
Science of the Total Environment 763 (2021) 143049

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Altered arsenic availability, uptake, and allocation in rice under
elevated temperature
Yasmine A. Farhat a,⁎, Soo-Hyung Kimb, Angelia L. Seyfferth c, Long Zhang a, Rebecca B. Neumann a

a Department of Civil and Environmental Engineering, University of Washington, Seattle, WA 98195, USA
b School of the Environment and Forest Sciences, University of Washington, Seattle, WA 98195, USA
c Department of Plant and Soil Sciences, University of Delaware, Newark, DE 19716, USA
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Higher temperatures increased arsenic
concentrations in all tissues, including
grain.

• Temperature increased arsenic content
but did not alter arsenic allocation pat-
terns.

• At higher temperatures root plaques
sorbed more arsenic per unit of iron
plaque.

• Temperature-fueled mobilization of ar-
senic from soil was likely a key driver.
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Climate change is expected to increase growing temperatures in rice cultivating regions worldwide. Recent re-
search demonstrates that elevated temperature can increase arsenic concentrations in rice tissue, exacerbating
an existing threat to rice quality and human health. However, the specific temperature-induced changes in the
plant-soil system responsible for increased arsenic concentrations remain unclear and such knowledge is neces-
sary to manage human dietary arsenic exposure in a warmer future. To elucidate these changes, we established
four temperature treatments in climate-controlled growth chambers and grew rice plants (Oryza sativa cv.
M206) in pots filledwith Californian paddy soilwith arsenic concentrations of 7.7mg kg−1. The four chosen tem-
peratures mimicked IPCC forecasting for Northern California, with a roughly 2.5 °C increase between treatments
(nighttime temperatures ~2 °C cooler). We observed that arsenic concentrations in porewater, root iron plaque,
and plant tissue increased in response to elevated temperature. There was a positive linear relationship between
temperature and rice grain arsenic, almost all of whichwas present as inorganic As (III). Above-ground allocation
patterns were consistent across treatments. We found no upregulation in the gene encoding the OsABCC1 trans-
porter, believed to be important for arsenic sequestration in vacuoles and thereby preventing arsenic transfer to
grain. Rice plants grown at higher temperatures hadmore adsorbed arsenic per unit of iron plaque (measured as
[As]/[Fe]), indicating temperature may impact arsenic sorption to root plaque. We present evidence that in-
creased soil mobilization of arsenic was the driving factor responsible for increased arsenic uptake into rice
grain. Transpiration, which can increase arsenic transport to roots, was also heightened with elevated tempera-
ture but appeared to play a secondary role. Our system had low soil arsenic concentrations typical for California.
Our findings highlight that elevated growing temperatures may increase the risk of dietary arsenic exposure in
rice systems that were previously considered low risk.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Rice is a critical staple food for billions of people who consume
rice to meet their daily caloric needs and is therefore an important
component of global food security. There is an emerging apprecia-
tion that food security must consider not only food supply, but also
food quality (Britz et al., 2007; DaMatta et al., 2010; Myers et al.,
2014; Smith and Myers, 2018). One aspect of crop quality is the con-
centration of harmful elements like arsenic (As), a potent carcinogen
and toxin frequently found in rice paddy environments. Rice is the
major dietary source of arsenic to those without contaminated
drinking water (Meharg and Zhao, 2012), and can induce genotoxic
effects in humans at levels as low as 200 ng g−1 (Banerjee et al.,
2013). Inorganic forms of arsenic, like As(III) (i.e., arsenite) and As
(V) (i.e., arsenate), are considered more toxic to humans than their
common organic counter parts (Vahter and Concha, 2001) and
therefore most regulatory guidelines are set to limit inorganic arse-
nic exposure (Codex, 2014; Food and Drug Administration FDA,
2016; European Commision, 2015).

