)
in length, and left and right near-rhizosphere soil zones
(4–8 mm), a near bulk soil zone (8–40 mm) and a bulk
soil zone (>40mm)]. Each section was designated as S1,
S2, S3, S4 respectively (Fig. S1).

The soil used in the rhizobox trial was collected from
a paddy field (0–20 cm depth) in the Fankou mining
area, Guangdong, China, in February 2013. Most paddy
soil in this area has been contaminated by irrigation
water polluted by mine drainage (Li et al. 2012). The
soil was air-dried and then passed through a 2-mm sieve.
The basic chemical properties of the soil were: 9.8 %
organic matter, 1.3 g kg−1 total N, 1.5 g kg−1 total P,
4.3 g kg−1 total K, a pH of 5.98, 11 mg kg−1 Cd
(analytical methods for all these elements were the
same as that described in Experiment 1), 32 g kg−1 Fe
and 227 mg kg−1 Mn (determined by ICP-OES, Perkin
Elmer, USA) (Li et al. 2012).

Experimental design In order to reveal the effects of
water management on their rhizosphere, two seedlings
of the same cultivar were planted in the centre of each
rhizobox (with 3.0 kg soil), growing under flooded
(with 2 cm of water above soil surface) and non-
flooded (70 % of the soil water-holding capacity) con-
ditions and harvested on day 75 (15 November 2013),
respectively. In total, 24 rhizoboxes were used in this
trial (4 cultivars×2 water management regimes×3 rep-
licates). The rhizoboxes were placed in a glasshouse and

36 Plant Soil (2015) 391:33–49



arranged in a randomized complete block design for the
growth period.

Half of the plant samples per rhizobox was then used
to measure the root porosity and rate of ROL from roots;
the other half was used to measure concentrations of Cd
in shoot and root tissues, and Cd, Fe and Mn in Fe
plaque on root surfaces. In addition, the following were
also determined in this experiment: soil Eh, pH, Fe3+,
Fe2+, concentrations of Cd, Fe and Mn, and concentra-
tions of extracted Cd fractions in rhizosphere soil col-
lected from S1 zone and in non-rhizosphere soil from S4
zone.

In addition, in order to observe variation in the root
aerenchyma between cultivars with different capacities
in accumulating Cd, seedlings of two cultivars [one high
Cd-accumulating (cv. QYQ 298) and one low (cv.
ZXSW)] were cultured simultaneously in 25 %
Hoagland’s solution (1938) with 0.1 % agar
(Wiengweera et al. 1997). Fresh cross-sections of roots
of 30-d-old plants were cut by hand with a sharp razor at
a distance of 7.0 cm from the root tip. These specimens
were examined and photographed using a scanning
electron microscope (SEM) (S520; Hitachi, Japan)
(Deng et al. 2009; Cheng et al. 2012).

Experiment 3 – uptake kinetics trial

Cultivars tested Two water spinach cultivars [one high
Cd-accumulating (cv. QYQ 298) and one low-Cd accu-
mulating (cv. ZXSW)] were selected and used in this
experiment according to the results obtained from
Experiments 1 and 2.

Experimental design Sterilized seeds were germinated
in acid-washed quartz sand for 10 d. Twenty-four seed-
lings of each cultivar were then transferred to plastic
containers (12 L) and grown in 25 % Hoagland’s nutri-
ent solution for 10 d. Uniform seedlings (20-d-old) were
washed in deionized water and excised at the basal node.
The excised roots were incubated in aerated test solution
containing 0.5 mM CaCl2 and 2 mM MES (adjusted to
pH 6.0 using KOH) and 0, 5, 10, 20, 35, 50 μM Cd for
30 min at room temperature (25 °C) (four replicates per
treatment). After incubation, roots were rinsed in a fresh
ice-cold solution containing 5 m M CaCl2 and 5 mM
MES at pH 6.0 for 2 min and incubated in a fresh ice-
cold nutrient solution of the same composition for
15 min to remove Cd adsorbed onto the root surfaces
and from the root free space, following the method

described by Esteban et al. (2008). Fresh roots were
weighed, oven-dried at 70 °C for 2 days, and then
ground to a powder for determination of Cd concentra-
tions as described below.
Measurements of root porosity, rates of ROL,
and extraction of Fe plaque

Root porosity (% gas volume/root volume) of plants
was measured by the pycnometer method (Jensen et al.
1969; Kludze et al. 1993). The rates of ROL from roots
were determined according to the Ti3+-citrate method
described by Kludze et al. (1993) and Mei et al. (2009).
Cadmium, Fe and Mn in Fe plaque on root surfaces
were extracted by dithionite-citrate-bicarbonate (DCB)
method (Otte et al. 1989).

