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Abstract

It is known that rice roots take up cadmium (Cd) via the symplastic route mediated by membrane-bound mineral transporters.
Here we provide evidence that apoplastic bypass flow is another Cd uptake route in rice. High concentrations of Cd rendered
apoplastic bypass flow rate increased in rice seedlings. These concentrations of Cd compromised membrane integrity in
the root meristem and transition zone. Polyethleneglycol and proline inhibited the Cd-induced apoplastic bypass flow and
Cd transfer to the shoots. Loss-of-function mutant of the Cd uptake transporter, nramp35, showed Cd transport to the shoot
comparable to the wild type. At a low Cd concentration, increased apoplastic bypass flow rate by NaCl stress resulted in
an elevation of Cd transport to shoots both in the wildtype and nramp5. These observations indicate that apoplastic bypass
flow in roots carries Cd transport leading to xylem loading of Cd in addition to the symplastic pathway mediated by mineral

transporters under stressed conditions.
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Introduction

Cadmium (Cd) is a toxic heavy metal to most organisms.
Cd inhibits growth and transpiration of plants and disturbs
mineral homeostasis (DalCorso et al. 2008; Greger and
Johansson 1992; Prasad 1995). In humans, Cd exposure is
associated with cancer genesis, kidney failure, osteoporosis
and osteomalacia (Bertin and Averbeck 2006; Nawrot et al.
20006). The level of Cd toxicity between plants and humans
are quite different. The Cd level in edible parts of plants
giving no symptom can threaten human health through con-
tinually eating plant-derived food, such as wheat grain, rice
grain and potato tuber (Clemens et al. 2013). Therefore, the
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understanding of Cd intake mechanisms of plants is associ-
ated with food security, in addition to physiological effects
to plants.

Uptake of non-essential or non-beneficial minerals to
plant bodies are an intriguing question in plant biology. Cd is
not an essential element for plants; therefore, it is generally
assumed that rice has not developed a specific transporter
for Cd uptake during its evolution. Currently, it is postu-
lated that Cd is casually incorporated in plants via the sym-
plastic route in a non-specific manner by membrane-bound
transporters for other essential metals, such as iron, zinc
and manganese (Nakanishi et al. 2006; Pedas et al. 2008;
Sasaki et al. 2012; for review see Clemens et al., 2013). The
rice iron transporter, OsIRT1, was suggested to localize in
the epidermis and hypodermis of roots and to operate to
take up Cd into the cortex under iron-deficient conditions
(Ishimaru et al. 2006; Nakanishi et al. 2006). The manganese
uptake transporter, OsNramp5, was shown to function in
the hypodermis and endodermis of rice roots in an orien-
tation-dependent manner to intake Cd into the cortex and
stele (Sasaki et al. 2012). The P-type ATPase, OsHMA3, a
manganese-transporting pump, was suggested to localize in
tonoplasts of root cortex cells and to sequestrate Cd in the
vacuole to limit Cd transfer to the shoot (Ueno et al. 2010).
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Salinity stress increases the proportion of water uptake
through the apoplast in rice roots. It was proposed that radial
transport of Na* to stele is routed through the apoplastic
pathway and the increase of apoplastic bypass flow is criti-
cal for Na* uptake in rice under salinity stress (Faiyue et al.
2010a, b; Munns and Tester 2008; Ranathunge et al. 2005;
Yan et al. 2021; Yeo et al. 1987). On the other hand, the rela-
tion between apoplastic bypass flow of water and uptake of
heavy metals has not been well understood. A study on a rice
population with different Cd-accumulating characteristics
suggested that degree of Cd transport to shoots is correlated
to difference in development of Casparian strip and suberin
lamellae in rice roots (Qi et al. 2020).

In this study, we tested the hypothesis that Cd is incor-
porated into rice shoot through apoplastic bypass flow from
three standpoints: (i) whether Cd increases apoplastic bypass
flow rate, (ii) whether compounds that inhibit apoplastic
bypass flow inhibit Cd uptake to shoots and (iii) whether
Na*-induced apoplastic bypass flow enhances Cd uptake to
shoots under a low Cd condition.

