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Abstract

Background and aims Rice is prone to Cd uptake
under aerobic soil conditions primarily due to
the OsNramp5 Mn transport pathway. Unlike Cd,
Mn availability in rice paddies decreases as redox
potential increases. We tested whether increasing
Mn concentrations in solution would decrease Cd
accumulation in rice through competition between
Mn and Cd for uptake and/or suppression of
OsNramp5 expression.

Methods Rice was grown to maturity under Mn
concentrations that spanned three orders of mag-
nitude (0.30 to 37 pM) that corresponded to free
Mn?* activities of 107 to 10>° M while free Cd**
activity was held as constant as achievable (1071%2
to 107'%% M). Plant biomass and elemental concen-
trations were measured in roots and shoots at each
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stage. Fold changes in the expression of OsNramp3,
OsCdl, OsHMA3, OsCCX2, and OsYSL6 genes in
vegetative and grain-filling stages of rice plants were
determined.

Results Competition between Mn and Cd for root
uptake and accumulation in shoots was observed at
the highest concentration of Mn tested. OsNramp5
expression was significantly higher in rice plants
at the vegetative stage compared to the grain-filling
stage, while OsCdl and OsHMA3 showed the oppo-
site. Solution Mn concentrations previously thought
to be tolerable by rice grown to the vegetative stage
led to Mn toxicity as plants matured.

Conclusions Mn competes with Cd during uptake
into rice with OsNramp5 expression unaffected. Dif-
ferent translocation paths may occur for Mn and Cd
within the rice plant and over the rice life cycle, with
OsCCX2 correlated with shoot Cd concentration.

Keywords Antagonism - Cadmium - Growth stage -
Manganese - OsNramp5 - Rice

Introduction

Rice (Oryza sativa L.) is a globally important staple
food and can take up Cd from the soil solution and
accumulate it in shoots and grain. Cadmium is a
highly toxic metal and known carcinogen found natu-
rally in the earth’s crust, usually at low concentrations
ranging from 0.1 to 1 mg kg~', with concentrations
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up to 1000 mg kg™! in contaminated sites (Buchauer
1973; Grant & Sheppard 2008; Morrow 2010). Cad-
mium is less toxic to plants than to humans; there-
fore, plant Cd levels can be toxic to humans without
affecting plants (Clemens et al. 2013). Once absorbed
into the blood, Cd is excreted very slowly and can
accumulate to harmful levels, causing adverse effects
including increased oxidative stress and impaired pul-
monary function (ATSDR 2002; NTP 2021). Nearly
all human Cd exposure comes from eating or smok-
ing contaminated plant materials (ATSDR 2002).
Rice consumption is the primary Cd exposure source
for many people (Jin et al. 2002; Nordberg et al. 1997;
Tsukahara et al. 2003; Watanabe et al. 2000, 1996).
Therefore, understanding how Cd is transported to
edible rice grain is crucial to protecting human health.