Chemical analyses of soil and plant samples

Soil samples were collected from the S1 zone (rhizo-
sphere soil) and S4 zone (bulk soil) of the rhizoboxes in
Experiment 2. At harvest, all the rhizoboxes were
transported to a N2-filled box in the laboratory. The soil
samples taken from S1 and S4 zones (left and right)
were mixed separately, and then each soil sample was
placed and stored in a vacuum tube for further analysis
under N2 conditions (Keon et al. 2001). Soil pH and Eh
were measured with a pH/Eh meter (TM-39, Germany).
Concentrations of Fe2+ and Fe3+ in soil samples were
measured using the method described by Begg et al.
(1994). For the analysis of Fe2+ and Fe3+, the soil was
sampled as approximately 0.8–1 g from each tube and
immediately immersed in 5 cm3 deoxygenated 5 mM
CaCl2 to prevent oxidation. The sampling and immer-
sion procedures taking<20 s was to ensure that very
little oxidation could take place (Begg et al. 1994). For
total concentrations of Cd, Fe and Mn in the soil, sub-
samples (0.5 g dry wt) were digested in a mixture
HNO3-HCl-HClO4 (1:3:1, v/v).

Sequential Cd extraction was conducted following
the method of Tessier et al. (1979). Soil Cd was then
specified as fraction F1: exchangeable Cd; fraction F2:
Cd bound to carbonates; fraction F3: Cd bound to Fe-
Mn oxides; fraction F4: Cd bound to organic matter;
fraction F5: residual Cd. Oven-dried plant tissues were
digested in a mixture HNO3-HClO4 (3:1, v/v).
Concentrations of Cd in the digests of the soil and plant
samples, Fe plaque extracts for total Cd, soil extracts
(for Cd fractions) were determined by AAS.
Concentrations of Fe and Mn in soil digests and in Fe

Plant Soil (2015) 391:33–49 37



plaque extracts from root surfaces were determined by
inductively-coupled plasma optical emission spectrom-
etry (ICP-OES; Optima 2000 DV, Perkin Elmer, USA).
Blanks and standard plant (tea, GBW-08303) and soil
(GBW-07435) reference materials (China Standard
Materials Research Center, Beijing, P.R. China) were
used to meet QA/QC requirements. Cadmium, Fe, and
Mn recovery rates were 90±10 %.

Statistical analyses

To estimate Cd translocation from root to shoot, the
transfer factor (TF) was calculated as follows (Hart
et al. 1998):

T F ¼ Cd concentration in shoot=root

Cadmium mobility factors (MF), a modified version
of that proposed by Kabala and Singh (2001), were
calculated using the formula:

MF% ¼ F1 = F1 þ F2 þ F3 þ F4 þ F5ð Þ½ � � 100

Data were analyzed using the SPSS 18.0 statistical
software package and summarized as means±standard
errors (SE). A statistical comparison of treatment means
was examined by one-way ANOVA followed by Tukey-
HSD tests. Coefficients of determination (R2) and sig-
nificance probabilities (P) were computed for linear
regression fits.

Results

Experiment 1 - soil pot trial

Biomass and Cd accumulation in water spinach
and DTPA-extractable Cd in soils

Summarized data for shoot biomass, Cd concentra-
tions in shoots and roots, and Cd content of shoots
of the 32 cultivars of water spinach in the flooded
and non-flooded treatments are presented in Fig. 1.
Shoot biomass varied significantly among the culti-
vars; shoot dry weights (DW) in the flooded and
non-flooded treatments ranged from 532 to 2731 mg
DW shoot−1 (mean 1330 mg DW shoot−1), and 451
to 1326 mg DW shoot−1 (mean 866 mg DW
shoot−1), respectively. Half of the selected cultivars
had significantly higher shoot biomass in the