Materials and methods
Plant materials

Rice plants (Oryza sativa L. cultivars. ‘Nipponbare’ and
‘Zhonghua 11°, and nramp5 mutant in the ‘Zhonghua 11’
genetic background) were grown as previously reported
(Sobahan et al. 2009). In brief, seeds were germinated in
a water-filled Petri dish under a photo-temperature period
of 12 h light at 30 °C/12 h dark at 25 °C. Illumination was
provided with a white fluorescent lamp at a photon flux rate
of 250 umol m~2 s~ ! in an environment-controlled plant
growth cabinet for 7 days. Seedlings were transplanted in
a pot filled with Kimura B nutrient solution (Ueno et al.
2009) and hydroponically cultured in the same chamber.
Relative humidity in the chamber was maintained 55 +2%
during the light period and 60 +2% during the dark period.
The hydroponic solution was replaced every 2 days. Seeds
of ‘Zhonghua 11’ and nramp5 were provided by Dr. Jian
Feng Ma (Sasaki et al. 2012) with the permission from Rice
Mutant Database (Zhang et al. 2006).

Measurement of apoplastic bypass flow rate

Transpiration rate was measured gravimetrically. At the end
of Cd exposure, plants were transplanted to a new cylinder-
shape pot (100 mL) and sealed with a sheet of Parafilm to
prevent non-transpirational evaporation. A pinhole was made
in the Parafilm sheet by a needle to avoid negative pressure
in the headspace. Water loss by evaporation from the pinhole
was negligible at least for 4 h. Amount of water loss due to
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transpiration was determined by weight decrease after a 4-h
incubation under illumination in the plant growth chamber.

Apoplastic water uptake was estimated using
8-hydroxy-1,3,6-pyrenetrisulphonic acid trisodium salt
(PTS) as previously reported (Sobahan et al. 2009). In brief,
rice seedlings were transferred to a fresh hydroponic solution
supplemented with 300 uM PTS and incubated for 4 h under
light (250 umol m~2 s~ !, white fluorescent tube). Tissue sap
was extracted from the whole shoot. Concentration of PTS
in the sap was quantified from the intensity of fluorescence
at 490 nm of excitation and 525 nm of emission with a fluo-
rescent spectrophotometer (RF-5300PC, Shimadzu, Kyoto).

Rate of apoplastic bypass flow was calculated from the
rates of transpiration and apoplastic water uptake according
to the equation described by Yeo et al. (1987).

Determination of leaf and root length

After the exposure, the shoot height and the length of the
longest root were measured visually with a caliper.

In vivo Calcofluor staining

Staining was carried out essentially according to Ochiai and
Matoh (2002). After Cd exposure, 21-day-old plants were
transferred to a fresh hydroponic solution containing 0.005%
of Calcofluor (Fluorescent brightener 28, MP biomedicals
LLC, Solon, OH) and incubated for 24 h in a plant growth
chamber. Roots were dissected, embedded in a 4% agarose
block and cross-sectioned (100 pm thickness) with a vibrat-
ing microslicer (DTK-1000, Dosaka EM Co. Ltd., Tokyo).
The section was observed with a fluorescent microscope
(Axioscope, Carl-Zeiss) with a filter combination of band
pass filter for excitation 365/12 nm, splitter 395 nm and long
pass filter for emission 397nm.

