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Abstract
Background and aims Large areas of paddy fields have
been contaminated by cadmium (Cd) in both China and
worldwide, resulting in excessive Cd accumulation in
rice grains. Here, we investigated the effects of cultivars,
water regimes, and growth stages on Cd accumulation in
rice with different radial oxygen loss (ROL).

Methods Two groups of experiments were conducted:
pot trials with soil-added Cd and solution-added agar
using 20 rice cultivars and a rhizobag trial with Cd-
contaminated soil and pot trial with solution-added agar
under flooded and non-flooded water regimes with three
growth stages and two cultivars.
Results Different rice cultivars exhibited different po-
rosity, Cd tolerance, and Cd accumulation in grains,
which were significantly correlated with ROL. Cd con-
centration in shoots was significantly lower under the
flooded (0.13–1.01, mean 0.56 mg kg−1) than non-
flooded regime (0.68–1.39, mean 0.97 mg kg−1). The
low Cd-accumulating cultivar showed higher rates of
ROL, higher Cd combined with Fe plaque formation,
and lower Cd bioavailability in the rhizosphere soil than
the high-Cd accumulating cultivar.
Conclusions Rice cultivars grown under flooded re-
gimes effectively reduced Cd accumulation in edible
parts, and the later stage was crucial for reducing Cd
accumulation. LowCd-accumulating cultivars generally
exhibited a higher ability to reduce Cd bioavailability in
the rhizosphere soil.
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Introduction

Cadmium (Cd) is a hazardous heavy metal and chronic
carcinogen, which poses considerable risks to human
health (Mehmood et al. 2019; Xue et al. 2017; Yang
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et al. 2018). In China, large areas of agricultural land
have been contaminated by toxic trace elements, espe-
cially Cd (Chen et al. 2018a; Hu et al. 2016; Wang et al.
2019). Elevated Cd in farmland can be easily taken up
by crops, leading to an exceedance of the limits allowed
in agricultural products, such as rice (Alloway 2013;
Chen et al. 2018b; Jiang et al. 2018), thus resulting in
increased health hazards to human populations in China
and other rice-reliant countries (Chen et al. 2018a, b;
Tian et al. 2019; Wuana and Okieimen 2011; Zhao et al.
2015). Therefore, developing guidelines and remedia-
tion technologies to mitigate Cd in paddy fields are
crucial for the sustainable production and quality of rice
and other food crops.

There are significant differences in Cd accumulation
in grains among different types of rice (e.g., hybrid,
conventional, glutinous, and red rice) (Wang et al.
2011). Understanding the differences among conven-
tional rice varieties would be of interest to rice breeders.
To date, excellent rice varieties have been bred through
hybridization with low Cd-accumulating and high ROL
conventional rice cultivars. Thus, screening appropriate
rice cultivars, especially conventional rice genotypes,
and minimizing the measures required to obtain low
Cd accumulation are important steps (Honma et al.
2016; Wang et al. 2011). In the last ten years, many
agronomic measures have been reported to reduce Cd
accumulation in rice grain, including the selection of
low Cd-accumulating rice cultivars, reduction of Cd
bioavailability in soil, reduction of Cd uptake/
translocation to the grain (e.g., transgenic accumulation
of Cd in root cell vacuoles to limit transport from root to
shoot), and application of various water regimes (Chen
et al. 2018c; Pan et al. 2016; Rehman et al. 2015; Ueno
et al. 2010; Yu et al. 2014; Zhao andWang 2019). Ueno
et al. (2010) demonstrated that the low Cd-accumulating
gene OsHMA3 is critical for restricting Cd translocation
to shoots. Several studies have suggested that water
regimes can change the redox potential (Eh) and pH of
soil, subsequently affecting Cd solubility and availabil-
ity and its accumulation in rice (Honma et al. 2016; Mei
et al. 2012; Zhao and Wang 2019). Cd bioavailability is
mainly affected by soil pH and Eh (Honma et al. 2016;
Tian et al. 2019). However, a detailed understanding of
their roles/effects in Cd accumulation and bioavailabil-
ity is needed, which may provide useful information for
selecting appropriate genotypes and field management
practices to reduce Cd accumulation in rice grown in
Cd-contaminated soils.

Wetland plants grown in waterlogged areas possess
strategies to cope with anaerobic environments. Oxygen
supplied via the aerenchyma to roots in anaerobic sub-
strates can diffuse into the rhizosphere, a process termed
radial oxygen loss (ROL) (Armstrong 1979), which
varies considerably among rice cultivars (Mei et al.
2009). Rhizosphere oxidation and ROL can help wet-
land plants tolerate floods (McDonald et al. 2001) and
salinity (Malik et al. 2009), with higher oxidation ability
resulting in higher tolerance. The tolerance of wetland
plants for heavy metals or metalloids such as arsenic
(As) is also correlated with ROL (Mei et al. 2012).
However, the exact roles of ROL on Cd tolerance in
rice remain unclear.