flooded treatment than in the non-flooded one
(P<0.05) (Fig. 1a). There were also large differ-
ences in Cd concentrations in shoot and root tissues
and Cd content per shoot between the cultivars in
the flooded and non-flooded treatments (P<0.05)
(Figs. 1 b, c and d). Cadmium concentrations in
shoot (Fig. 1b) and root tissues (Fig. 1c) in the
flooded treatment were significantly lower than
those in the non-flooded treatment for all the 32
cultivars (P<0.01). Cadmium concentrations ranged
from 0.25 to 1.4 mg kg−1 (mean 0.90 mg kg−1 DW)
and 1.9 to 4.7 mg kg−1 (mean 3.2 mg kg−1 DW) in
shoots and from 0.82 to 4.3 mg kg−1 (mean
2.0 mg kg−1 DW), and 3.4 to 7.5 mg kg−1 (mean
5.5 mg kg−1 DW) in roots in the flooded and the
non-flooded treatments, respectively. Cadmium con-
tents per shoot (Fig. 1d) in the flooded treatment
(ranged from 0.43 to 2.0 μg shoot−1; mean 1.2 μg
shoot−1) were significantly lower than those in
the non-flooded treatment (1.2 to 5.9 μg shoot−1;
mean 2.8 μg shoot−1) for 25 of the cultivars
(P<0.05).

Cadmium concentrations in the shoots of 28 of the 32
cultivars in the flooded treatment were lower than
0.2 mg kg−1 FW [CAC Standard (Codex Standard
248-2005) and Maximum Levels of Contaminants in
Foods of China (MLCF, GB 2762-2012)], but Cd con-
centrations in shoots of all 32 cultivars exceeded this
standard in the non-flooded treatment (fresh weight
basis) (Fig. S2).

DTPA-extractable Cd concentrations in soils collect-
ed from the root zone of the 11 cultivars selected under
the flooded condition (range: 0.10 to 0.47; mean
0.25 mg Cd kg−1) were significantly lower than those
under the non-flooded condition (0.37 to 0.69; mean
0.54 mg kg−1) (P<0.001) (Fig. 2a).

Correlations between Cd in shoots, roots, Cd transfer
factors and DTPA-extractable Cd in soils

Transfer factors of Cd from root to shoot varied
significantly between the cultivars grown under both

�Fig. 1 Shoot biomass (a), Cd concentrations (mg kg

−1

DW) in
shoots (b) and roots (c), and Cd content in shoots (d) of the 32
cultivars of water spinach grown in soil amended with 1 mg Cd
kg

−1

(as CdCl

2

) under flooded and non-flooded conditions (Mean
±SE, n=4). * and ** indicate that the differences between the
flooded and non-flooded treatments were significant at the P<0.05
and P<0.01 level, respectively
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the flooded (ranged from 0.18 to 0.79; mean 0.51)
and the non-flooded (0.29 to 0.89; mean 0.60) con-
ditions (P<0.05), but the transfer factors within the
same cultivar were not significantly different be-
tween the two water conditions for most of the
cultivars (Fig. 2b). Cadmium concentrations in
shoots were significantly and positively correlated
with Cd concentrations in root tissues (P<0.001)
(Fig. 3a) and the DTPA-extractable Cd concentra-
tions in soils collected from the root zone (P<0.001)
(Fig. 3b). Significant correlations were also found
between Cd concentrations in shoots and Cd transfer

factors both under the flooded (P<0.001) and non-
flooded (P<0.01) conditions (Fig. 3c).

Experiment 2 - rhizobox trial and observation of root
anatomy

Root porosity and rates of ROL of four cultivars
in the rhizobox trial

Dry weight of shoots and roots, root porosity and
rates of ROL from roots in the four cultivars in the
flooded treatment were significantly higher than

Fig. 2 DTPA-extractable Cd concentrations in soil of the selected
11 cultivars (a) and Cd transfer factors of 32 cultivars (b) of water
spinach grown in soil amended with 1 mg Cd kg−1 (as CdCl2)
under flooded and non-flooded conditions (Mean±SE, n=4). *

and ** indicate that the differences between the flooded and non-
flooded treatments were significant at the P<0.05 and P<0.01
level, respectively
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those in the non-flooded treatment (Table 2).
Differences in the dry weight of shoots and roots
between the low Cd-accumulating cultivars (cvs.
ZXSW and CQLY) and the high Cd-accumulating
cultivars (cvs. BGLY and QYQ 298) were not obvi-
ous in both the flooded and the non-flooded treat-
ments. Higher porosity and rates of ROL were re-
corded in the low Cd-accumulating cultivars (cvs.
ZXSW and CQLY), whereas they were lower in the
high Cd-accumulating cultivars (cvs. BGLY and
QYQ 298) in both the flooded and the non-flooded
treatments.