Berberine-aniline blue staining

The Casparian strip was stained with berberine-aniline blue
staining according to Brundrett et al. (1988) with a slight
modification. The roots were fixed with 2% glutaraldehyde
for 2 h at room temperature and rinsed twice with deionized
water and embedded in a 4% agarose block. Section (100 pm
thickness) were prepared with a vibrating microslicer. The
sections were stained with 0.1% berberine hemisulfate for
1 h and rinsed three times with deionized water, and succes-
sively post-stained with 0.5% aniline blue for 30 min and
rinsed three times with deionized water. The fluorescence
was observed with an epifluorescence microscope as men-
tioned for Calcofluor.
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Evans blue staining

Dead cells in roots were visualized with Evans blue stain-
ing (Li et al. 2006). Cd-exposed roots were detached from
the shoot and immersed in 0.5% Evans blue (Fluka-Sigma-
Aldrich, St. Louis, MO) solution for 1 h and rinsed three
times with deionized water. Stained roots were observed
with a stereoscope. To observe cross sections, the root was
embedded in a 4% agarose block, sectioned with a vibrating
microslicer and observed with a light microscope.

Determination of Cd content

The contents of Cd in shoots and roots were determined
by inductivity couple plasma mass spectrometry (Agilent
7500cx, Agilent Technologies, Santa Clara, CA) essentially
according to Hirayama et al. (2018). Approximately 0.1 g
(fresh weight) of tissues were dried at 100 °C for 1 h and
then 80 °C for 9 h, followed by weighing dry weight. Dried
tissues were wet-ashed in 8 mL of 60% nitric acid (EL grade,
Kanto Chemical Co. Inc., Tokyo) at 200 °C for 45 min with
a microwave oven (model Start D, Milestone General KK,
Kawasaki, Japan). '!'Cd in the sample was quantified using
external calibration standards. 3°Yttrium was added to the
sample as the internal standard.

Results
Cadmium increased apoplastic bypass flow rate

The effect of a wide range of Cd concentrations (0.01-100
uM) on apoplastic bypass flow of rice was examined

Fig. 1 Increase of water uptake
through apoplastic pathway by
CdCl,. Uptake of water via apo-
plastic route in 21-day-old rice
was examined with trisodium-
8-hydroxy-1,3,6-pyrenetrisul-
phonic acid (PTS) after a 7-day
exposure to indicated concentra-
tions of CdCl, in hydroponic
medium. Concentration of

PTS in tissue sap of shoot
relative to the concentration in
hydroponic medium ([PTS],q0/
[PTS],cdium) 1S sShown in Y-axis
as PTS uptake. Error bars indi-
cate standard deviation (n=5).
Asterisk indicates significant
difference of the mean from the
control (0 uM CdCl,) assessed
with Dunnett’s test at a=0.05

Supplementation of Cd (as CdCl,) to hydroponic medium
at 50 and 100 uM for 7 days significantly increased the
uptake of the fluorescent apoplastic water transport tracer,
trisodium 8-hydroxy-1,3,6-pyrenetrisulphonic acid (PTS)
in rice shoot (Fig. 1). However, an exposure to lower
concentrations (< 10 uM) did not affect the PTS uptake
(Fig. 1, P>0.05; data for 0.01 and 0.1 uM are not shown).

Transpiration rate and PTS uptake rate of Cd-exposed
rice were determined concurrently to estimate the apo-
plastic bypass flow rate (Yeo et al. 1987). Rice plants
were exposed to 50 uM Cd for several exposure periods
as shown in Fig. 2a. PTS uptake increased gradually from
day 1 to 7 of exposure (Fig. 2b). The right y-axis of Fig. 2b
represents apoplastic water uptake rate calculated from
PTS uptake rate. A significant decrease of total water
uptake rate was observed from 5-day exposure (Fig. 2c¢).
Apoplastic bypass flow rate was estimated as 1.3% in the
absence of Cd exposure. It increased to 3.3, 7.7 and 15.3%
by 3-day, 5-day and 7-day exposure to 50 pM Cd, respec-
tively (Fig. 2d).