In addition, ROL can cause significant changes in
rhizosphere soil chemistry, such as pH, Eh, and metal
availability, and microbial population abundance (Fitz
and Wenzel 2002). In roots, ROL plays a key role in
iron (Fe) plaque formation on root surfaces and mobility
of toxic elements in the rhizospheric soil (María-
Cervantes et al. 2010; Mei et al. 2012, 2014). Recently,
Tian et al. (2019) reported significant differences in Cd
accumulation and bioavailability in paddy soil under
different water regimes and different rice growth stages
and found that soil Eh is related to Cd uptake in rice.
Intermittent irrigation is effective at decreasing Cd ac-
cumulation in rice grains and the heading stage is a
crucial period for reducing Cd uptake (Honma et al.
2016; Sun et al. 2007). Previous studies have also
shown that flooding can enhance root porosity, leading
to greater ROL from rice roots (Jackson and Armstrong
1999). These results suggest that the characteristics of
roots and their rhizosphere may play important roles in
Cd uptake and accumulation in plants. However, few
studies have systematically examined the influence of
cultivars, water regimes, and growth stages on Cd accu-
mulation in rice with different ROL.

To fill this knowledge gap, we conducted pot trials
with soil-added Cd and solution-added agar using 20
conventional rice cultivars as well as a rhizobag trial
with Cd-contaminated soil and pot trial with solution-
added agar comparing two cultivars, ‘low Cd-
accumulating Suyunuo’ and ‘high Cd-accumulating
Guangluai’, under flooded and non-flooded regimes
during three growth stages (i.e., seedling, tillering, and
booting). The present study aimed to investigate the (1)
relationships among ROL and Cd tolerance and accu-
mulation in rice grains, (2) effects of ROL on pH, Eh, Fe
plaque formation, and Cd in rice rhizosphere soil
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solution, and (3) effects of water regimes and growth
stages on biomass, ROL, and Cd in rice tissues.

Materials and methods

Experiment 1 - soil pot trial with different levels of Cd

Cultivars tested Twenty conventional rice (O. sativa L.)
cultivars, i.e., Basmati 370, C 039, Fenghuazhan,
Guangluai, IR 56, Jingxian 89, Molixinzhan,
Qihuangzhan, Qiguizao, Qishanzhan, Sanerai,
Sanhuangzhan, Sanluzhan 7, Suyunuo, Texianzhan 13,
Y u e f e n g z h a n , Z h e n g u i a i , Z h o n g 4 1 8 8 ,
Zhongerruanzhan, and Zhonghua 11, were obtained
from the Rice Research Institute in Guangdong Prov-
ince and Professor Guiquan Zhang, Academy of Agri-
culture, South China Agricultural University.

Soil preparation Control soil collected from a bam-
boo field (0–20 cm depth) at Sun Yat-Sen University
was thoroughly mixed with Cd [0 and 100 mg Cd kg−1

as Cd(NO3)2·4H2O], and then allowed to equilibrate for
three weeks. The control soil used for the pot experi-
ment contained 11.2 g kg−1 organic matter (OM),
5.22 g kg−1 organic C, 16.1 g kg−1 total Fe, and 30.6
cmol kg−1 soil cation exchange capacity (CEC), with a
pH value of 5.98. Total and available Cd contents were
0.18 mg kg−1 and 0.02 mg kg−1, respectively (Table 1).
The soil was air-dried and then passed through a 2-mm
sieve. Soil pH values were determined in water
(solid:water ratio of 1:2.5) (Qi et al. 2014). Total organic
carbon (TOC) was measured with a total organic carbon
analyzer (TOC-VCPH, Shimadzu, Japan) (Li et al.
2012). The OM content in soil samples was measured

calorimetrically by oxidation with potassium dichro-
mate (Yang et al. 2016), and the CEC values were
determined using the ammonium acetate method after
washing with alcohol (Kahr and Madsen 1995). Total
Fe was determined by ICP-OES (Perkin Elmer, USA)
(Li et al. 2012). Available Cd was extracted by
0.01 mol L−1 CaCl2 (Houben et al. 2013) and total Cd
in soil was determined by acid-digestion with aqua regia
and perchloric acid (Zhou et al. 2015).

Experimental design Seeds were sterilized in 30%
H2O2 (w/v) solution for 15min, thoroughly washedwith
deionized water, and then germinated in moist perlite.
After three weeks, uniform three-leaved seedlings were
selected and transplanted into plastic pots. The black-
painted plastic pots (7.5 cm diameter and 14 cm high)
contained 1 kg of soil per pot and had no drainage holes.
A total of 160 pots were prepared, with four replicates
for each treatment per cultivar. The pots were placed in a
greenhouse and arranged in a randomized completed
block design during rice-growing stages (from early
March to mid-July). The soil was maintained under
flooded conditions (with 2 cm of water above the soil
surface) during the whole growth period of 95–135 d,
which varied among different cultivars. To ensure nor-
mal growth and development of rice plants, potassium
chloride (KCl) solution (in distilled water) was applied
after transplantation of seedlings to provide
28.6 mg K kg−1 in soil, and nitrogen was supplied as a
solution of urea [CO (HN2)2] (in distilled water) in four
equal parts for a total of 76.3 mg N kg−1 in soil during
the growth period. Rice plants were harvested at matu-
rity (cut 4 cm above the soil) and then separated into
straw and grain. The samples were washed thoroughly
with tap water and deionized water, and then oven-dried
at 70 °C to a constant weight.

