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Cadmium (Cd) is a toxic metal with high mobility from soil
and known translocation into plants (Song et al., 2015).
Because the main source of human exposure to Cd is from
food consumption, there has been increased research exam-
ining Cd uptake in agricultural plants (Li et al., 2014; Rizwan et
al., 2016; Song et al., 2015). Rice (Oryza sativa L.) has been
identified as a major crop that contains relatively high
concentrations of Cd. Excess exposure to Cd could result in
adverse health conditions, including anemia, lung damage,
cancer, and renal dysfunction (Song et al., 2015). An example
of Cd toxicity in humans is the “itai-itai disease”, caused by
daily consumption of Cd-contaminated rice grown near
mining sites. Patients with itai-itai disease have symptoms
of renal dysfunction, severe pain and bone fractures (Uraguchi
and Fujiwara, 2013). With the increase in urbanization,
automobile traffic and industrialization, higher concentra-
tions of Cd, lead, zinc and copper have been reported in urban
soils (Wang et al., 2018). Several materials, including zeolites,
hydroxyapatite and humic acids, have been demonstrated to
be promising tools to immobilize or remove Cd from soils (Bai
et al., 2018; Barragán et al., 2017; Li et al., 2017; Xin et al., 2017).
However, certain cultivars can still accumulate Cd concentra-
tions above the recommended limit when grown in soils
polluted by low to moderate Cd (Newbigging et al., 2015b).

It is essential to investigate the mechanisms of Cd uptake
and translocation within agricultural foodsin order to limit
human exposure to Cd. Understanding mechanisms of Cd
uptake will aid in identifying which agricultural genotypes
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and cultivation conditions are appropriate for minimizing Cd
accumulation in vegetation. Currently, several studies have
examined the effect of root morphology and anatomy, or
cultivation conditions, on Cd uptake. The agricultural foods
investigated include rice (Ge et al., 2016; Hu et al., 2015), sweet
potatoes (Ipomoea batatas [L.] Lam.) (Xin et al., 2017) and maize
(Zea mays) (Redjala et al., 2011). Studies conducted to
understand the role of root morphology in sweet potatoes
and rice have demonstrated that increased root length was
correlated with increased Cd uptake (Ge et al., 2016; Xin et al.,
2017). Additionally, a study on maize grown under various
cultivation conditions has demonstrated that growing condi-
tions could change root anatomy. In particular, changes in the
formation of the apoplastic barrier affected Cd uptake. The
earlier formation of apoplastic barriers near the root apex has
been demonstrated to reduce Cd uptake withinmaize (Redjala
et al., 2011).

To date, there are limited studies examining the combined
effect of rice genotypes and cultivation conditions on the
formation of roots (morphology and anatomy) and Cd uptake.
Previous studies evaluating Cd uptake in rice did not report
the effect of Casparian bands and suberin lamellae develop-
ment within the endodermis and exodermis on Cd uptake. For
example, previous studies focused on the effects of trans-
membrane transport proteins (Uraguchi and Fujiwara, 2012),
radial oxygen loss (Wang et al., 2011), and organic acids (Liu et
al., 2007) on Cd uptake in rice. The work of Huang et al. (2019)
has investigated the effect of cultivation conditions on root
morphology and anatomy of two rice genotypes and how root
development affects Cd uptake and translocation.

On the basis of the previous work (Li et al., 2012), Huang et
al. (2019) selected two genotypes of rice for their study:
Guinongzhan (GNZ) (indica), a high Cd accumulation genotype
and Zhonghua11 (ZH11) (japonica), a low Cd accumulation
genotype. They examined two cultivation conditions: aerated
(mimicking aerobic soil) and stagnant (simulating paddy soil).
Four weeks after transplant, they grew four replicates of each
rice genotype in either the aerated or stagnant condition.
After an additional period of growth for four weeks, they
examined several growth characteristics, including the dry
weight of shoot and root, length of shoot, number of
adventitious root, porosity of root, and radial oxygen loss.
s, Chinese Academy of Sciences. Published by Elsevier B.V.
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Root morphology was examined by imaging fresh roots,
and the data were analyzed using the WinRhizo® software
(Redjala et al., 2011). Total root length, root surface area,
number of root tips and average adventitious roots diameter
were analyzed as features of root morphology. Root anatomy
was analyzed by visualization of the apoplastic barrier
formation (Casparian bands and suberin lamellae) using
fluorescence microscopy. Roots were prepared for detection
by sectioning along the root axis to determine the start of
apoplastic barrier formation, then stained. Casparian bands
were stained with berberine hemisulphate, followed by
aniline blue. Suberin lamellae was stained with Fluorol Yellow
088.