Calcofluor is another apoplastic water flow tracer that
binds to celllulose allowing histochemical pursuit of the
apoplastic water flow pathway (Ochiai and Matoh 2002).
A subtle autofluorescence was observed in the cross sec-
tion of roots (0 uM Cd) (Fig. S1). In comparison, a slight
increase of fluorescence due to binding of Calcofluor was
observed in roots with 0 uM-Cd treatment, indicating that
apoplastic water uptake modestly occurred without Cd
stress (Fig. Sla, d). Intense fluorescence was observed in
100- and 200-uM Cd-exposed roots (Fig. Sle, f), which
is essentially in agreement with the results of PTS uptake
(Fig. 2). This further supports the notion that Cd increases
apoplastic bypass flow in rice roots.
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Fig.2 Increase of apoplastic bypass flow by Cd exposure. a Illus-
trated presentation of CdCl, exposure protocol. Dark gray bars
indicate germination in a water-filled petridish. White bars indicate
hydroponic culture in Kimura B solution. Black bars indicate hydro-
ponic culture in Kimura B solution supplemented with 50 pM CdCl,.
Pale gray bars at 21 days indicate PTS uptake experiment for 4-h. b

In the control condition, the Calcofluor fluorescence was
only modestly enhanced in the hypodermis (Fig. S1d). On
the other hand, a very strong fluorescence of Calcofluor was
seen at hypodermis layers in the exposed roots (Fig. Sle, f).
Increase of stainability of root hairs was also observed in
Cd-exposed roots (Fig. Sle, f). We anticipated that this was
due to the disruption of the Casparian strip at hypodermis
(exodermis) or the disruption of the membrane integrity of
the exodermal and/or epidermal cell layer by the exposure
to high concentrations of Cd.

Casparian strip was not critical in the increase
of apoplastic bypass flow by Cd

We tested a hypothesis that the increase of apoplastic bypass
flow rate in Cd-exposed plants is due to disruption of the
Casparian strip in hypodermis. Intactness of the Casparian
strip in Cd-treated rice roots was assessed by berberine-ani-
line blue staining. Autofluorescence was observed at scle-
renchyma and stele (Fig. S2). Berberine staining indicating
formation of Casparian strip was observed in endodermis
and stele at 45 and 100 mm from the tip. On the other hand,
almost no fluorescence was observed at the hypodermis from

@ Springer

Apoplatic water flow rate examined from PTS uptake. Right Y-axis
shows water flow rate calculated from PTS uptake rate, represented
by the left Y-axis. ¢ Total water uptake. d Apoplastic bypass flow
rate. Error bars indicate standard deviation (n=35). Asterisk indicates
significant difference from the control (0 day) assessed with Dunnett
test at a=0.05

4 to 100 mm from the tip. This result clearly showed that
the Casparian strip was only subtly, or not developed in the
hypodermis at this stage in this experiment. Therefore, we
inferred that the increased apoplastic flow by Cd exposure
is not attributed to the disruption of the Casparian strip in
the hypodermis.

Cd exposure induced cell death in root meristem
and transition zone

We next hypothesized that the increase of apoplastic bypass
flow is the consequence of the loss of membrane integrity of
epidermal and/or hypodermal cells. Evans blue staining was
conducted to test this assumption. In control roots, virtually
no cells were stained with Evans blue, except root cap cells
girdling the apex (Fig. 3). On the other hand, Cd exposure
rendered the root cells Evans blue-positive at the region of
root meristem and transition zone (Fig. 3b), indicating that
membrane integrity was impaired by Cd exposure in this
region. Compromised membrane integrity was not restricted
in the epidermal and exodermal cell layers, but in the cortex
and stele (Fig. 3d). Cd stress elicited many punctuate red
autofluorescing spots in roots. Therefore, the observation
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a b c
50 uM CdCl,

Control

Control

Fig.3 Evans blue-staining of CdCl,-exposed rice roots. Stereomicro-
scopic evaluation of Evans blue-stained roots after control- (a) and 50
mM CdCl,-treatments (b). Cross section of roots at 3+1 mm from
the tip stained in vivo with Evans blue exposed to 0 uM (c) and 50
uM CdCl, (d). Scale bar =100 pm. Each picture is a typical picture
from 15 biological replications in 3 independent experiments

of the membrane integrity impairment by propidium iodide
staining was not successful. PTS does not discriminate water
flow through permeabilized cells and apoplast. For the sake
of expedience, the water flowed through the permeabilized
cells and the apoplast were collectively referred as apoplastic
bypass flow in this study. The diameter of Cd-treated roots
was greater than the control (Fig. 3, S1). The thickening of
roots is attributable to both cell division and swelling (Fig.
S3).