The tolerance index (TI) of the rice cultivars to Cd
was quantified based on Mei et al. (2009) as follows:

TI %ð Þ ¼ Grain biomass in Cd−polluted soil

Grain biomass in control soil
� 100

A parallel agar-solution trial was designed to observe
changes in ROL. Seeds from the 20 rice cultivars were
used in this deoxygenated nutrient experiment. Uniform
seedlings were selected and transplanted into blackened
plastic pots (7.5 cm diameter and 14 cm high, one
seedling per pot) filled with deoxygenated 50% strength
Hoagland’s nutrient solution (Hoagland and Arnon
1950) containing 0.1% (w/v) agar. Some agar powder
was added to pure water (w/v, 1:1000) and stirred by a

Table 1 Basic physicochemical properties, total Cd, Fe, and
available Cd concentrations in tested soils

Soil property Control soil Paddy soil

pH 5.98 ± 0.43 6.38 ± 0.31

CEC (cmol kg−1)a 30.6 ± 1.35 20.9 ± 1.22

Organic C (g kg−1) 5.22 ± 0.51 3.54 ± 0.46

OM (g kg−1)b 11.2 ± 0.87 6.12 ± 0.52

Total Fe (g kg−1) 16.1 ± 0.64 34.8 ± 1.21

Total Cd (mg kg−1) 0.18 ± 0.01 2.18 ± 0.03

Available Cd (mg kg−1) 0.02 ± 0.00 0.86 ± 0.01

a Cation exchange capacity
b Organic matter
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magnetic stirrer at 100 °C until all agar dissolved into
the boiled water. The obtained 0.1% agar solution was
cooled to room temperature for further experiments. In
the cooled agar solution and nutrient mixture, the agar
gel and rice roots were suspended in culture medium. As
stated in Wiengweera et al. (1997), dilute agar prevents
convective movements in solution and better mimics the
changes in gas composition found in waterlogged soil
(i.e., decreased O2 and increased ethylene) compared
with other methods used to impose root-zone O2 defi-
ciency in solution. The agar was added to simulate
changes in the composition of dissolved O2 and CO2,
and their movements in the rhizosphere of roots under
waterlogged soil conditions (Wiengweera et al. 1997).
The pots were placed in a greenhouse and arranged in a
completely randomized design, and the solutions were
renewed once every 6 days. After 30 days, the plants
were used for measurement of ROL rates and porosity
of rice roots. The rates of ROL of rice seedlings were
determined according to the Ti3+-citrate method de-
scribed in Experiment 2. Root porosity (% gas
volume/root volume) was measured by a pycnometer
method (Jensen et al. 1969; Kludze et al. 1993).

Experiment 2 - Rhizobag trial with Cd-contaminated
soil

Cultivars tested Two rice cultivars [cv. Guangluai with
higher Cd accumulation, designated as ‘high Cd-
accumulating Guangluai’; cv. Suyunuo with lower Cd
accumulation, designated as ‘low Cd-accumulating
Suyunuo’] were selected for a rhizobag trial and parallel
agar-solution trial according to the results of Experiment
1 to reveal the effects of ROL on rice plant rhizospheres.

Soil preparation Soil used in the rhizobag trial was
collected from a Cd-contaminated paddy field (0–20 cm
depth) in Shaoguan, Guangdong Province, China. The
soil was air-dried and then passed through a 2-mm sieve.
The basic physicochemical properties of the paddy soil
were pH of 6.38, soil OM content of 6.12 g kg−1, total
Fe of 34.8 g kg−1, and soil cation exchange capacity of
20.9 cmol kg−1. Total and available Cd contents were
2.18 mg kg−1 and 0.86 mg kg−1, respectively (Table 1).

Experimental design The rhizobags were designed
according to Liu et al. (2006), with some modification.
The bags were constructed from nylon (4 cm diameter
and 14 cm high) with an open top. The bags were filled
with 0.5 kg of soil and placed into a pot (12 cm diameter
and 17 cm high) pre-filled with soil, with a total weight

of 2.5 kg pot−1. Seeds of two rice cultivars (cv. Suyunuo
and Guangluai) were geminated after 2 weeks, one
seedling (three leaves) of each cultivar was planted in
the center of the nylon bag, which separated the soil into
rhizosphere and non-rhizosphere. The rhizobag trial was
designed to investigate the effects of water regimes on
low-Cd and high-Cd accumulating rice cultivars grown
in Cd-contaminated soil at different growth stages. The
soil pot trial consisted of two water treatments, i.e.,
flooded (2 cm of water on soil surface) and non-
flooded (aerated, 70% of soil water-holding capacity).
In total, 48 rhizobags were used in the soil pot trial (two
cultivars × two water regimes × three stages × four
replicates). The rhizobags were placed in a greenhouse
and arranged in a randomized complete block design for
the growth period. The plants in the rhizobag trial were
harvested on day 30 (seedling stage), day 60 (tillering
stage), and day 90 (booting stage). At harvest, all
rhizobags were transported to a N2-filled box in the
laboratory. Soil samples were carefully taken from the
rice rhizosphere, then 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) and the electrode was cali-
brated before sample analysis. Readings measured at
the same time and under similar conditions allowed
better comparisons amongdifferent treatments and rice
cultivars. After harvest and dithionite-citrate-
bicarbonate (DCB) extraction, the samples were
washed thoroughlywith tapwater anddeionizedwater,
divided into root and shoot, and oven-dried at 70 °C to a
constant weight. A parallel agar-solution trial was de-
signed to observe changes in the rates ofROL from rice
roots of two cultivars under different water treatments
and at different growth stages. The solution with 0.1%
agar was filled with N2 and the solution without agar
was filledwithO2 to simulate flooded and non-flooded
soil conditions, respectively, which allowed the entire
rice root system to be removed without damage for
measurement of ROL (Wiengweera et al. 1997). The
same two cultivar (cv. Suyunuo and Guangluai) seed-
lings were selected and transplanted into plastic pots
(12 cm diameter and 17 cm high, one seedling per pot,
four replicates), then grown in the agar solution filled
with N2 and non-agar solution filled with O2 and ar-
ranged in a randomized complete block design for the
growth period. After 30 days, 60 days, and 90 days, the
plants were harvested and used for measurement of
ROL rates.
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Determination of ROL rates