Cadmium chemically resembles other divalent
metal nutrients such as Fe?*, Zn**, and Mn**, and
Cd>* is transported into roots and within rice plants
through divalent metal transporters, with Mn trans-
porters playing a major role. For example, OsNramp1
is an Fe transporter induced by Fe deficiency, and
was reported to contribute to Cd uptake and translo-
cation in rice but not under the Cd** or Fe?* levels
representative of field conditions (Chang et al. 2020;
Takahashi et al. 2011); thus, OsNrampl may only
have a negligible contribution to Cd uptake under
field conditions. OsCdl was also reported to trans-
port Cd in rice roots, and the natural variation of
this gene was found to be responsible for the differ-
ent Cd accumulation capacity between indica (higher
Cd genotype) and japonica (lower Cd genotype) rice
subspecies (Yan et al. 2019). Researchers suggested
that OsHMA3 can sequester Cd into vacuoles dur-
ing Cd transport through roots, contributing to lower
Cd in rice grain (Miyadate et al. 2011; Ueno et al.
2010). After transport across the root endodermis,
Cd must be loaded into the xylem for shoot transport.
This xylem loading is a major step in determining
the eventual Cd translocation into rice grain (Uragu-
chi et al. 2009). A node-expressed transporter gene,
OsCCX2, was reported to be involved in grain Cd
accumulation; this gene was reported to be mainly
expressed in the xylem region of vascular tissues at
rice nodes (Hao et al. 2018). Although a few divalent
cation transporters were reported to transport Cd into
rice roots under manipulated experimental conditions
(Chang et al. 2020; Nakanishi et al. 2006; Takahashi
et al. 2011), the Mn transporter OsNramp5 has been
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shown to be the primary transporter of Cd into rice
roots under field conditions (Ishikawa et al. 2012;
Sasaki et al. 2012). When OsNramp5 was knocked
out or knocked down, 21 d old rice shoots and roots
accumulated significantly and substantially less Mn
and Cd than the wildtype (Sasaki et al. 2012). Some
extremely low Cd accumulators with defects in OsN-
ramp5 were found in experiments with ion-beam
irradiated mutant rice plants (Ishikawa et al. 2012).
In addition, OsNramp5 was reported to play a crucial
role in Mn root-to-shoot transport and is expressed in
other aboveground tissues (Yang et al. 2014). While
OsNrampS5 is clearly important for Cd uptake in rice,
other transporters may also play a role in the distri-
bution of Cd within the plant, particularly as plants
age. Much of what is known regarding Mn and Cd
antagonism has been gleaned from short-term hydro-
ponic studies, so it remains unresolved how Mn and
Cd antagonism might change over the rice life cycle.
In slightly acidic rice paddy soil, redox condi-
tions can significantly impact Mn and Cd mobility in
soil and uptake into rice. Trade-off relations between
plant-available Mn?" and Cd** were found across
changing soil pH, Eh, and pe + pH induced by flood-
ing and drainage (Wang et al. 2022a, b). When the
rice paddy is flooded, soil redox potential decreases
and Mn (III/IV) oxides can be reduced to Mn?*, lead-
ing to elevated Mn>* concentration in soil solution
(Ponnamperuma 1972). Mean soil porewater Mn?>"
concentration was reported to be 500 to 1000 pM in
a continuously flooded rice paddy in Arkansas, U.S.
(Maguffin et al. 2020), and the soil porewater Mn?*
was reported to reach~ 1560 pM in a flooded Mn-rich
paddy soil in Fujiang, China (Xu et al. 2017). Rice
has a high root-to-shoot Mn translocation efficiency
and can tolerate up to 1000 to 4000 mg kg~! Mn con-
centrations in shoots (Tanaka and Navasero 1966b).
The Mn-nicotianamine transporter OsYSL6 was sug-
gested to be involved in the detoxication of excess
Mn in rice plants, and higher OsYSL6 expression was
found in older leaves (Sasaki et al. 2011). In contrast
to Mn, Cd availability decreases in slightly acidic
flooded soil to nearly non-detectable levels because
of three geochemical processes: 1) formation of spar-
ingly-soluble CdS under anaerobic conditions (Arao
et al. 2009; de Livera et al. 2011), 2) soil pH increase
toward near neutral (Wang et al. 2019), and 3) ele-
vated free Mn2* in soil solution, which promotes Cd
binding with Fe-Mn (oxyhydr)oxides (Wang et al.
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2022a, b). Therefore, in uncontaminated soil, Cd
availability to rice grown under flooded conditions is
typically low because of low solution-phase Cd and
high solution-phase Mn, which can compete for root
uptake and translocation (Yang et al. 2014).

Recently, water management such as alterate wet-
ting and drying or furrow irrigation has been adopted,
which can decrease the accumulation of As but
increase Cd accumulation in some soils (Arao et al.
2009; Honma et al. 2016; Seyfferth et al. 2019). The
elevated plant Cd levels under more oxidized soil
conditions are likely due to a combination of geo-
chemical and plant molecular factors. Under oxidiz-
ing conditions solution-phase Cd concentrations
increase while Mn concentrations are low. Under this
scenario, less Mn is available in solution to compete
for plant uptake into roots, and the low Mn possibly
increases the expression of Mn transporters. These
soil and plant factors would promote more Cd uptake
under oxidized soil conditions. In a four-week hydro-
ponic study with a gradient in Mn and Cd solution
concentrations, competition between Mn and Cd was
found in both rice roots and shoots, while expression
of OsNramp5 was not affected (Yang et al. 2014). If
increased Mn supply can decrease grain Cd accumu-
lation, it may provide a feasible Cd mitigation method
in rice production particularly under non-flooded
water management. However, it remains unclear how
increasing Mn supply will impact rice shoot and grain
Cd accumulation when plants are grown to maturity
and if transporter expression changes as plants age.

We hypothesized that increasing the Mn supply
would decrease plant Cd due to decreased expres-
sion of Mn transporters and competition between
Mn and Cd for uptake. We further hypothesized that
the expression of Mn transporters would change
over the plant life cycle and impact shoot accumu-
lation of Cd. To test our hypotheses, a hydroponic
experiment was conducted in which rice was grown
to grain maturity under a range of culture solution
Mn** activities and environmentally-relevant Cd**
activity (Parker & Norvell 1999), as plant uptake of
metal nutrients were suggested to correlate best with
free metal ion activities (Chaney 1988; Halvorson and
Lindsay 1977). Chelator-buffered nutrient solutions
(Chaney et al. 1989; Parker et al. 1995) were used to
control micronutrient cation activities in hydroponic
culture solutions, and hydroxyethylethylenediamin-
etriacetic acid (HEDTA) was selected as the chelator

using GEOCHEM-EZ (Shaff et al. 2010) to calculate
chemical species equilibrium distribution in solu-
tion. While others have mostly grown rice to veg-
etative stages in such experiments, here we measured
Mn and Cd concentration and quantity in rice plants
at vegetative, grain filling and grain maturity rice
growth stages and the expression of key transporters
involved in Mn and Cd uptake, transfer, and detoxifi-
cation in vegetative and grain-filling stage plants.