Effects of polyethylene glycol and proline
on apoplastic bypass flow, membrane integrity
and Cd uptake

Polyethylene glycol (PEG) and proline are reported to
reduce the rate of apoplastic bypass flow in NaCl-treated
rice (Faiyue et al. 2010a, b; Sobahan et al. 2009). We exam-
ined the effects of these reagents on Cd-induced apoplastic
bypass flow rate and Cd transport to shoots to assess whether
Cd was transported through apoplastic pathway in a manner
analogous to NaCl.

Cd exposure increased PTS uptake rate in the absence
of PEG (Fig. 4a) in agreement with the results in Fig. 2.
Addition of 10% PEG in the hydroponic solution appar-
ently reduced the flow rate in both Cd-exposed and non-
exposed rice (Fig. 4a). The effects of PEG and proline on
Cd transport to shoots were examined. As expected, Cd was
not detected in shoots and roots in the Cd-free hydroponic

medium (Fig. 4b). Cultivation of rice in the presence of 50
uM CdCl, for 7 days resulted in an increase of Cd content in
both shoots and roots in the absence of PEG. Supplemented
with 10% PEG, Cd content was dramatically reduced in the
shoots compared to that with 0% PEG. On the contrary, no
reduction of Cd content was observed in roots with the 10%
PEG treatment but rather increased. The ratio of Cd content
in shoots to that in roots is an indicator of xylem loading
of Cd. The ratio of Cd content in shoots to that in roots
after 7-day exposure to 50 pM CdCl, was approximately 0.6
(Fig. 4¢) in the absence of PEG. However, supplementation
of 10% PEG in the hydroponic medium reduced the ratio
down to 0.0086 (Fig. 4e).

Five mM proline did not reduce the PTS uptake rate in
the absence of Cd exposure. Cd-activated PTS uptake rate
was, however, substantially reduced by the addition of 5 mM
proline in the solution (Fig. 4d). At first glance, the addition
of 5 mM proline to the hydroponic solution did not result in
significant reduction of Cd uptake to shoots, (Fig. 4e). Mean-
while, the content of Cd in roots was profoundly increased
by the addition of 5 mM proline (Fig. 4d). Supplementation
of 5 mM proline in the hydroponic medium reduced it as
low as 0.05% (Fig. 4f). These results suggest that the xylem
loading of Cd was substantially reduced by PEG and proline
treatment coinciding with the apoplastic bypass flow.

The effects of PEG and proline on the Cd-induced mem-
brane integrity impairment were examined by means of
Evans blue staining (Fig. S4). PEG treatment in the absence
of Cd resulted in no apparent effect on the staining (Fig.
S4a, c). The promotion of the staining by the Cd treatment
was not apparently mitigated with 10% PEG (Fig. S4d). It
is evident that the effect of 10% PEG reducing apoplastic
bypass flow rate was not due to the rescue of the cells from
death. The treatment with 5 mM proline resulted in a slight
enhancement of the staining even in the absence of 50 UM
CdCl, compared to the control (Fig. S4g). Cd exposure
rendered a strong Evans blue coloration in the meristem
and transition zone, and no obvious difference was found
between the absence and presence of proline (Fig. S4f, h).
These results suggested that the mechanism behind the
reduction of apoplastic flow by proline was not attributed to
the reduction of the proportion of loss of membrane integrity
or cell death in the root meristem and transition zone.