The ROL rate of each seedling was determined accord-
ing to the titanium (Ti3+)-citrate method described by
Kludze et al. (1994) and Mei et al. (2009). Nutrient
solution (80 ml) was poured into 100-ml test tubes and
then purged with Ar gas for 1200 s to remove dissolved
O2. The bases of the plant seedlings, previously washed
to remove foreign matter, were coated with paraffin oil
to inhibit contamination by atmospheric O2. Control
treatments did not contain any plants. All test tubes were
kept at 25 °C.

After 6 h, the test tubes were gently shaken, and
solution samples were collected with a syringe through
a rubber tube introduced into the solution alongside the
roots. Absorbance of the partly oxidized Ti3+-citrate
solution was measured at 527 nm using a Perkin-
Elmer Lambda 3 UV-VIS Spectrophotometer (Perkin-
Elmer Corp., USA). The amount of O2 released from the
whole-plant root system was determined by extrapola-
tion of the measured absorbance from a standard curve
made up of different concentrations of Ti3+ and
expressed in the following equation:

Rate of ROL mmol O2 kg
−1 root d:w:h−1

� �

¼ c y−zð Þ=g
where c = initial volume (L) of Ti3+-citrate added to
each test tube; y = concentration of Ti3+ (μmol Ti3+

L−1) in control solution (without plants); z = concentra-
tion of Ti3+ (μmol Ti3+ plant−1 L−1) in solution after 6 h
of treatment with plants; and g = g dry weight of root per
plant.

Fe plaque

Here, Fe plaque on the root surface was extracted by
DCB-extraction (Taylor and Crowder 1983). Fresh
roots were extracted in a solution containing 40 ml of
0.3 M tri-sodium citrate (Na3C6H5O7·2H2O), 5 ml of
1.0 M sodium bicarbonate (NaHCO3), and 3 g of sodi-
um dithionite (Na2S2O4) at room temperature for 3 h.
After this, 1 g of dithionite was added each hour to keep
the solution anoxic. Roots were then rinsed with 15 ml
of deionized water and added to the DCB extract. The
resulting extracts were made up to 100 ml with deion-
ized water. The Fe plaque extract was digested in a
mixture of sulfur acid and hydrogen peroxide (H2SO4/
H2O2) (80/20, v/v) at 360 °C (Ohyama et al. 1991).

Rhizosphere soil solution collection and analysis

Collection of rhizosphere soil solution was performed as
per He et al. (2015). Soil adhering to the roots of plants
grown in the rhizobags was shaken off, loaded in a
syringe, and then centrifuged at 6000 rpm for 20 min
at room temperature to collect the rhizosphere soil solu-
tion. The collected soil solution was then filtered
through 0.45-μm membranes and the concentration of
Cd in the filtered solution was measured by atomic
absorption spectrometry (AA7000, Shimadzu, Japan).

Chemical analysis of plant and soil samples

Oven-dried grain, shoot, and root samples were sepa-
rately ground using a Retsch grinder (Type: 2 mm,
Germany), and the Cd in plant tissues was extracted
by digesting the samples with nitric (HNO3) and
perchloric (HClO4) acids (4:1, v/v). Concentrations of
Cd in the digests of the plant tissues and Fe plaque
extracts for total Cd were determined by atomic absorp-
tion spectrometry (AA7000, Shimadzu, Japan). The
concentrations of Fe in the DCB extracts were deter-
mined by inductively coupled plasma-atomic emission
spectrometry (ICP-AES) (Optima 2000DV, Perkin
Elmer, USA). For quality assurance, blanks and stan-
dard plant materials [GBW-07603 (GSV-2) China Stan-
dard Materials Research Center, Beijing, China] were
used. Average recovery rates for all metals (Cd, Fe)
were within the range of 90% ± 10%.

Statistical analysis

The arithmetic mean and standard error of four repli-
cates were calculated. Parametric one-way analysis of
variance (ANOVA) followed by the post-hoc Tukey-
HSD test were used to determine differences among the
20 rice cultivars. Two- and three-way ANOVA were
performed to determine interactions among factors (wa-
ter regime, rice cultivar, and growth stage). The assump-
tions of the parametric ANOVA were tested, with no
data transformation needed. Differences between
flooded and non-flooded regimes within the same culti-
var or between cultivars within the same treatment were
compared by student t-test. All statistical analyses were
performed using SPSS v13.0. Relationships among
rates of ROL, porosity, Cd tolerance, and concentration
of Cd in grain were evaluated by simple correlation
coefficients using Origin 9.0 (Origin Lab, USA).
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Results

Experiment 1 - soil pot trial with different levels of Cd

Rates of ROL, porosity, Cd tolerance, and Cd
accumulation in rice grains of different cultivars

Significant variations in root porosities and ROL rates
were found among the 20 rice cultivars (Fig. 1a, b). The
biomasses of all rice cultivars grown in Cd-added soil
were lower than that of the control. These results indi-
cate that plant growth was significantly reduced in
100 mg kg−1 Cd-added soil. The Cd tolerance index
(grain biomass % of control) varied significantly among
the cultivars, ranging from 23% to 79% (Fig. 1c). There
were also large differences in grain Cd concentrations,
which ranged from 0.47 to 2.73 mg kg−1 DW (mean
1.29 mg kg−1 DW) (Fig. 1d). The cultivars (e.g.,
Suyunuo) with higher rates of ROL usually showed
lower grain Cd accumulation and higher Cd tolerance
than the cultivars (e.g., Guangluai) with lower rates of
ROL grown in the same Cd-added soil.