Materials and methods
Rice hydroponic experiment

The hydroponic experiment was conducted in a
growth chamber (14 h day, 28/26 °C day/night
temperature, 60% humidity) with an average light
intensity of 412 pmol m~2 s~! delivered by fluorescent
bulbs. Hybrid rice (cv. CLXL745, RiceTec, USA)
seeds were surface sterilized in a diluted bleach
solution and germinated on germination paper (day
1). After germination for seven days, seedlings were
transferred from germination paper to four 16-L
high-density polyethylene (HDPE) nursery chambers
with four treatment solutions and 35 rice seedlings
per nursery chamber. Four treatment solutions
contained the same basal solution formula (Table S1)
but four different Mn concentrations and activities
(pMn2+ of 7.9, 7.4, 6.5, and 5.0) and with similar
free Cd** activity (pCd** of 10.2 to 10.4) (Table 1).
All treatment solutions contained 100 pM HEDTA
to keep Fe’*, Zn**, Cu?*, and Ni** fully chelated
and maintain Mn?** and Cd** activity at the desired
level. HEDTA has much stronger chelation with
Fe**, Cu®*, Zn>* and Cd>* compared to chelation
with Mn, and, therefore, can obtain the desired Mn
activity range while maintaining other metal activities
at very low levels (Table 1). According to our pilot
experiments, rice grown in HEDTA +Fe** solution
only had minor Fe/Mn plaque formation in contrast
to rice grown in Ferrozine +Fe®" solution, which
had significant amount of Fe/Mn plaque formation
on rice roots and can interfere with this mechanistic
Cd uptake experiment. MES buffer (2 mM) was also
used to buffer the pH to 5.9—6.0 during plant growth.
After one week of growth in the nursery chamber,
rice plants of similar height were transferred to 8 L
opaque HDPE pots, one plant per pot and nine pots
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Table 1 Rice hydroponic experiment treatment Mn, Cd, Fe, Cu and Zn concentrations and free metal activities, based on the aver-
age measured metal concentrations rice experienced throughout the experiment

2+

Treatment  Mn (uM) pMn** Cd (uM) pCd>* Fe (uM) pFe**  Cu(uM)  pCu®**  Zn(uM) pZn
pMn?*

1 0.30 7.9 0.55 10.4 56 16.5 1.9 13.1 17.8 9.3
2 0.89 7.4 0.55 10.4 56 16.5 1.9 13.1 17.8 9.3
3 6.6 6.5 0.55 10.3 56 16.4 1.9 13.0 17.8 9.2
4 37 5.0 0.10 10.2 56 15.5 1.9 12.1 17.8 8.3

per Mn treatment. All containers (nursey chambers
and HDPE pots) used in the experiment were acid-
washed before use. Nutrient solutions were changed
every four to seven days with more frequent solution
changes as plants grew larger. Nutrient solution
samples were taken before and after each solution
change, and nutrient element concentrations were
analyzed via inductively coupled plasma-optical
emission spectroscopy (ICP-OES). Throughout the
experiment, rice plants experienced slight fluctuations
in solution concentrations of basal nutrients and the
targeted Mn and Cd levels (Figure S2). Therefore,
all solution concentrations are reported as the
average concentrations that the rice experienced
throughout its growth stage, and pMn** and pCd**
were calculated based on these average component
concentrations (Table 1 and Table S1).