The possibility of the involvement of the Cd uptake trans-
porter, Nramp3, in Cd transport to the shoot was assessed
using the Nramp5 null mutant, nramp5 (Sasaki et al. 2012).
In the absence of spiked Cd in the hydroponic solution,
shoots and roots of the wild type rice cultivar, ‘Zhong-
huall’, contained a subtle amount of Cd, while virtually
no Cd was detected in nramp5 (Fig. 5). This result agreed
with the previous report (Sasaki et al. 2012). The contents of
Cd in nramp5 shoots were increased by the exposure to 50
UM Cd and achieved as comparable to that in the wild type
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Fig.4 Effects of polyethylene glycol and proline on PTS uptake and
Cd contents in shoots and roots. a Uptake of PTS in rice shoots cul-
tivated in hydroponic medium in the presence and absence of 50 uM
CdCl, with and without supplementation of 10% polyethylenglycol
(PEG, average molecular weight: 3350, Sigma P4338) for 7 days,
expressed as portion of PTS concentration in the medium. b Cd con-
tents in shoots and roots of rice in the presence and absence of 10%
PEG. ¢ Ratio of Cd contents in shoots to roots in the presence and
absence of 10% PEG. d Uptake of PTS in rice shoots cultivated in

(Fig. 5a). Increase in Cd contents in roots was significantly
compromised in nramp5 (Fig. 5b). Collectively, these indi-
cate that the uptake of Cd into root tissue at high Cd condi-
tion (50 uM) was partly attributed to the function of the Mn
transporter, Nramp3, but the transport of Cd to shoots was
independent or only subtly associated with Nramp35.

NaCl stress induced Cd transport to shoots
at a lower Cd concentration

It was well established that NaCl stress increases apoplastic
bypass flow rate in rice (Flowers and Yeo 1995; Ranathunge
et al. 2005; Sobahan et al. 2009; Yeo et al. 1987). This was
reproducible in the presence of 1 uM Cd in the hydroponic
solution (Fig. S5). Here, we examined Cd contents in NaCl-
stressed rice (Fig. 6) to examine whether the apoplastic
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hydroponic medium in the presence and absence of 50 uM CdCl,
with and without supplementation of 5 mM proline. e Cd contents in
shoots and roots of rice in the presence and absence of 5 mM proline.
f Ratio of Cd contents in shoots to roots in the presence and absence
of 5 mM proline. Error bars indicate standard deviation (n=5). Sig-
nificance of difference of means was assessed by Student’s r-test. *
and ** indicate significance at «=0.05 and 0.01, respectively. n.s.
indicates not significant (P> 0.05)

bypass flow associates with Cd transport to shoots or not.
Rate of Cd contents in shoots to roots was 10.2+1.3%
and 24.6 + 1.5% (mean =+ SD) under the presence of 1 uM
CdCl, in the hydroponic solution without NaCl treatment
in ‘Nipponbare’ and ‘Zhonghua 11°, respectively. On the
other hand, 50 mM NaCl treatment increased the ratio of Cd
contents in shoots to roots to 35.6% + 1.6% and 65.6 +6.7%
(Fig. 6a, b). This suggests that the NaCl-activated apoplastic
bypass flow promoted the migration of Cd to the shoot. In
the nramp5 mutant, rate of Cd in the shoots was 25.8 +1.5%
in the absence of NaCl and was increased to 59.2+7.7%
(Fig. 6b), while the absolute amount of Cd in the tissue was
lower in this mutant than in the wildtype, ‘Zhonghua 11’
(Table S1). This suggests that NrampS5 is not a critical deter-
minant for the Cd translocation under NaCl stress, while
Cd content in root tissue was significantly affected by the
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Fig. 6 Effect of salt stress on Cd contents in shoots and roots in the
presence of 1 uM CdCl,. Ratio of Cd contents in shoots to roots in
cv. ‘Nipponbare’ (a), and wild type (‘Zhonghua 11’) and nramp5
mutants (b) after a treatment with 50 mM NaCl in the hydroponic
solution for 7 days. Error bars indicate standard deviation. ** indi-

lack of Nramp5. This emphasizes the potential contribution
of apoplastic bypass flow in Cd uptake and xylem loading
of Cd in rice in addition to symplastic and cell-to-cell Cd
transport mechanisms.