Correlations among Cd tolerance, Cd accumulation,
root porosities, and ROL of rice

The rates of ROL were negatively correlated to grain
Cd, but significantly positively correlated with root
porosities and Cd tolerance indices of plants (Fig. 2).
These results demonstrated that cultivars with higher
root porosities usually exhibited higher rates of ROL,
and the rates of ROL had significant impacts on Cd
tolerance and accumulation in rice.

Experiment 2 - Rhizobag trial with Cd-contaminated
soil

Biomass and rates of ROL in rice plants grown
under different water regimes and at different growth
stages

Higher dry shoot and root weights were recorded in the
low Cd-accumulating cultivar (Suyunuo) than in the
high Cd-accumulating cultivar (Guangluai), irrespective
of water regimes and growth stages (Table 2). Com-
pared to the non-flooded regime, the flooded regime
increased the biomass of both cultivars, with an increas-
ing trend of seedling < tillering < booting stage. The low
Cd-accumulating cultivar showed a higher rate of ROL

compared with the high Cd-accumulating cultivar at all
growth stages, irrespective of water regime. The rates of
ROL were higher under the flooded regime (7.41 to
16.3 mmol O2 kg

−1 root d.w. h−1) than under the non-
flooded regime (3.22 to 10.1 mmol O2 kg

−1 root d.w.
h−1) and increased with growth stage for all tested
cultivars (Table 2). Three-way ANOVA also showed
significant differences in shoot biomass (F = 19.3, p <
0.05) and rates of ROL (F = 36.1, p < 0.05) among the
three treatments (p < 0.05) but not in root biomass (F =
0.19, p > 0.05) (Table 1S).

Concentration of Cd in shoot and root tissues of rice
under different water regimes and growth stages

Concentrations of Cd in shoot and root tissues were
significantly different between the high and low Cd-
accumulating cultivars grown in the rhizobags filled
with Cd-contaminated soil (2.18 mg kg−1 Cd in soil)
under both flooded and non-flooded regimes at different
growth stages. Concentrations of Cd in shoot tissues
under the flooded regime (0.13 to 1.01 mg Cd kg−1)
for both cultivars at all growth stages were significantly
lower than those under the non-flooded regime (0.68 to
1.39 mg Cd kg−1) (p < 0.05), but with an increasing
trend of seedling < tillering < booting stage. Further-
more, compared to the cultivar with higher Cd accumu-
lation, the cultivar with lower grain Cd accumulation in
the soil pot trial also accumulated lower Cd in shoot
tissues in the rhizobag trial with Cd-contaminated soil at
all growth stages, irrespective of water regime (Table 3).
Based on the three-way ANOVA results, significant
differences were found in the concentrations of Cd in
the shoot and root tissues (p < 0.05) among the three
factors (i.e., Cultivar × Water regime × Growth stage)
(Table 2S).

Eh and pH in rhizosphere soil solution

The Eh values in the soil solution collected from the
rhizosphere of both cultivars under the flooded regime
were significantly lower than those under the non-
flooded regime at all growth stages. The Eh values in
the rhizosphere soil solution of the high Cd-
accumulating cultivar were often lower than those of
the low Cd-accumulating cultivar, irrespective of water
regime, with values ranging from 17.8 to 49.4 mv, 29.7
to 66.6 mv, and 61.7 to 101 mv at the seedling, tillering,
and booting stages, respectively. In contrast, the pH in
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the rhizosphere soil solution under the flooded regime
was significantly higher than that under the non-flooded

regime, with a difference of 0.48–0.90 pH units. The
low Cd-accumulating cultivar tended to have lower pH

Fig. 1 Rates of radial oxygen loss (ROL) (mmol O2 kg−1 root
d.w. h−1) and porosity (%, v/v) of rice cultivars exposed to 0.1%
agar with 50% strength Hoagland solution for 30 days; and Cd
tolerance (TI) (%, grain biomass) and total Cd concentration

(mg kg−1 d.w.) in grains from 20 rice cultivars grown in soil with
addition of 100 mg Cd kg−1 (as CdCl2

.2.5 H2O) (mean ± S.E., n =
4). Only first eight letters are used to name cultivars
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Fig. 2 Correlations between Cd
tolerance (TI) (%, grain biomass)
and total Cd concentration
(mg kg−1 d.w.) in grains of rice
grown in soils with 100 mg Cd
kg−1; and porosity (%, v/v) and
rates of radial oxygen loss (ROL)
(mmol O2 kg

−1 root d.w. h−1) of
rice grown in 0.1% agar with 50%
strength Hoagland solution for
30 days (r = 20, p < 0.05)
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values in the rhizosphere soil solution than the high Cd-
accumulating cultivar, irrespective of water regimes,
which decreased with growth stage. Three-way
ANOVA showed significant differences in pH (F =
16.1, p < 0.05) or Eh (F = 4.88, p < 0.05) values among
the three different factors (i.e., Cultivar × Water regime
× Growth stage) (Table 2S).