Sample collection and processing

Rice plants were destructively harvested at vegetative
(day 73), grain filling (day 97), and grain maturity
(day 113) stages; three replicate pots per treatment
were sampled at each sampling stage. For vegetative
and grain filling stage sampling, one to two whole
leaves (leaf immediately below the top leaf), three
to four nodes (nodes above the basal nodes), and
five to 10 whole roots were collected from each
plant, respectively, for gene expression analysis.
These tissue samples were flash-frozen in liquid N,
and stored in -80 °C freezer until RNA extraction
and quantitative real-time polymerase chain reaction
(qPCR) analysis. The remaining plant shoots (without
panicles) were oven dried at 50 °C for 60 h, and the
remaining roots were triple washed in DI water and
air-dried at room temperature (25 °C). Dry biomass
of roots, shoots, and grain was recorded. Dried whole
roots were further processed with the cold dithionite
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citrate bicarbonate (DCB) extraction (Taylor and
Crowder 1983) to remove the oxides layer on the root
surface, with roots of a single plant fully immersed in
DCB solution (30 mL 0.3 M sodium citrate + 3.75 mL
1 M sodium bicarbonate +2.25 g sodium dithionite)
and shaken for 3 h. Extraction solutions, including
root-rinsed solutions, were transferred to 100 ml
volumetric flasks, brought to volume, and analyzed
for Mn and Cd accumulation in root plaques via
inductively coupled plasma-mass spectrometry
(ICP-MS, Thermo iCap-TQ). For pots sampled at
the grain maturity stage, panicles were separated
from shoots, air-dried, and ripe grain was separated
from the panicles. Ripe grain was further separated
into husk and brown rice in a rice huller (Nongao,
NA.JLG-2018), and brown rice was then polished
into powdered bran and white rice in a rice milling
machine (XinFeng, JNMJ3). All plant samples (root,
shoot, husk, bran, polished rice) were ground into fine
powders with a stainless-steel grinder and stored in
air-tight HDPE vials until elemental analysis.

Rice tissue elemental quantification analyses

Elemental concentrations in all ground rice tissue
samples (root, shoot, husk, bran, and polished grain)
were quantified by ICP-MS (Thermo iCap-TQ) after
microwave-assisted acid digestion following estab-
lished protocols (Seyfferth et al. 2016; Teasley et al.
2017). Briefly, rice tissue (0.100 to 0.400 g dry tissue)
was weighed into a Teflon digestion vessel (MARS
6, CEM Corp., USA), and 7 mL concentrated trace-
metal grade HNO; was added for microwave diges-
tion (MARS 6, CEM Corp., USA). After digestion,
all elements except Si were dissolved in the acid frac-
tion, and Si gel was settled down after centrifugation
and separated from the acid fraction. To ensure data
quality, NIST 1568b rice flour, NIST 1570a spinach
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leaves, and NIST WEPAL IPE 188 oil palm were
included in each digestion run as certified standards
(Table S2). Acid solutions were diluted to 4% HNO;
matrix before ICP-MS analysis. Digestion method
blanks and check standards were also included in the
ICP-MS analysis. The quantity of elements in rice tis-
sue was obtained by multiplying the tissue element
concentration by the tissue biomass for each pot.

Gene expression analyses

To quantify the expression of Mn/Cd transporter
genes, RNA was extracted from the frozen roots,
leaves, and node samples. For this, flash-frozen root
and leaf samples were ground in liquid nitrogen
with a ceramic mortar and pestle that had been
sterilized and autoclaved. In contrast, flash-frozen
node samples were ground in a mixer mill (Retsch,
GmbH MM301) using sterilized and RNase-free
vessels. RNA was extracted from the ground rice
tissue samples using a RNeasy Plant Mini Kit
(QIAGEN). Extracted RNA (1 pg) was reverse
transcribed into cDNA using High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems).
Quantitative real-time polymerase chain reaction
(qPCR) was performed with 50 ng cDNA in each
reaction cell to determine fold change expression of
OsNramp5, OsCdl, OsYSL6, and OsHMA3 in root
tissue, and OsNramp5, OsYSL6, and OsCCX2 in
nodes and leaves (see Table S3 for primer sequences
and references). Expression levels were analyzed
using the AAC; method (Livak and Schmittgen
2001) and are expressed relative to the same tissue in
one rice plant harvested at the grain filling stage in
the pMn®* 6.5 treatment. We attempted quantitative
real-time polymerase chain reaction analyses of
OsLCT] and OsHMA?2 in nodes and leaves and
OsNrampl in roots, nodes, and leaves but these
had large threshold amplification cycle numbers
(Ct>36) or failed amplification, indicating very low
or no expression. The rice eEF-1a gene was used as
the housekeeping gene. Primer sequences used in
the qPCR reaction are listed in Table S3. PowerUp
SYBR Green Master Mix (Applied Biosystems) was
used as the reaction substrate, and the reaction was
conducted in QuantStudio 3 Real-Time PCR System
(Applied Biosystems) using the comparative AACy
method in fast mode.

Statistical analyses

Elemental concentration and transporter expression
results were analyzed with 2-way ANOVA followed
by Tukey HSD tests. Two-way ANOVAs were per-
formed using the plant growth stage (sampling stage)
and hydroponic solution Mn activity as factors. The
logarithm of plant Mn concentrations and quantities
were used in the two-way ANOVA analyses. Linear
regression analyses were performed among plant
elemental concentrations and fold change in trans-
porter expression. All statistical analyses were per-
formed with JMP (v. Pro 16) software. No significant
interaction was observed between solution Mn activ-
ity and sampling stage in any measured parameters
except in shoot Cd quantity; however, differences
were observed due to Mn activity and growth stage
(Table S4).