Discussion

Apoplastic bypass flow transports water from the ambi-
ent space to the stele exclusively through the apoplast in
root tissue. Although symplastic route dominates under

cates significance at a=0.01 assessed by Student’s r-test (n=>5).
Lower case letters indicate significance at a=0.05 assessed by
ANOVA followed by Tukey’s honestly significant difference test
(n=5)

non-stressed condition, water transport via apoplastic route
becomes unignorable under salinity stress and perturbs the
soil-plant-atmosphere continuum in rice (Yeo et al. 1987).
The role of apoplastic bypass flow for sodium transport to
the shoots has already been elucidated (Flowers and Yeo
1995; Ranathunge et al. 2005; Sobahan et al. 2009). The
manganese transporter of rice, Nramp5 is known to be
critical for Cd uptake in roots in a non-stressed condition
(Sasaki et al. 2012). Qi et al. (2020) reported that a low Cd-
accumulating rice cultivar formed a longer Casparian strip
and suberin lamellae reaching near to the root tip and a high
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Cd-accumulating cultivar formed relatively short and did not
reach to the root tip. They also demonstrated that apoplastic
bypass flow rate and apparent Cd contents in the xylem sap
have a positive relationship. This suggests a potential role of
apoplastic pathway in Cd uptake in rice. Here, we tested a
hypothesis that apoplastic bypass flow carries Cd in a man-
ner resembling sodium transport in addition to Nramp5-
associated Cd transport to rice shoots from ambient space
under stressed conditions.

In this study we demonstrated that the exposure to high
concentrations of Cd increased the rate of apoplastic bypass
flow (Figs. 1 and 2, S1). The increase of the bypass flow rate
and membrane integrity impairment in the tip region of the
roots occurred concurrently and was not strongly associated
with the collapse of the Casparian strips (Figs. 3, S2). Inhibi-
tion of apoplastic bypass flow by PEG and proline rendered
the inhibition of Cd uptake to the shoots (Fig. 4). In low
Cd concentrations, increase of apoplastic bypass flow by a
NaCl-treatment increased Cd transport to shoots (Fig. 6).
These results suggest that the translocation of Cd to shoots
is mediated at least in part by apoplastic bypass flow, which
can be promoted by NaCl and Cd stresses.

Reportedly, sodium activates apoplastic bypass flow in
rice (e.g., Flowers and Yeo 1995; Ranathunge et al. 2005;
Sobahan et al. 2009; Yeo et al. 1987). However, the effect
of heavy metals on apoplastic bypass flow has not been
elucidated well. Qi et al. (2020) discussed that 8.9 uM Cd
accelerated the development of apoplastic barrier, lignin
and suberin contents in rice roots, while the degree of apo-
plastic bypass flow enhancement was not investigated. We
here showed that sodium promoted Cd uptake to shoots in
a Nramp5 transporter-independent manner at a low Cd con-
centration (Fig. 6). This implies that non-essential metals,
such as sodium and Cd, can be transported at least in part
by apoplastic bypass flow, which is activated by stresses. In
this study we propose a novel pathway where Cd is incor-
porated to the shoot via apoplastic bypass flow in addition
to the conventional model with symplastic transporters (for
review, see Clemens et al. 2013). Sodium is not a beneficial
element for paddy rice and the main intake route of Na™ into
xylem is the radial apoplastic bypass flow in roots (Yadav
et al. 1996; Yeo et al. 1987). We assume that non-beneficial
and non-essential elements, such as Cd, can be taken up via
apoplastic bypass flow concomitantly with the bulk flow of
water driven by transpiration in a manner analogous to Na™*
in rice.

A study on durum wheat reported that Cd treatment did
not activate apoplastic bypass flow and it is not a major route
of Cd uptake (Van der Vliet et al. 2007). This discrepancy is
not necessarily surprising because the activation of apoplas-
tic bypass flow by sodium does not occur in wheat (Garcia
et al. 1997). The effect of Cd on apoplastic bypass flow can
be different among species as found in sodium. Beside rice,
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it was reported that sodium is transported by apoplastic path-
way in another aquatic plant species, common reed (Fritz
and Ehwald 2013). We assume that salt and Cd stress-acti-
vated apoplastic bypass flow rate might have the common
feature in aquatic and semi-aquatic plant species but not in
upland plants. This assumption remains to be tested.