Cadmium in shoot and root tissues and Cd, Fe and Mn
in Fe plaque

Concentrations of Cd in shoot and root tissues and
Cd, Fe and Mn in Fe plaque on root surfaces varied
between the four cultivars grown in the rhizoboxes
filled with Cd-polluted soil with about 11 mg Cd
kg−1, and also changed under flooded and non-
flooded conditions (Table 3). Concentrations of Cd
ranged from 1.5 to 5.5 mg kg−1 (DW) in shoot
tissues, 1.9 to 4.4 mg kg−1 (DW) in root tissues,
1.1 to 2.0 mg kg−1 (DW) in Fe plaque on root
surfaces under the flooded condition, and ranged
from 3.2 to 8.9 mg kg−1 (DW) in shoot tissues,
4.0 to 4.4 mg kg−1 (DW) in root tissues, and were
not detectable on root surfaces under non-flooded
conditions. The cultivars with lower Cd accumula-
tions in Experiment 1 (cvs. CQLY and ZXSW) also
accumulated lower Cd in their shoot and root tis-
sues, and higher Cd in Fe plaque on root surfaces
compared to cvs. BGLY and QYQ 298 with higher
Cd accumulations in this rhizobox trial (Table 3).
Cultivars accumulated much higher Fe and Mn on
root surfaces under flooded than under non-flooded
conditions. In the flooded treatment, cvs. CQLY
and ZXSW accumulated higher Fe and Mn on root
surfaces than did cvs. BGLY and QYQ 298
(Table 3).

�Fig. 3 Correlations between Cd concentrations (mg kg−1 DW) in
shoots and roots (a) and transfer factors (c) (n=256) of the 32
cultivars of water spinach, and correlations between Cd concen-
trations in shoots and DTPA-extractable Cd concentrations in soil
(b) (n=88) of the selected 11 cultivars of water spinach grown in
soil amended with 1 mg Cd kg−1 (as CdCl

2
) under flooded and

non-flooded conditions
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Redox, pH, Fe3+/Fe2+ quotients, Cd, Fe and Mn
in rhizosphere and bulk soils

Results for soil Eh and pH values, Fe3+/Fe2+ quotients,
and concentrations of Cd, Fe and Mn in the rhizosphere

and bulk soils of water spinach grown under the flooded
and non-flooded conditions are shown in Fig. 4. Under
flooded conditions, all Eh values in S1 (ranged from 162
to 192 mV) were significantly higher than those in S4
(12–27 mV), whereas pH values in the S1 were

Fig. 4 Chemical changes in rhizosphere (S1: 4-0-4 mm) and bulk
(S4: >40 mm) soil zones of rhizoboxes of four water spinach
cultivars (cvs. BGLY, QYQ 298, CQLY, ZXSW) grown in the soil
contaminated with Cd under flooded and non-flooded conditions
(Mean±SE, n=3), Eh (a), pH (b), Fe3+/Fe2+(c), Cd (d), Fe (e) and

Mn (f). Different letters within the same soil zone indicate signif-
icant differences between the cultivars (P<0.05) (BGLYand QYQ
298: high Cd-accumulating cultivars, CQLYand ZXSW: low Cd-
accumulating cultivars)
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significantly lower than those in S4 of all four cultivars
studied. The Fe3+/Fe2+ quotients generally decreased
from S1 (1.3-2.0) to S4 (1.1-1.3). Concentrations of
Cd, Fe and Mn in soils mostly decreased from S1
(rhizosphere soil) to S4 (bulk soil) for the four cultivars
studied. Similar situations were also found under the
non-flooded conditions. pH values and concentrations
of Cd, Fe and Mn in the rhizosphere soil (S1) under the
flooded condition were significantly higher than those
under the non-flooded condition for the same cultivar;
the opposite was also true for Eh values and Fe3+/Fe2+

quotients (Fig. 4).
Under the flooded condition, the cultivars with

low Cd accumulation (cvs. CQLY and ZXSW)
tended to have higher Eh, Fe3+/Fe2+ quotients and
concentrations of Cd, Fe and Mn but lower pH
values in S1 than the cultivars with higher Cd accu-
mulation (cvs. BGLY and QYQ 298). Under the
non-flooded conditions, variations of these elements
between the cultivars studied were not significantly
different.