Results

Rice biomass was affected by the growth stage and
Mn activity. Rice sampled in the vegetative stage had
significantly lower biomass than in the grain filling
and grain maturity stages for both roots (p <0.0001)
and shoots (p<0.0001) (Figure S1). Shoot biomass
was significantly lower at the highest solution Mn
tested (pMn** of 5.0) for all growth stages (Fig-
ure S1B, p=0.003), but there was no significant effect
of Mn activity on the biomass of root (Figure S1A)
and grain (Figure S1C) among treatments. Frequent
nutrient solution changes maintained the desired solu-
tion concentrations at target levels throughout the
experiments (Figure S2).

Rice plant Mn and root plaque Mn accumulation
were more affected by Mn activity than the growth
stage (Figs. 1 and 2 and S3A). Concentrations and
quantities of Mn in rice plant tissues generally
increased with increasing Mn activity in the hydro-
ponic solution (Figs. 1, A, and 2C). However, similar
root Mn levels between the two lowest Mn treatments
(panJr of 7.9 and 7.4) were observed (Fig. 1A and
C). Root Mn concentrations were significantly higher
at the grain maturity stage compared to the vegetative
and grain filling stages (Fig. 1A, p=0.02), and root
Mn quantities significantly increased at later sampling
stages (Fig. 1C, p<0.0001). Shoot Mn concentra-
tions were similar across vegetative, grain filling and
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Fig. 1 Rice root (A) and shoot (B) Mn concentration, and root
(C) and shoot (D) Mn quantity at all sampling stages when rice
plants were grown hydroponically with four Mn activities and
a relatively consistent Cd activity. Bars and error bars repre-
sent mean concentration or quantity and standard deviation,

grain maturity stages (Fig. 1B), while lower shoot Mn
quantities, due to lower shoot biomass, were obtained
at the vegetative stage (Fig. 1D, p<0.0001).
Treatments affected cadmium in shoots, roots,
and root plaque but not in grain (Figs. 2B, D and 3
and S3B). Treatment with the highest Mn activity
in solution resulted in the lowest root Cd concen-
tration (Fig. 3A, p=0.0007) and quantity (Fig. 3C,
p<0.0001), while lower activities were statistically
similar. Root Cd concentrations showed no statis-
tical difference across sampling stages (Fig. 3A).
In contrast, vegetative stage roots had significantly
lower Cd quantities, due to lower biomass, compared
to roots at grain filling and grain maturity stages
(Fig. 3C, p<0.0001). Shoot Cd generally increased
with increasing Mn activity at low Mn levels before
decreasing at the highest Mn activity, and this pat-
tern was most evident at later growth stages (Fig. 3B
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respectively (n=3). Capital letters above bars denote the statis-
tical difference among sampling stages, and lower-case letters
denote the statistical difference among Mn treatments. Levels
not connected by the same letter are significantly different. V,
vegetative; GF, grain filling; GM, grain maturity

and D). In particular, treatment with pMn** of 6.5
had significantly higher shoot Cd concentrations
compared to treatments with pMn>* of 7.4 and 7.9,
with shoot Cd concentrations of pMn?* of 5.0 treat-
ment in between pMn>* of 6.5 and pMn>* of 7.4 or
7.9 treatments (Fig. 3B, p=0.001). Shoots sampled
at the grain maturity stage had significantly higher
Cd concentrations than vegetative and grain filling
stages (Fig. 3B, p=0.0006). Shoot Cd quantity was
significantly affected by treatment solution Mn activ-
ity (p<0.0001), sampling stage (p <0.0001), and the
interaction between these two factors (p =0.0005).
We examined the expression of Mn transport-
ers in roots, leaves, and nodes at the vegetative and
grain-filling stages across the four Mn treatments,
and the growth stage had more of an impact on trans-
porter expression than Mn treatments. Mn treatments
did not have a significant effect on the expression
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of OsNramp5, OsCdl, or OsHMA3 expression in
rice roots (Fig. 4) or OsNramp5 in rice nodes (Fig-
ure S4A) and leaves (Figure S4C). OsNramp5
expression was significantly higher at the vegetative
stage than the grain filling stage in roots (Fig. 4A,
p=0.02), nodes (Figure S4A, p<0.0001), and leaves
(Figure S4C, p=0.02). In contrast, OsCdl (Fig. 4B,
p<0.0001) and OsHMA3 (Fig. 4C, p<0.0001) had
significantly higher expression in the grain filling
stage compared to the vegetative stage.