Arsenic is highly mobile in rice paddy environments due to its geo-
chemistry and efficient uptake by rice roots. Rice is often cultivated
under flooded conditions leading to an anoxic soil environment. When
soils are anoxic, solid-phase arsenic is released in a microbially medi-
ated reductive dissolution pathway that liberates arsenic from iron
(hydr)oxide minerals to which it is bound. This release occurs through
dissolution of iron (hydr)oxides when Fe(III) is reduced to Fe(II), and/
or desorption of arsenic when it reduces from As(V) to As(III) (Borch
et al., 2010; Cummings et al., 1999; Tufano and Fendorf, 2008; Xue
et al., 2020). Solutes like arsenic travel via mass-flow and diffusion to
the rhizosphere, the soil immediately surrounding and influenced by
roots (Barber, 1962; Williams et al., 2014). In the rhizosphere inorganic
arsenic can be intercepted by an insoluble iron plaque layer coating rice
roots, primarily composed of ferrihydrite with smaller amounts of goe-
thite and lepidocrocite (Amaral et al., 2017; Seyfferth et al., 2011;
Yamaguchi et al., 2014). Arsenic species which penetrate or bypass
iron plaque are taken up by root cellular transporters. As(III) is taken
up by silicon transporters Lsi1 and Lsi2 (Ma et al., 2008) and As(V) is
taken up by phosphate transporters (Wu et al., 2011). Arsenic concen-
trates in vegetative tissue within the plant and can eventually migrate
toward grain. To reduce arsenic toxicity, a tonoplastic transporter,
OsABCC1, shuttles inorganic arsenic into vacuoles (Song et al., 2014).
Within these vacuoles, arsenic is bound to phytochelating agents and
prevented from interfering with normal cellular function (Clemens
and Ma, 2016). OsABCC1 expression can occur in many different tissue
types and expression levels vary based on plant phenology and arsenic
exposure level (Song et al., 2014).

Arsenic-relevant components of the plant-soil system are sensitive
to temperature and may therefore be altered by climate change,
which will increase average growing temperatures in rice growing re-
gions worldwide (IPCC, 2013b). The magnitude of this temperature in-
crease is uncertain, in large part because of unknown human actions to
mitigate climate change. Therefore, IPCC predictions simulate various
scenarios, called Representative Concentration Pathways (RCPs),
which describe warming predictions from moderate to very severe.
Commonly used RCPs are RCP2.6, RCP4.5, RCP6.0 and RCP8.5. During
rice growing months in Northern California, an important rice cultiva-
tion region within the USA, these four scenarios predict increased aver-
age daily temperatures of up to 1.5 °C, 3 °C, 4 °C and 8 °C, respectively
(IPCC, 2013a).

Increasing temperature can have numerous impacts on plant biol-
ogy and function (Arai-Sanoh et al., 2010; DaMatta et al., 2010;
Dieleman et al., 2012; Hatfield and Prueger, 2015). For example, it is
well known that temperature stress can diminish rice spikelet fertility
and overall yield (Baker, 2004; Peng et al., 2004; Porter et al., 2014;
Prasad et al., 2006). There is evidence that rice yields aremore suscepti-
ble to heat stress from increased nighttime temperatures than from
2

daytime temperatures (Kanno et al., 2009; Peng et al., 2004). These
temperature-induced changes in plant biology will interact with
temperature-driven arsenic mobilization (Simmler et al., 2017; Weber
et al., 2010), impacting final arsenic concentrations in plant tissue and
grains. Two previous studies have demonstrated that elevated temper-
ature mobilizes soil-bound arsenic and can increase rice uptake of arse-
nic (Muehe et al., 2019; Neumann et al., 2017). These two studies
present conflicting data as to whether an increase in temperature can
directly impact concentrations of arsenic within edible grain tissue,
where Muehe et al. (2019) detected this increase but Neumann et al.
(2017) did not.