Fractions and mobility factors of Cd in rhizosphere
and bulk soils

Concentrations and proportion of extractable Cd
fractions (F1-F5) in the rhizosphere soil (S1) and
in the bulk soil (S4) are presented in Tables 4 and
S1. Concentrations of fractions F1, F2 and F5 in the
rhizosphere soil under the flooded condition were
significantly lower than those under the non-flooded
conditions for all the cultivars tested; the opposite
was also true for fractions F3 and F4. Cadmium
mobility factors (MF%) in the rhizosphere soils of
the four cultivars tested ranged from 6.8 to 12 %
(mean 9.6 %) in the flooded treatment (Table 4) and
were much lower than the value (mean 24 %) in the
non-flooded treatment (Table S1).

Under the flooded condition, Cd concentrations
of fraction F1 (exchangeable Cd), F2 (Cd bound to
carbonates) and F5 (residual Cd) tended to increase
from the rhizospere soil (S1) to the bulk soil (S4),
whilst concentrations of fractions F3 (Cd bound to
Fe-Mn oxides) and F4 (Cd bound to organic matter)
decreased from rhizospere soil to bulk soil for most
cultivars. The cultivars with low Cd accumulation
(cvs. CQLY and ZXSW) had lower fractions F1 and
F2, but higher fractions F3 to F5 in the rhizosphere
soil (S1) than the cultivars with higher Cd T
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accumulation (cvs. BGLY and QYQ 298). Regarding
mobility factors, those for cvs. CQLY (7.4 %) and
ZXSW (6.8 %) were lower in S1 than those for cvs.
BGLY (12 %) and QYQ 298 (12 %). The differ-
ences in concentrations and proportion of extracted
Cd were not significant between the cultivars under
non-flooded conditions (Table S1).

Root anatomy in water spinach

The typical structure of aerenchyma was different be-
tween the cultivars studied (Fig. 5). Compared with the
transverse section of cv. QYQ 298, cv. ZXSWpossessed
more extensive aerenchyma and a larger proportion of
central cylinder in the root cross-section; cv. ZXSW has
more developed aerenchyma extending radially from
the endodermis to the exodermis in comparison to cv.
QYQ 298.

Experiment 3 - uptake kinetics trial

Cadmium influx in cvs. ZXSW and QYQ 298
showed a hyperbolic increase with increasing con-
centrations of Cd (Fig. 6). The concentration-
dependent influx data could be fitted better to
Michaelis–Menten functions using non-linear curve
fitting than to simple linear regressions. In cv.
ZXSW, the average Vmax (maximum influx rate)
(6.30 μmol g−1 FW h−1) for Cd uptake by roots
was lower than for cv. QYQ 298 (31.10 μmol g−1

FW h−1), and the corresponding Km (Michaelis con-
stant) value in roots of cv. ZXSW (37 μM) was also
lower than that of cv. QYQ 298 (160 μM).

Discussion

Variations between cultivars in Cd accumulation

The results presented showed that Cd concentrations in
the shoot (edible part) and root tissues varied consider-
ably among the cultivars of water spinach (Fig. 1).
Cadmium concentrations varied in shoots and roots of
the cultivars by about 5.7- and 5.2-fold in the flooded
treatment, and 2.5- and 2.2-fold in the non-flooded
treatment, respectively. Variations in Cd accumulation
between different cultivars may be related to intrinsic
internal factors, such as the abilities for Cd uptake and
accumulation in roots (Lux et al. 2011) and transfer
factors of Cd from root to shoot (Clemens et al. 2002;
Uraguchi et al. 2009), and also to environmental factors,
especially properties of the rhizosphere (Arao et al.
2009; Zheng and Zhang 2011).

Uptake of Cd by roots has been considered a key
process in overall plant Cd accumulation; active uptake
of Cd into roots has been demonstrated in various plants
(Hart et al. 1998; Chan and Hale 2004). The present
study shows that Cd in the shoots of water spinach had a
positive correlation with Cd in root tissues (Fig. 3a). The
Vmax and Km value for cv. QYQ 298 (higher Cd-
accumulating cultivar) was significantly higher than
for cv. ZXSW (lower Cd-accumulating cultivar)
(Fig. 6). Similar results have been reported in Cd uptake
by different ecotypes of Noccaea caerulescens that both
Vmax and Km values in the higher Cd-accumulating
ecotype were more than five times higher than those in
the lower one (Redjala et al. 2009). It suggested that the
uptake of Cd into root cells was reduced in this special
cv. ZXSW possibly by lowering the activity of mem-
brane transporters. Our results also show that Cd