The expression of OsCCX2 was affected by Mn
treatment and the growth stage (Figure S4 and 5).
The expression of OsCCX2 in nodes was significantly
higher for plants grown in the pMn>* 6.5 treatment
than the other treatments (p=0.0001) and was sig-
nificantly higher for all Mn treatments at the grain
filling stage than the vegetative stage (p <0.0001)
(Figure S4B). OsCCX2 expression level in leaves sig-
nificantly increased from pMn>* 7.9 to 6.5 treatments
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resent mean concentration and standard deviation, respectively
(n=3). Lower-case letters denote the statistical difference
among Mn treatments. Levels not connected by the same letter
are significantly different

but then slightly decreased in the pMn** 5.0 treatment
(»p=0.01), and there was no significant difference in
expression between sampling stages (Figure S4D).
A significant positive correlation was found between
OsCCX2 expression in nodes and shoot Cd accumula-
tion (Fig. 5, p<0.0001).

Because we observed lower shoot biomass at
the highest free Mn** activity, we sought to under-
stand how Mn treatments affected the expression
of OsYSL6. OsYSL6 expression was significantly
affected by the treatment and sampling stage in
nodes but not in leaves. The highest OsYSL6 expres-
sion level was found in nodes of plants grown under
the pMn®* 6.5 treatment, while the lowest expres-
sion occurred in plants grown in pMn>* 7.4 and 5.0
treatment solutions (p=0.004). Moreover, the grain
filling stage had significantly higher OsYSL6 expres-
sion than the vegetative stage in the nodes (p=0.047)
(Figure S5A). In leaves, OsYSL6 had statistically
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Fig. 3 Rice root (A) and shoot (B) Cd concentration, and root
(C) and shoot (D) Cd quantity at all sampling stages when rice
plants were grown hydroponically with four Mn activities and
a relatively consistent Cd activity. Bars and error bars repre-
sent mean concentration or quantity and standard deviation,

similar expression levels regardless of treatment or
sampling stage (Figure S5B) but was substantially
lower in the highest Mn activity treatment at the
grain-filling stage.

Discussion
Mn and Cd compete for uptake into rice

Understanding the mechanisms of Cd translocation
and their interaction with micronutrient Mn in rice is
critically important to help develop Mn-based strate-
gies to protect human health from Cd intake via rice
ingestion. We hypothesized that a higher Mn supply
would decrease Cd uptake and accumulation in rice
due to Mn-Cd antagonism and possibly suppression
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respectively (n=3). Capital letters above bars denote the statis-
tical difference among sampling stages, and lower-case letters
denote the statistical difference among Mn treatments. Levels
not connected by the same letter are significantly different. V,
vegetative; GF, grain filling; GM, grain maturity

of Cd transporters. Our results partly supported our
hypothesis. Significantly lower rice root Cd concen-
tration and quantity were found in the highest solution
Mn treatment of panJr 5.0, and there was a trend of
lower shoot and grain mean Cd concentration and
quantity in that treatment, despite the slightly higher
Cd activity (pCd>* of 10.2) compared to other three
lower Mn treatments (pCdZJr 10.3 to 10.4) (Figs. 2B
and D, 3, and Table 1). These data support that com-
petition between Mn and Cd uptake occurred; how-
ever, this competition was not enough to affect grain
Cd levels at environmentally relevant concentrations.
In addition, increasing Mn supply did not suppress
the expression of OsNramp5, OsCdl, or OsHMA3.
Our Mn and Cd antagonism and transporter
expression data aligns with previous reports. An
antagonistic relationship between Mn and Cd was
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Fig. 4 Relative expression level (relative to the roots of one
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and grain filling (GF) stage rice root. Bar and error bars repre-
sent the mean expression level and standard deviation, respec-
tively (n=3). Capital letters above bars denote the statistical
difference among sampling stages. Lower-case letters denote
the statistical difference among Mn treatments. Levels not con-
nected by the same letter are significantly different

reported by Yang et al. (2014), who tested a Mn
range of 0.08 to 800 pM with 2 nM background Cd
in 4-week rice experiments. However, in our study of
rice grown for 16 weeks, this antagonistic relation-
ship was only observed when pMn?* was beyond 6.5,
representing Mn concentration> 6.6 pM (Fig. 3A, C
and D) with pCd** of 10.2-10.3 (0.10 to 0.55 uM
Cd). Similarly, in a 4-week experiment with similar
Cd activity to the present study, Wang et al. (2022b)

under which rice toxicity symptoms were observed,
with no distinct antagonistic Mn/Cd relation observed
in the range of pMn>* 5.3 to 7.7 (0.1-10 pM Mn).
The differences observed may be because OsNramp5
has a higher affinity for Cd than for Mn, as the half-
saturation constant Km for Cd and Mn uptake by
rice through OsNramp5 is 0.38 pM and 1.08 pM,
respectively (Sasaki et al. 2012), or because there are
other transporters involved in Mn uptake. OsNramp5
is reported to be a major transporter responsible for
both Mn and Cd uptake into rice (Sasaki et al. 2012),
while OsCdl (Yan et al. 2019) can transport Cd but
not Mn. Therefore, the competition between Mn
and Cd for the OsNramp5 transporter may only be
observed at extreme Mn levels (deficiency or toxicity)
and may not be sufficiently manipulated to control Cd
accumulation.