Here we attempt to build upon these previous studies and under-
stand how future warming will impact the arsenic uptake pathway in
rice with specific attention to three potential points for change: mobili-
zation of arsenic from soil, transport of arsenic to roots, and allocation of
arsenic within plant tissue. The mobilization rate, or the solubilization
rate of arsenic from soil, is microbiallymeditated and can be heightened
at elevated temperature when microbial rates accelerate (MacDonald
et al., 1995; Weber et al., 2010). This response therefore increases the
pool of dissolved arsenic (Simmler et al., 2017; Weber et al., 2010).
Root uptake of arsenicmay be influenced by temperature in two oppos-
ing ways. First, increased temperature can induce increased transpira-
tion rates, leading to greater mass-flow and uptake of solutes (Lynch
and St. Clair, 2004; McGrath and Lobell, 2013). Second, elevated tem-
perature can increase iron plaque development (Neumann et al.,
2017), which could suppress arsenic uptake. Arsenic distributionwithin
the plant is influenced by both biomass gain and biomass allocation (ex.
root to shoot ratio). Growth temperature impacts biomass gain in a non-
linearmanner, where biomass production and spikelet fertility increase
until an optimal temperature and then fall off precipitously (Arnold
et al., 2019; Baker, 2004). For japonica rice varieties, the optimal grow-
ing temperature is around ~28 °C and spikelet sterility occurs between
32 and 36 °C (Baker, 2004). Arsenic allocation is also affected by its se-
questration into vacuoles by OsABCC1, which prevents grain loading
of arsenic (Song et al., 2014). Increased OsABCC1 expression is induced
by elevated arsenic exposure andmay therefore help reduce human ex-
posure to edible arsenic.

We hypothesize that in the soil environment, elevated tempera-
ture will increase arsenic availability by boosting arsenic mobiliza-
tion from soil into porewater. We also hypothesize that transport
of arsenic to rice roots will increase due to greater mass-flow, but el-
evated temperature will simultaneously increase root plaque forma-
tion and subsequent sorption of arsenic to plaque. We anticipated
that arsenic mobilization and transport will outweigh plaque sorp-
tion, resulting in increased plant uptake of arsenic with temperature.
Within the plant, we hypothesize that additional arsenic uptake will
trigger an upregulation of OsABCC1 expression, preventing a
temperature-fueled increase in rice grain arsenic. To investigate
these hypotheses, we cultivated potted rice plants using a gradient
temperature approach spanning different IPCC scenarios for rice cul-
tivating months in Northern California. We used unamended soil
with a low total arsenic concentration, representative of baseline ar-
senic content in most rice growing soils of California.

2. Methods

2.1. Soil and plant material

2.1.1. Soil
We collected soil from a rice field in Davis, California. Total soil arse-

nic was 7.7 ± 0.3 mg kg−1 (mean± SD, n=3) and oxalate extractable
arsenic was 73.0 ± 1.8 μg kg−1 (n = 3) (Keon et al., 2001; U.S. EPA,
1996). We moistened soil with deionized water, homogenized it with
a portable cement mixer, and added 21 ± 1 g of moistened soil into
3.8 L pots. Each chamber had 8 pots; 7 for plants and 1 as an unplanted
control.
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2.1.2. Germination
We grew a Californian, medium-grain rice variety, (Oryza sativa L. ssp.

japonica cv. M206). We planted 10 rice seeds into moistened but not
flooded soil in each pot designed for plants, and placed pots in experi-
mental chambers to germinate for 16 days. Then we thinned seedlings
to 6 per pot to match number of plants that germinated at low tempera-
ture. Treatment temperatures are further described in Section 2.2.

2.1.3. Plant care
Oneweek after plant thinning, we flooded pots to 5 cmabove soil sur-

face and kept pots flooded with twice weekly watering. We irrigated
using a 10× dilution of Hoagland solution (Hoagland and Arnon, 1950).
We allowed freshly prepared irrigation solution to equilibratewith cham-
ber temperature in a carboy for at least 24 h before watering tomoderate
soil temperature. We recorded volume of water added to planted and
unplanted pots to estimate volume of water lost by evaporation (water
lost from the unplanted pot) and transpiration (planted pot water loss -
unplanted pot water loss). Water use efficiency was calculated by divid-
ing mature plant biomass by volume of water transpired.