Fe plaque formation and concentrations of Cd on root
surfaces and in rhizosphere soil solution

Compared with the non-flooded regime, the flooded
regime significantly induced more Fe plaque formation
on the root surfaces for both cultivars, which increased
with growth stage. Significantly higher formation of Fe
plaque was also found on the root surface of the low Cd-
accumulating cultivar compared with the high Cd-
accumulating cultivar for the same water regime and
growth stage. The concentration of Cd on the root

surfaces under the flooded regime was often much
higher than that under the non-flooded regime, irrespec-
tive of growth stage, and more Cd was absorbed/
solidified on the root surface of the low Cd-
accumulating cultivar than the high Cd-accumulating
cultivar. However, in the rhizosphere soil solution, sig-
nificantly lower concentrations of Cd were found in
both cultivars under the flooded regime than under the
non-flooded regime at the same growth stages. The low
Cd-accumulating cultivar tended to show lower Cd in
the rhizosphere soil solution than the high Cd-
accumulating cultivar, irrespective of water regime, with
the order of seedling > tillering > booting stage
(Table 3). In addition, based on three-way ANOVA,
we found significant differences in Fe plaque formation
(F = 8.96, p < 0.05) and in Cd concentration on the root
surface and rhizosphere soil solution among the three
different factors (i.e., Cultivar ×Water regime × Growth
stage) (Table 2S).

Table 2 Biomass (mg pot−1) and rates of ROL (mmol O2 kg
−1

root d.w. h−1) for low Cd-accumulating cultivar Suyunuo and high
Cd-accumulating cultivar Guangluai grown in rhizobags filled

with Cd-contaminated paddy soil under flooded or non-flooded
regimes at seedling, tillering, and booting stages (means ± S.E.,
n = 4)

Stage Cultivar & treatment Biomass Rates of ROL

Shoot Root

Seedling Flooded

Suyunuo* 643 ± 10.9Aa 215 ± 3.24Aa 9.27 ± 0.11Aa

Guangluai** 589 ± 10.1Ba 208 ± 8.82Aa 7.41 ± 0.06Ba

Non-flooded

Suyunuo* 392 ± 8.60Ab 102 ± 8.20Ab 5.58 ± 0.07Ab

Guangluai** 334 ± 9.32Bb 94.6 ± 7.90Ab 3.22 ± 0.05Bb

Tillering Flooded

Suyunuo* 2665 ± 37.5Aa 549 ± 13.0Aa 13.1 ± 0.10Aa

Guangluai** 2484 ± 36.0Ba 553 ± 11.7Aa 9.28 ± 0.08Ba

Non-flooded

Suyunuo* 1815 ± 12.7Ab 341 ± 7.80Ab 8.55 ± 0.09Ab

Guangluai** 1315 ± 23.5Bb 324 ± 12.1Ab 4.22 ± 0.06Bb

Booting Flooded

Suyunuo* 4542 ± 15.7Aa 731 ± 14.1Aa 16.3 ± 0.16Aa

Guangluai** 4441 ± 22.4Ba 704 ± 23.2Aa 12.2 ± 0.08Ba

Non-flooded

Suyunuo* 2023 ± 14.2Ab 442 ± 9.21Ab 10.1 ± 0.10Ab

Guangluai** 1865 ± 18.6Bb 403 ± 13.8Ab 7.44 ± 0.09Bb

*LowCd-accumulating cultivar, **HighCd-accumulating cultivar. Different capital letters indicate significant differences between cultivars
within same treatment at p < 0.05; Different lowercase letters indicate significant differences between flooded and non-flooded regimes
within same cultivar at p < 0.05
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Discussion

Relationships among ROL, Cd tolerance, and Cd
accumulation

Our results showed that Cd tolerance and Cd concentra-
tion in the rice grains varied considerably among culti-
vars (Fig. 1). Tolerance to Cd varied by about 3-fold in
grain biomass % and concentrations of Cd in grain
varied by about 6-fold under soil with the addition of
100 mg Cd kg−1. Similar results have been reported in
previous studies (Liu et al. 2003, 2006). Variation in Cd
tolerance and accumulation among different cultivars
may be related to intrinsic internal factors, such as root
porosity and ROL (Armstrong 1971; Mei et al. 2012), as
well as environmental factors, especially rhizosphere
properties (Arao et al. 2009; Chen et al. 2018c; Zhao
and Wang 2019; Zheng and Zhang 2011).

Wetland plants, such as rice grown in waterlogged
conditions, have evolved special and species-specific
properties, such as root porosity and ROL, to facilitate
survival in anoxic environments (Armstrong 1979; Mei
et al. 2012). In the current study, the different cultivars
demonstrated different root porosities and rates of ROL,
ranging from 21.4%–33.1% and 6.52–13.2 mmol O2

kg−1 root d.w. h−1, respectively (Fig. 1), similar to that
reported in previous research (Mei et al. 2009, 2012).
The present results also showed that the rates of ROL
were positively correlated with Cd tolerance and nega-
tively correlated with grain Cd concentrations (Fig. 1).
These results suggest that rice cultivars with higher
porosity/ROL rate tended to have a greater ability to
limit Cd transport to above-ground parts, and thus en-
hanced Cd tolerance. Our results also suggest that cul-
tivars possessing higher porosity can transport more O2

from the shoot to root, leading to the release of more O2

from roots to the rhizosphere, and thus stronger effects
on their rhizospheres.