Mn and Cd translocation pathways inside rice differ

Although Mn and Cd share the same major trans-
porter OsNramp5 for uptake into rice roots, transloca-
tion pathways within the rice plant seem to differ for
Mn and Cd. Results of our study suggest that Mn was
preferentially translocated to shoots (Fig. 1) while Cd
accumulated preferentially in roots (Fig. 3). Shoot
Mn concentrations did not significantly increase
during the three sampled growth stages, with mean
shoot Mn concentration in pMn** 7.9 treatment
even slightly decreased from the vegetative to grain
filling sampling stage (Fig. 1B). In contrast, shoot
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Cd concentrations increased as rice plants aged and
were significantly higher at the grain maturity stage
(Fig. 3B, p=0.03). Our results suggest different root-
to-shoot translocation pathways for Mn and Cd within
the rice plant that may change over the rice life cycle.
With rice grown to grain maturity, our data indi-
cated that different transporters are involved to dif-
fering extents in Mn and Cd uptake and translocation
at different growth stages, which could not be seen
in previous short-term studies. In our study, OsN-
ramp5 had higher expression in roots at the vegetative
stage (Fig. 4A), while OsCdl had higher expression
in the grain filling stage (Fig. 4B). This observation
suggests that OsCdl may have played an important
role in determining grain Cd levels in rice, as grain
forms later in the rice life cycle. Natural variation in
OsCdl activity among rice cultivars was suggested
previously to be responsible for differentiating grain
Cd accumulation capacity (Yan et al. 2019), indicat-
ing the important role of OsCdl1 in Cd uptake during
the grain filling stage. After uptake into rice roots,
OsHMA3 plays a role of vacuolar sequestration of Cd
and perhaps other elements (e.g., Mn and Zn) (Miya-
date et al. 2011). Higher OsHMA3 expression was
found in roots at the grain-filling stage (Fig. 4C). This
may be because of higher Cd detoxification needs in
older rice plants, as plants at later stages have higher
concentrations of Cd in the tissues (Fig. 3C and D).
Mn root-to-shoot and shoot-to-grain translocation
in rice has been reported to be related to OsNramp5
and OsNramp3 (Yamaji et al. 2013; Yang et al. 2014),
while Cd translocation involves OsHMA3, OsCCX2,
OsHMAZ2, OsZIP7, OsCAL1 and OsLCT1 (Hao et al.
2018; Luo et al. 2018; Takahashi et al. 2012; Tan
et al. 2019; Ueno et al. 2010; Uraguchi et al. 2011).
Significantly higher OsNramp5 expression was
observed in the vegetative node and leaf compared to
the grain filling stage in our study, indicating higher
Mn transport activity via OsNramp5 in younger rice
plants. Although not tested in our study, OsNramp3
was reported to be highly expressed in nodes and to
preferentially transport Mn to younger rice tissue
and panicle when Mn is insufficient. The OsNramp3
protein degrades within hours in response to excess
Mn, inhibiting the Mn translocation to young rice
tissue. Under these conditions, excess Mn would be
allocated to older tissues, such as older leaves with
larger surface areas and higher transpiration rates
(Yamaji et al. 2013). OsHMA2 was suggested to be
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involved in rice root to shoot Cd translocation via
xylem (Satoh-Nagasawa et al. 2012; Takahashi et al.
2012), and OsLCT1 was reported to be involved in
Cd phloem transport to grain (Uraguchi et al. 2011,
2014). However, in our study, OsHMA2 and OsLCT1
had very low or no detectable expression in rice nodes
and leaves at the vegetative and grain filling stages
(data not shown). Instead, OsCCX2 was found to be
expressed in both nodes and leaves, and the pMn?*
6.5 treatment had the highest OsCCX2 expression
(Figure S4B and D) and the highest shoot Cd levels
(Fig. 3B and D), particularly as plants aged. A sig-
nificant positive correlation was also found between
OsCCX2 expression in the nodes and shoot Cd quan-
tity (Fig. 5), suggesting a contribution of OsCCX2 in
Cd node transport, especially during the grain-filling
stage. Although OsCCX2 was reported to be preferen-
tially expressed in rice nodes (Hao et al. 2018), com-
parable OsCCX2 expression was also observed in rice
leaves in our study, which may indicate the active role
of OsCCX2 in the distribution of Cd to leaves (Hao
et al. 2018).