Cadmium concentration, subcellular distribution and
concentration-dependent kinetics were determined by sub-
jecting pre-grown rice plants to a nutrient solution without Cd
or with 1mg/L of CdCl2 for 10 days. Plants were then collected,
oven-dried, weighed and digested using nitric acid with
microwave heating. The concentrations of Cd in the acid
digest were determined using atomic absorption spectrome-
try (AAS). Subcellular distribution was investigated from
freshly harvested plants using the technique described by
Anil et al. (2005). Components of the root segment symplast
and cell wall were determined using the method described by
Fu et al. (2011) and Ye et al. (2012). Concentration-dependent
kinetics were analyzed by excising plant roots at the basal
node, incubating the roots in a Hoagland nutrient solution,
and then incubating the roots in a Cd test solution (containing
Ca(NO3)2, C6H13NO4S, and varying Cd concentrations; pH 5.8).
After incubation, adsorbed Cd was removed and the roots
were oven-dried and weighed. Cd concentration was then
determined using microwave-assisted nitric acid digestion,
followed by AAS analysis.

The ZH11 genotype was observed to have smaller maxi-
mum root length compared to the GNZ genotype in both
cultivation conditions. Plants grown in aerated conditions
yielded greater maximum root length compared with plants
grown in stagnant conditions for both genotypes. The
endodermis and exodermis developed earlier in ZH11 com-
pared with the GNZ genotype, regardless of cultivation
condition. Plants grown in stagnant conditions had acceler-
atedmaturation of the endodermis and exodermis, along with
formation of the Casparian band and suberin lamellae closer
to the root apex, compared to the same genotype grown in
aerated conditions.

Fractionation results demonstrated that most Cd was accu-
mulated in the root symplast and cell wall fractions, with little
accumulation in the apoplastic sap. The amount of Cd present in
subcellular fractions was highly affected by the cultivation
conditions, but no significant difference was observed in Cd
concentration between the genotypes. Growing rice plants under
stagnant conditions significantly reduced the concentration of
Cd in the root apoplastic sap and symplast. Both genotype and
cultivation conditions had a significant effect on Cd transloca-
tion and accumulation. Growth of rice plants in stagnant
conditions resulted in lower Cd concentrations in the shoots
and roots and less translocation from the root-to-shoot com-
pared to the same genotype grown under aerated conditions. It
is important to note that the interaction factors between
genotypes and cultivation conditions were not significant,
indicating that the cultivation conditions affected each genotype
in comparable manners regarding Cd uptake. When analyzing
Cd root influx, rice plants grown under aerated conditions were
saturated at high concentrations of Cd; however, there was no
significant difference in Km values between the genotypes,
indicating that the affinity for Cd is similar between the two
genotypes.

Huang et al. (2019) demonstrated that the ZH11 genotype
had faster maturation of apoplastic barriers close to the root
apex compared with the GNZ genotype. Because apoplastic
barriers are effective at preventingmovement of heavymetals
and reduce the accumulation and translocation of Cd from the
epidermis to the xylem (Redjala et al., 2011), the faster
maturation of apoplastic barriers in the ZH11 genotype make
this plant more resistant to Cd uptake. Earlier development of
these apoplastic barriers results in less Cd accumulation in
the apoplastic sap, with higher accumulation of Cd in plant
cell walls.

The results of growing different rice genotypes in aerated
and stagnant conditions have demonstrated how root
morphology and anatomy can affect Cd accumulation and
translocation to various plant structures. GNZ rice plants
grown under stagnant conditions had root morphology and
anatomy comparable to the low Cd accumulation genotype,
ZH11. Phenotypic characteristics of a low Cd accumulator
were: an increase in root porosity, accelerated apoplastic
barrier formation, decreased maximum root length, and
decreased number of root tips per root surface area).

A correlation analysis performed by the authors indicated
that the number of root tips per root surface area may be a
key factor in facilitating Cd uptake and translocation as this
may determine the effective Cd uptake area of the plant. The
results of Huang et al. (2019) suggest plants with fewer
number of root tips per root surface area and faster
development of apoplastic barriers have reduced Cd uptake
by the roots and xylem. Additionally, changing cultivation
conditions from aerated to stagnant could change the root
morphology and anatomy of high Cd accumulation crops to
resemble low Cd accumulation genotypes.

Huang et al. (2019) demonstrated which root morphology
and anatomy characteristics should be considered when
screening for low Cd accumulation rice plants. They also
showed how cultivation conditions alter Cd accumulation in
plants. These findings contribute to a better understanding of
Cd uptake within rice plants. The conclusions from the work
of Huang et al. (2019) can be used in future studies to
determine which rice genotypes and cultivation conditions
are ideal for growth in Cd contaminated soils. However, when
multiple toxic elements are present in contaminated soil,
cultivation conditions that decrease Cd may not decrease
other elements, e.g., arsenic. It has been reported that
stagnant conditions reduced Cd uptake, but increased arsenic
uptake in rice cultivar (Hu et al., 2015; Newbigging et al.,
2015a). Other factors, such as, pH, organic matter and
interfering metals, have been demonstrated to affect Cd
mobility in soil and uptake in crops (Bai et al., 2018;
Newbigging et al., 2015b). Future studies are required to
examine how these suitable genotypes and cultivation
conditions for minimizing Cd uptake can affect the accumu-
lation of other toxic elements, such as arsenic and lead.
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