Effects of ROL on pH, Eh, Fe plaque formation, and Cd
in rice rhizosphere soil solution

In the rhizosphere of wetland plants, oxygen concentra-
tion [O2], pH, and Eh are important physicochemical
parameters of biogeochemical processes (Begg et al.
1994; Bravin et al. 2008; Hinsinger et al. 2009). In
addition, ROL is important for wetland plants to adapt
to waterlogged and stressful environments (Colmer
2003a, b; Pezeshki 2001; Visser et al. 2003).

Consequently, ROL can change the rhizosphere O2,
pH, Eh, and Fe plaque formation of wetland plants
(Blossfeld et al. 2011; Mei et al. 2014) and O. sativa
L. (Mei et al. 2012). In the present study, the low Cd-
accumulating cultivar, with higher rates of ROL, exhib-
ited higher Eh, but lower pH in its rhizosphere than the
high Cd-accumulating cultivar, irrespective of water
regime or growth stage (Tables 2 and 3). Similar results
have been reported in the rhizosphere of rice plants
grown in arsenic (As)-polluted soil (Mei et al. 2012).
Although simultaneous readings rather than successive
readings of Eh were measured in the present study, our
preliminary work showed that Eh values under the same
treatment were relatively stable during the study period.
On the other hand, based on a 27-month study, Dušek
et al. (2008) found that Eh values in a subsurface-flow
wetland planted with Phragmites australis change peri-
odically, ranging from −400 to +800 mV over a few
hours in flooded soil when light starts inducing photo-
synthesis. The hourly based Eh data obtained from
Bustamante et al. (2011) also showed that redox poten-
tial varies with light and temperature, with significantly
higher Eh (around +80 mV) during the day when pho-
tosynthesis is active than under dark conditions, al-
though Eh remains relatively stable during the illumina-
tion period. Mei et al. (2014) also found that rhizosphere
environments in wetland plants with higher ROL and Fe
plaque are more acidic (lower pH) and less reduced
(lower negative Eh). María-Cervantes et al. (2010) fur-
ther reported that the reed P. australis, with a highly
developed aerenchyma and intense ROL, exhibits
higher Eh in rhizosphere soil than the saltmarsh shrub
Sarcocornia fruticosa, which does not develop aeren-
chyma. Thus, results from both present and previous
studies suggest that ROL from root systems plays an
important role in changing [O2], pH, and Eh in rice
rhizosphere.

In the present study, the low Cd-accumulating rice
cultivar with higher rates of ROL tended to show in-
creased Fe plaque formation and higher Cd accumula-
tion on the root surface than that of the high Cd-
accumulating cultivar with lower rates of ROL under
both water regimes and at all growth stages (Tables 2
and 3). The current study also showed that the low Cd-
accumulating cultivar had lower Cd levels in the rhizo-
sphere solution and lower Cd transportation to the shoot
tissues than the high Cd-accumulating cultivar (Tables 2
and 3). Similar results have also been reported for dif-
ferent wetland plants, such as water spinach (Xiao et al.
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2015). Rice cultivars with higher rates of ROL release
more O2, resulting in a larger influence on the rhizo-
sphere zone and higher degree of oxidation in the rhi-
zosphere soil (Mei et al. 2012).Water flow, ion transport
by convection and diffusion processes, plant uptake,
changes in pH and Eh, and root exudation all alter the
chemical composition at the soil/root interface and may
result in precipitation phenomena, favoring pollutant
immobilization in the rhizosphere (Fitz and Wenzel
2002). Thus, increased [O2] in the rhizosphere likely
induced additional Fe2+ oxidation, greater Fe plaque
formation on the root surfaces and in the rhizosphere,
greater Cd fixation by co-precipitation on the root sur-
faces, less Cd in the rhizosphere soil solution (Table 3),
and thus less Cd transportation to aboveground parts of
rice.

Effects of water regime and growth stage on biomass,
ROL, and Cd in rice tissues

In the present study, the flooded regime induced higher
rates of ROL compared with the non-flooded regime,
suggesting that other environmental factors may influ-
ence the rates of ROL. Similarly, previous studies have
indicated that high strength wastewater significantly
decreases ROL but induces greater Fe plaque formation
in other wetland plants (Mei et al. 2014; Pi et al. 2010).
This may be related to the toxicity of flooding on mi-
crobial activity, leading to greater demand for O2 in
rhizosphere soil. These results also indicate that al-
though ROL is mainly controlled genetically, as sug-
gested by previous researchers (Jackson et al. 1985),
environmental stressors such as wastewater and
flooding regimes can change this property.