Mn tolerance of rice plants

Rice seems not to strictly regulate the amount of Mn
uptake into roots and efficiently transports Mn to
shoots (Fig. 1). Instead, rice develops a strategy to
preferentially distribute Mn to younger and reproduc-
tive tissue when Mn concentrations are growth limit-
ing or to preferentially load Mn to older tissue as an
internal detoxification strategy to deal with excess Mn
(Sasaki et al. 2011; Yamaji et al. 2013). Rice plants
can accommodate a wide range of Mn concentrations
from 20 to 4000 mg kg™! in shoot tissue (Tanaka
and Navasero 1966a) and maintain normal biophysi-
cal function. In our study, the highest Mn treatment,
which corresponded to 37 uM in solution, had shoot
Mn concentrations exceeding 4500 mg kg~! and sig-
nificantly lower shoot biomass than the other treat-
ments (Fig. 1B and S1B). Therefore, we hypothe-
sized that disruption of OsYSL6 expression, which is
critical to tolerate excess Mn concentration in shoots
(Sasaki et al. 2011), may have occurred in that treat-
ment. Indeed, we observed the lowest expression of
OsYSL6 in the highest Mn treatment (Figure S5).
The shoot Mn levels we found were higher than the
suggested 2500 mg kg~' Mn toxicity concentration
threshold (Tanaka and Navasero 1966b). This finding
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supports our hypothesis that Mn toxicity occurred in
the highest Mn treatment and led to low shoot bio-
mass (Figure S1B).

The tolerable Mn level in hydroponic culture solu-
tion may be lower for rice grown to maturity than
previously observed in short-term rice experiments.
Rice plants growing in our hydroponic study to grain
maturity showed stunted growth in the highest Mn
treatment (pMn2+ of 5.0 or 37 pM Mn), one of the
symptoms of Mn toxicity. We also grew rice in the
same basal solution as in this study with higher Mn
(100 pM), which showed brown chlorosis in rice
leaves as well as stunted growth after the grain-fill-
ing stage but not in younger plants (data not shown).
While short-term (<5 weeks) rice studies did not
report Mn toxicity with solution Mn up to~ 1800 pM
(Yang et al., Tanaka and Navasero 1966a), our data
suggest that plants cannot tolerate such high Mn lev-
els in solution culture for longer periods (i.e., grown
to maturity). Previously, 182 pM was suggested as the
upper Mn level that rice can maintain normal growth
(Tanaka and Navasero 1966b); however, this value
may be too high for rice grown to maturity in solu-
tion culture. In our study, only up to the 37 uM Mn
treatment allowed plants to complete the rice growth
cycle.

Rice plants seem to tolerate higher Mn solution
phase concentrations in soil environments than in
hydroponic cultures. In contrast to rice grown in
solution culture, rice can grow in paddy soils with
500 and even up to~ 1500 pM Mn in pore waters
(Maguffin et al. 2020; Xu et al. 2017). High soil
solution Mn concentrations observed in bulk paddy
pore waters are likely attenuated by iron plaque in
the rhizosphere (Colmer 2003), or by soil organic
matter chelation (Himes and Barber 1957), limit-
ing the plant-available Mn pool. Fe was reported to
show an antagonistic effect on rice Mn uptake (Tan-
aka and Navasero 1966a), and Fe concentration was
reported to be in the range of 800 to 1600 uM in
flooded rice paddy soil pore water (Seyfferth et al.
2019); these Fe concentrations are much higher
than the 56 puM Fe used in our hydroponic study.
Likely, the formation of Fe and Mn oxide minerals
at the rice root surface acts to prevent excess rice
root uptake of Fe and Mn in soil environments by
providing adsorption sites (Suda and Makino 2016).
Therefore, evaluating the ‘actual’ solution-phase
Mn levels observed by rice roots growing in soil is

complex. Future studies that target the competition
between Mn and Cd uptake should manipulate Mn
supply by increasing rice paddy soil redox poten-
tial and evaluate how this elevated Mn exposure
impacts Cd uptake into rice studies that last longer
than 4 weeks.

Conclusions

Our data call into question whether increasing the
Mn supply can decrease the grain concentrations of
Cd via competition for Mn transporters in rice. We
observed that higher Mn supply (pMn>* >6.5 in
this study) significantly decreased Cd concentration
in rice roots, but not grain, through competition for
transporter OsNramp5 when plants were young, but
as plants aged, OsCdl may have contributed signifi-
cantly to root Cd uptake as well. Cadmium transloca-
tion inside rice plants seems less related to Mn trans-
location but more related to other metal transporters
such as OsHMA3 and OsCCX2. However, the hydro-
ponic solution cannot fully represent the actual envi-
ronment in which rice is grown, because we observed
Mn toxicity symptoms in older plants at solution lev-
els up to 50 uM, which has been reported as purport-
edly “safe” for rice in short-duration experiments.
Future studies with rice growing in soil are needed to
evaluate the impact of Mn on Cd mobility in soil and
uptake into rice.
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