Fig. 5 Cross-sectional scanning
electron micrographs of the root
(7 cm behind root tip, root length
8–9 cm) showing aerenchyma in
two water spinach cultivars (a: cv.
ZXSW, b: cv. QYQ 298) grown
in 25 % Hoagland’s nutrient
solution containing 0.1 % (w/v)
agar (30-d-old). Abbreviations: ex
exodermis, ae aerenchyma, en
endodermis, cc central cylinder,
arrows indicate radial extending
of aerenchyma. Scale bars: 1 mm
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concentration in shoots of different water spinach culti-
vars is significantly and positively correlated with Cd
transfer factors from root to shoot (Fig. 3c), suggesting
that the xylem-mediated root-to-shoot Cd translocation
is another key process in shoot Cd accumulation in
water spinach cultivars.

In the rhizosphere of wetland plants, oxygen [O2]
concentration, pH and redox potential (Eh) are all im-
portant physico-chemical parameters of biogeochemical
processes in the substratum (Reddy and Patrick 1977;
Fitz and Wenzel 2002; Colmer 2003). Our results
showed that pH values were significantly decreased,
whilst Eh and Fe3+/Fe2+ quotients were markedly in-
creased in the rhizosphere soil (S1), compared with
those of the bulk soil (S4) in all the cultivars tested
(Fig. 4). Kirk and Bajita (1995) indicated that the acid-
ification of rhizosphere soil of rice was the result of H+

ions being released from the roots to balance intake of
excess cations over anions, and H+ generated in oxida-
tion of Fe2+ by root-released O2. The data from the
rhizobox trial (Tables 2, 3 and Fig. 4) and observation
of root cross-sections (Fig. 5) suggested that the culti-
vars with lower Cd accumulation have higher root po-
rosity and rates of ROL, have higher degrees of Fe
plaque formation on their root surfaces, and possess a
highly-developed aerenchyma and have larger effects
on the rhizosphere pH, Eh and Fe3+/Fe2+ balance than
the cultivars with higher Cd accumulation. These data
indicate that the low Cd-accumulating cultivars may
have a greater ability in Fe-plaque formation and in
modifying their rhizosphere properties, partly due to
higher ROL capacities than the high Cd-accumulating
cultivars. Previous studies reported that wetland plants

(Yang et al. 2012) and rice cultivars (Mei et al. 2012)
with higher root porosity and ROLs possess a higher
ability to modify their rhizosphere, therefore reducing
the accumulation of toxic elements (Pb and As) in their
above-ground tissues. The present study also showed
that the concentrations of Cd, Fe and Mn in the rhizo-
sphere soil (S1) of cvs. CQLYand ZXSW having higher
rates of ROLwere significantly higher than those of cvs.
BGLY and QYQ 298 with lower rates of ROL (Fig. 4).
Among the biotic factors, the oxidizing capacity of plant
roots is the most important one controlling Fe plaque
formation, since the Fe plaque can act as a barrier to
heavy metal (e.g., Cd) or metalloid (e.g., As) sequestra-
tion and uptake (Tripathi et al. 2014). Thus, the in-
creased [O2] present in the rhizosphere will induce more
Fe2+ and Mn2+ to be oxidized, more Fe plaque forma-
tion on root surfaces and in the rhizosphere and there-
fore more Cd, Fe and Mn to be fixed on root surfaces
and in the rhizosphere.

Cadmium mobility factors in the rhizosphere soil of
all four cultivars tested were lower than those in the bulk
soil, especially for the special cultivars with lower Cd-
accumulating and higher rates of ROL (cvs. CQLY and
ZXSW) (Table 4). These cultivars consistently with
higher degrees of Fe plaque on roots have a greater
ability to reduce Cd mobility and bioavailability in their
rhizosphere, in turn reducing Cd accumulation in their
shoots. These observations suggest that the changes in
fractions and mobility of Cd in the rhizosphere may be
directly or indirectly correlated with ability in ROL and
Fe plaque formation; these changes have direct effects
on Cd accumulation in plants. It has been reported that
ROL-induced Fe plaque promotes Cd deposition on to
root surfaces, leading to a limitation of Cd transfer and
distribution in rice (Cheng et al. 2014).