2.2. Growth chamber set-up and temperature treatments

We cultivated rice in growth chambers (DarkRoom II DR90, 36" ×
36" × 72") at four different temperatures: 25.4 / 22.6 °C, day/night
(low temperature, LT); 27.9 / 25.8 °C (medium-low, MLT); 30.5 /
28.9 °C (medium-high, MHT) and 32.9 / 31.0 °C (high temperature,
HT) (Fig. 1). Temperatures were controlled using heaters (Dr Infrared
Heater) and fans connected to an environmental controller (model
CHHC-4i, Sentinel). Each week we used a random number generator
to rearrange pots to help control for any variation in temperature
throughout the chamber.

We measured air temperature at leaf level (Smart Sensor, Onset) and
soil temperature at 10 cmdepth in half of the pots in each treatment (Tid-
biT, Onset). Average light intensity at leaf level was 290 μmol m−2 s−1

(PAR Smart Sensor, Onset). Plants grewon a 12 h light-dark schedule. Ad-
ditional information about growing conditions is found in Table S1.

2.3. Sample collection

2.3.1. Timing
We defined three time points for sample collection: vegetative

growth, flowering, and maturity. Briefly, we collected porewater at all
three time points and collected plant and soil samples during the latter
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Fig. 1. Average temperatures of each treatment group over the course of the experiment
with associated standard deviations. Temperature treatments are as follows: Low
temperature (LT), Medium Low Temperature (MLT), Medium High Temperature (MHT),
and High Temperature (HT). We measured air temperature using RH/Temperature
Sensor (Onset) and soil temperature using a TidbiT Temperature Logger (Onset) buried
at a 10 cm depth in 4 of 8 pots.
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two time points (further described in Sections 2.3.2–2.3.3). The vegeta-
tive sampling point occurred 38 days after seeding, at the beginning of
tillering stage, and was consistent across treatments. We defined
flowering and maturity points observationally to adjust for differences
in phenologywith temperature. The flowering collection point occurred
when over 75% of all plants in a given treatment had entered flowering
stage. Most treatment groups flowered within the same week, with the
exception of LT treatment, which flowered roughly 2 weeks later than
other treatments. Maturity was defined for groups LT, MLT, and MHT
by completion of grain filling. There was a roughly 2-week separation
between full maturity in these three groups (first MLT, then MHT, and
last LT). It was difficult to determine a full maturity time point for HT
treatment because spikelets remained unfilled likely due to heat stress,
even though plants were allowed to mature for longer than other treat-
ments. Therefore, the definition of “maturity” in this treatment was not
physiologically based, but rather when the treatment was harvested,
which was two and a half weeks after other treatment groups.

2.3.2. Porewater collection
We collected porewater samples at vegetative, flowering, andmatu-

rity time points.We installedMicroRhizons (0.15 μm filter, Rhizosphere
Research Products) into pot soil 24 h before the vegetative sampling
event and left them in the pots throughout the experiment. We con-
nected MicroRhizons to a 2-way stopcock with an attached needle
used to pierce the septumof 12mL glass vials (Exetainer, Labco). During
porewater sampling events we collected three samples with vials pre-
pared in the following ways. The first vial cleared the sampler and, be-
cause collected solution was discarded, these vials were not rigorously
cleaned. Next, we collected the porewater sample for elemental analysis
using an acid washed, foil wrapped, N2-purged, and evacuated vial. The
last sample we collected for electrochemical characterization and car-
bon content, and therefore the vial was ashed as well as acid washed,
foil wrapped, N2-purged, and evacuated. Each of the three vials was
left to collect porewater for between 30 min and 1 h.

We preserved porewater for elemental analysis by acidifying to 2%
v/v with trace metal grade HNO3 immediately after opening anoxic
vials. Within 2 h of collection, we transferred the sample for electro-
chemical characterization to an anaerobic glovebox. We removed
2 mL of each sample into a sealed vial, which we refrigerated (4 °C)
for 1–2 days before analysis for dissolved organic and inorganic carbon.
We measured pH and conductivity of remaining porewater solution in
the glovebox.

2.3.3. Destructive harvest
Weperformed two destructive harvests atflowering and atmaturity

to collect plant and soil samples. Harvests occurred 1–2 days after
porewater collection. During destructive harvests, we used a
4 × 30 cm cylindrical plastic tube (AMS) with a hand pressed firmly
on top as a vacuum seal to collect a soil sample within the rooting
zone. Immediately after removal, we capped the tube, sealed it with
electrical tape, placed it in a gas impermeable liner (ESCAL, Mitsubishi
Gas Chemical) with an oxygen scavenging packet (BD GasPak™), and
heat-sealed liner. We refrigerated the soil until analysis.