It was shown that deposition of lignin and suberin in root,
namely for reinforcement of water barrier in the Casparian
strip, rendered reduction of bypass flow of Na* (Krishna-
murthy et al. 2009, 2011). Therefore, we initially hypoth-
esized that Cd increased apoplastic bypass flow rate by
disrupting the Casparian strip in the opposite manner of
reduction of the bypass flow by suberin and lignin deposi-
tion. However, in the experimental condition we employed,
the Casparian strip had not been substantially established
in the hypodermis yet. Thus, the involvement of disruption
of the Casparian strip in the increase of apoplastic bypass
flow rate was excluded at least under the cultivation pro-
cedure in this study (Fig. S2). Here, we demonstrated that
membrane integrity of meristem and transition zone cells
by the exposure to a high concentration of Cd that increased
apoplastic bypass flow rate (Fig. 3). This suggests that con-
comitant resistance to radial water transport decreases to
increase apoplastic bypass flow rate by cell death in a par-
ticular region, although further investigation is needed on
the relation between induction of cell death and activation
of apoplastic bypass flow. Since the results in this study
regarding the formation of Casparian strip in hypodermis
was conducted only in young seedling of ‘Nipponbare’ cul-
tivar and was not quantitative. Therefore, there is room for
further investigation of the contribution of Casparian strip in
Cd-induced apoplastic bypass flow. Furthermore, our study
does not deny the role of Casparian strip in apoplastic bypass
flow control at all.

PEG inhibited apoplastic bypass flow rate most likely
by its osmotic pressure and affected similarly salt-activated
apopolastic flow (Faiyue et al. 2010b). Proline is known to
protect cells from heavy metal stresses (Shah and Dubey
1997; Sharma and Dietz 2006). However, the repression of
apoplastic bypass flow rate was not attributed to a rescue
from the Cd-induced membrane integrity impairment (Fig.
S4). Although the mechanism of apoplastic flow inhibition
by proline is not clear, proline also inhibits sodium-induced
apoplastic flow and therefore it is deducible that the mecha-
nisms of inhibition are different between PEG and proline.
Since two different modes of action inhibiting apoplastic
bypass flow reduced Cd transfer to shoot, we concluded that
Cd was transferred to shoot along with apoplastic bypass
flow (Fig. 4) rather than adverse effects of the reagents on
Cd uptake.

The concentration of Cd used in most of this study
(50-200 uM) was rather high compared to practical Cd con-
taminated sites in general (UNEP 2008). These experimental
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conditions may not reflect the real situation, and stimula-
tion of apoplastic bypass flow by Cd might not be a major
issue in paddy fields. Similar to our study, Qi et al. (2020)
claimed that apoplastic bypass flow has a role in Cd uptake
by comparing a variety of rice cultivars with different Cd
accumulation property. As they pointed out in their article,
Cd concentration used (8.9 pM) was higher than the realistic
level in the paddy field. Our study showed that, even at a rea-
sonably low Cd concentration (1 uM), an abiotic stress can
increase Cd translocation to the shoot via apoplastic route
(Fig. 6), and the restriction of Cd transport in the root cortex
by OsHMA3 can be overwhelmed by these stresses. Here
we propose that reduction of apoplastic bypass flow can be
a clue for the reduction of Cd uptake in practical farming
situations in addition to breeding approaches. It was reported
that reduction of apoplastic bypass flow rate with silicon is
effective to reduce Na* uptake to rice shoots (Flam-Sheperd
et al. 2018; Yeo et al. 1999). Application of silicon may
also be effective to reduce Cd uptake through the apoplastic
bypass flow in rice as an agricultural practice.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10265-021-01319-y.
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