Additionally, compared with the non-flooded re-
gime, the flooded regime not only exhibited higher rates
of ROL, but also exhibited higher biomass, Eh, and Fe
plaque formation, and lower Cd concentration in the
rhizosphere soil solution and Cd accumulation in shoot
tissues of both tested cultivars, irrespective of growth
stage (Tables 2 and 3). Liu et al. (2009) also found the
biomass of wetland plants to be positively correlated
with ROL. Tian et al. (2019) reported that as soil Eh
increases from 0 to 150 mv (which is within the range
found in the present study), exchangeable Cd content in
soil decreases. When soil is kept moist (non-flooded),
total Cd is more likely to transform into water-soluble
and exchangeable Cd content in the soil (Khaokaew
et al. 2011). The mean Cd concentration in the shoots

of the two cultivars in the flooded treatment was
0.56 mg Cd kg−1, compared to 1.00 mg Cd kg−1 in the
non-flooded treatment (Table 3). Previous research has
also reported that flooding decreases Cd concentration
in rice grains (Arao et al. 2009; Chen et al. 2018c;
Rizwan et al. 2018; Tian et al. 2019; Zhao and Wang
2019). A decrease in Cd in shoots of plants under
flooded conditions may be related to several factors,
such as enhanced rates of ROL from rice roots (Mei
et al. 2012), dilution effect of increased biomass (Wang
et al. 2014), and Cd bioavailability in the rhizosphere
(Liu et al. 2008). Additionally, water regimes can
change both Eh and pH in soil, and subsequently affect
Cd solubility and availability and thus manipulate its
accumulation in plant tissues (Honma et al. 2016; Xiao
et al. 2015).

The present results also showed that as the concen-
tration of Cd in the rhizosphere soil solution decreased,
the rates of ROL and Fe plaque formation increased
from the seedling to booting stage, with the lowest
levels found in the rhizosphere soil solution and rice
shoots during the booting stage, irrespective of rice
cultivar or water regime (Table 3). The increasing trend
of ROL from seedling to booting stage may be partly
due to increasing biomass, as the shoot and root bio-
masses of most cultivars increased with plant growth
and were higher under flooded conditions than under
non-flooded conditions. Liu et al. (2009) reported that
wetland plant biomass is positively correlated with
ROL. Moreover, MacFarlane and Burchett (2002) also
indicated that the concentration of photosynthetic pig-
ments and efficiency of photosynthetic processes are
important sources of O2 for ROL. These results suggest
that an increase in biomass, particularly that of leaves,
will induce photosynthesis and consequently increase
ROL from the roots of all wetland plants. The low levels
of dissolved Cd observed during the post-heading three-
week period were likely because the rice grain concen-
trations were most sensitive to dissolved Cd (Li et al.
2017). Previous studies have shown that solution Cd
content in soil increases with higher Eh values under
oxidation conditions (Frohne et al. 2011; Honma et al.
2016), which could be attributed to a decrease in ROL
induced by oxidation conditions (non-flooded) and low-
er Fe plaque formation generated on rice roots. The
ROL of rice decreased under non-flooding conditions
(oxidation), which may be due to the decrease in O2

requirements in the rice rhizosphere (Mei et al. 2014; Pi
et al. 2010). Conversely, an increase in O2 released from
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roots may stimulate the formation of Fe plaque and
change the rhizosphere O2, metal, pH, and Eh levels
due to the oxidation of Fe2+ to Fe3+ on the root surfaces
(Mei et al. 2012). Consequently, here, Cd2+ was fixed
by co-precipitation and the concentration of Cd in the
rhizosphere soil solution decreased and the low level of
Cd in the rhizosphere soil solution led to lower Cd
transportation to the above-ground parts of the rice
plants (Table 3). It has been reported that ROL-
induced Fe plaque promotes Cd deposition on the root
surface, leading to limited Cd transfer and distribution in
rice (Cheng et al. 2014). These results suggest that the
booting stage is crucial for reducing Cd uptake and
accumulation and rhizosphere soil solution plays an
important role in Cd accumulation.

Based on three-way ANOVA, we found significant
differences in the rates of ROL, Fe plaque formation,
and Cd concentration in the rhizosphere soil solution
and rice tissues among the three factors (i.e., Cultivar ×
Water regime × Growth stage) (p < 0.05) (Table 1S and
Table 2S). These results indicate that the three factors
had significant effects on the rates of ROL, Fe plaque
formation, and Cd concentration in the rhizosphere soil
solution and rice tissues. The common mechanism of
cultivars, water regimes, and rice growth stages in re-
ducing Cd accumulation is that ROL induced greater Fe
plaque formation, which, in turn, bound more Cd in Fe
plaque, limited soil mobility of Cd in the rhizosphere,
and minimized Cd uptake by roots and accumulation in
shoots.

Conclusions

This study investigated the effects of cultivars, water
regimes, and growth stages on Cd accumulation in rice
with different ROL. Our results demonstrated large
variations in porosity, Cd tolerance, and Cd accumula-
tion in grains, which were significantly correlated with
ROL. The flooded regime markedly increased shoot
biomass and rates of ROL but decreased shoot Cd
accumulation. The rhizosphere characteristics of the
cultivars had important roles in Cd accumulation. The
low Cd-accumulating cultivar showed low Cd accumu-
lation in edible parts, higher rates of ROL, higher Cd
combined with Fe plaque formation, and lower Cd
bioavailability in the rhizosphere soil. The later stage
was also shown to be crucial for reducing Cd uptake and
accumulation, with an important influence on the

modification of rhizospheres via the release of more
O2. The fact that the flooded regime and later growth
stages markedly reduced Cd accumulation may be due
to a reduction in Cd mobility and bioavailability in the
rhizosphere. Our study suggests that Cd accumulation
can be significantly reduced in rice grains by selecting
appropriate cultivars and adopting a suitable water re-
gime at appropriate growth stages when rice is grown in
Cd-contaminated soils.
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