From each pot during both harvests, we removed two plants for
physiological measurements then combined them into a composite
sample for arsenic analysis, and we removed one plant for expression
of OsABCC1. We used a random number generator to select plants. We
cut the two plants at the soil surface and measured plant height, leaf
number, leaf area, and tiller number. Due to high planting density,
most plants did not produce tillers. Following physiological measure-
ments, we partitioned and combined tissues from these two plants
into one composite sample that was oven-dried at 60 °C (Arao et al.,
2009; Li et al., 2009). During the harvest at maturity we also collected
root samples from these two plants, carefully removed by hand. After
removal, we rinsed roots in Milli-Q water to remove adsorbed soil and
allowed roots to air-dry. For the gene-expression plant (further
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described in Section 2.5), we flash froze tissue in liquid nitrogen and
then stored tissue at−80 °C until analysis.

2.4. Extractions

2.4.1. Plant tissue
We removed root plaque using a modified hot dithionite-citrate-

bicarbonate (DCB) extraction (Taylor and Crowder, 1983). We cut
large root systems into fragments of 0.5 g or smaller (mass known ex-
actly) and performed extractions on all fragments of the root system.
Detailed instructions of extraction procedure can be found in supple-
mental information. After washing, we air-dried root systems again in
preparation for digestion.

We analyzed dried roots, stems, leaves, spikelets, mature hulls, and
unpolished grains for arsenic content. Rice grains were separated from
hulls using a simple rice huller with two rubber rollers moving in oppo-
site directions.We ground each tissue and separated ~300mgof sample
for hot HNO3-H2O2 digestion. We then added 3 mL of H2O2 and 7.5 mL
of HNO3. A microwave digester (Anton Parr) heated samples to 190 °C
and digested them for 30min. Thenwe decantated and brought extract-
ant volume up to 25 or 50mL volumetrically, based on expected arsenic
concentration. Each extraction contained two sample blanks and 2/3rds

of runs contained a NIST Standard ReferenceMaterial (SRM) 1568b rice
flour. Average arsenic recovery from NIST 1568b was 105± 12% at 95%
confidence limits (n = 32).

We analyzed arsenic speciation in brown rice using a 2% HNO3 ex-
traction (Maher et al., 2013). Detailed instructions of extraction proce-
dure can be found in supplemental information. Our extraction also
contained a sample of SRM1568b rice flour sample and quantification
of our detected arsenic species was within 95% confidence limits certi-
fied by supplier.

2.4.2. Soil
We air-dried collected soil in an anoxic glovebox until weight was

constant.Within the gloveboxwefinely ground each soil sample.We sub-
jected soil to an abbreviated two-step sequential extraction procedure.
We performed extractions on soil samples collected during flowering
and atmaturity, for at least four pots randomly selected (via number gen-
erator) from each treatment at both time points. First, we desorbed
weakly adsorbed arsenic with a concentrated phosphate extraction
(Keon et al., 2001; U.S. EPA, 1996). In the second step, we removed Fe-
associated arsenic using a CBD extraction (Mehra and Jackson, 1958). De-
tailed instructions can be found in the supplemental methods.

2.5. Analytical methods

2.5.1. Elemental analysis and speciation
Weused inductively coupled plasmamass spectroscopy (ICP-MS) to

quantified total arsenic dissolved in porewater and in soil extractions
(PerkinElmer, Elan DRC-e), and arsenic in root extractions and tissue di-
gestions (PerkinElmer, NexION 2000, upgraded model). We analyzed
porewater samples using an arsenic standard curve with a yttrium in-
ternal standard. In tissue and soil extraction analysis, we used a stan-
dard addition of arsenic to each sample to correct for stronger matrix
effects.We evaluated iron removal from root plaque during DCB extrac-
tion using inductively coupled optical emission spectroscopy (ICP-OES,
Perkin-Elmer, Optima 8300). We quantified inorganic As(III), As(V),
DMA, and MMA in unpolished grain samples using an HPLC-ICP-MS
(Thermo ICS-6000 HPLC coupled to a Thermo TQ). Separations were
achieved with a PRP-X100 anion exchange column (Hamilton) with a
gradient mobile phase of 3% methanol and 50mMNaHCO3 in 3%meth-
anol according to established methodology (Jackson, 2015).