Effects of water management on biomass and Cd
accumulation

Our study demonstrates that Cd concentrations in shoots
of water spinach grown under flooded conditions were
markedly lower than those under non-flooded condi-
tions (Fig. 1 and Table 3). In the Cd-amended soil, the
mean Cd concentration in shoots of the 32 cultivars in
the flooded treatment was 0.90 mg Cd kg−1, compared
to 3.2 mg Cd kg−1 in the non-flooded treatment
(Fig. 1b). The same dramatic effect of water treatments
on shoot Cd accumulation was further validated in the
rhizobox trial using naturally Cd-contaminated soil

Fig. 6 Cadmium influx in excised roots of two water spinach
cultivars (cvs. ZXSW and QYQ 298). The excised roots were
incubated in an aerated solution containing 0, 5, 10, 20, 35,
50 μM Cd amendments at pH 6.0 for 30 min at room temperature
(25 °C) (Mean±SE, n=4)
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(Table 3). In a previous study, Arao et al. (2009) also
reported that flooding decreases Cd concentration in rice
grains.

A decrease of Cd in shoots of plants under flooded
conditions may be related to several factors, such as
Cd bioavailability in the rhizosphere (Liu et al. 2008)
and the dilution effect of any increases in biomass
(Wang et al. 2014). Data presented show that the low
Cd accumulation in shoots under flooded conditions
(Fig. 1 and Table 3) may be mainly due to the fact
that the flooded treatment has greater effects on the
properties of rhizosphere soil (e.g., pH, Eh) (Fig. 4)
and has a great ability in reducing Cd bioavailability
and mobility in rhizosphere soil (Fig. 2, Table 4,
Table S1) when compared to the non-flooded treat-
ment. Concentrations of exchangeable Cd (F1 frac-
tion) and the mobility factors (MF) for Cd in the
rhizosphere soils of the four cultivars under flooded
conditions were significantly lower than those under
non-flooded conditions (Table 4, Table S1). Soil Cd
in F3 (bound to Fe-Mn oxides) in the flooded treat-
ment was significantly higher than that in non-
flooded one, suggesting that with flooding more Cd
was adsorbed and stabilized in Fe-Mn oxides during
the process of rhizosphere oxidation to sequester Cd
in the rhizosphere soil, and therefore Cd mobility was
slowed down. These results agree with the
aforementioned hypothesis. In addition, Arao et al.
(2009) also reported that Cd in soils is consistently
lower after flooding than that in aerobic conditions,
when soil Eh decreases below −200 mV after
flooding.

The reductions of Cd concentration in shoots in the
flooded treatment may be partly due to a dilution effect,
because shoot biomass of most cultivars studied was
higher under flooded conditions than that under non-
flooded conditions (Fig. 1a). The content of Cd in shoots
was much lower in the flooded treatment than that in the
non-flooded one, which is likely due to the diminished
concentrations of Cd in shoots (Fig. 1). More important-
ly, Cd concentrations in shoots of 28 of the 32 cultivars
studied under flooded conditions were<0.2 mg Cd kg−1

FW [the maximum allowable Cd concentration in leafy
vegetables recommended for China (GB 2762-2012)
and the CAC (Codex Standard 248-2005)] (Fig. S2).
This result suggests that an appropriate water manage-
ment could help to obtain safe edible parts of water
spinach grown in Cd-contaminated soil together with a
satisfactory crop yield.

Conclusions

This study investigated the cultivar variations and ef-
fects of water management on Cd accumulation in water
spinach. Our results demonstrated that there were large
variations in Cd accumulation in the 32 cultivars studied
under both flooded and non-flooded conditions.
Flooding markedly increased shoot biomass and de-
creased shoot Cd accumulation. The root and rhizo-
sphere characteristics of the cultivars have important
roles in Cd uptake and accumulation in this important
crop plant. The cultivars which showed low Cd accu-
mulation in edible parts possess higher ability in reduc-
ing Cd mobility and bioavailability in their rhizosphere
soils. They also have low Cd translocation from root to
shoot. The fact that the flooded treatment markedly
reduced Cd accumulation may be mainly due to a re-
duction in Cd mobility and bioavailability in the rhizo-
sphere and an increase in shoot biomass. Our study
suggests that we can significantly reduce Cd accumula-
tion in edible parts by selecting appropriate cultivars and
adopting a suitable water management regime when
water spinach is grown in Cd-contaminated soils.
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