2.5.2. RT-qPCR
We chose to analyze flag leaf and spikelet tissue, based on their

high expression during flowering stage (Song et al., 2014). We
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removed tissue from −80 °C freezer and freeze-dried samples for
at least 12 h. We then extracted RNA with RNeasy Plant Mini Kits
(Qiagen, Valencia, CA). We used oligo (dT) 12–18 primers
(Invitrogen) and M-MLV Reverse Transcriptase (Invitrogen) to pro-
duce cDNA. Finally, we preformed quantitative PCR (qPCR) of
OsABCC1 expression normalized to reference gene HisH3, using
primer sequences published in Song et al. (2014) and SensiFAST™
SYBR® No-ROX Kits.

2.6. Statistical methods

We performed statistical analyses using MATLAB (ver. R2019a). We
first analyzed temperature trends using a linear regression model fit to
all data, including replicates, and plotted residuals of model output.
Based on residual plots and apparent nonlinearity inmany trends, we de-
cided most outputs did not meet assumptions of a linear regression
model, though there were a few exceptions. Therefore, we performed a
one-way ANOVA analysis followed by Tukey HSD post-hoc using α =
0.05. Data for ANOVAwas log10 transformed to reduce skew and improve
normality. Data was graphed in non-transformed space for visual clarity.

2.7. Mass balance estimate of arsenic

Recognizing that both increased mobilization of arsenic into
porewater and increased transpiration at higher temperatures could
be involved in heightened arsenic mass-flow, we performed a simple il-
lustrative mass balance to understand the potential arsenic response to
each. Mass-flow (μg) was calculated as dissolved arsenic concentration
multiplied by the amount of water transpired:

Asmass ¼ W� As½ �

where, W is the volume of water transpired per plant (L) and [As] is the
dissolved arsenic concentration in the unplanted pot (μg L−1). At higher
temperatures we expect an increase in both terms relative to LT treat-
ment:

Asmass ¼ WLT þ ΔWð Þ As½ �LT þ Δ As½ �� �

where, WLT is the average volume of water transpired by LT treatment,
ΔW is the increased average volume of water transpired by other three
treatments relative to LT treatment, [As]LT is the time-averaged concen-
tration of dissolved arsenic in the unplanted pot of LT treatment, and
Δ[As] is the increase in time-averaged dissolved arsenic concentrations
in other three treatments relative to LT treatment. The equation can be
expanded into four terms:

Asmass ¼ WLT As½ �LT þ Δ As½ �WLT þ ΔW As½ �LT þ ΔWΔ As½ �

The first term describes arsenic mass-flow in LT treatment, the sec-
ond term describes the increase in arsenic mass-flow due solely to the
temperature-fueled increase in arsenic mobilization, the third term de-
scribes the increase in arsenicmass-flow due solely to the temperature-
fueled increase in transpiration, and the final term describes the in-
crease in arsenic mass-flow due to the combined response of arsenic
mobilization and transpiration to temperature (i.e. plants pulling more
water with more dissolved arsenic toward their root systems at higher
temperatures). It is important to note that this mass balance is an illus-
trative calculation of mass-flow and therefore does not account for dif-
fusion or desorption of arsenic.

3. Results

3.1. Arsenic concentrations in rice tissue

Arsenic concentrations increased in plant tissue with temperature
(Fig. 2). Statistical analysis of grain arsenic contained only 3 treatment



Fig. 2.Mean (circle, •) andmedian (dash, –) concentrations of arsenic (As)with associated
interquartile ranges (error bars) vs. average daytime growing temperature during the
experiment. Columns represent one of two developmental stages: flowering and
maturity. No grain samples were collected from highest temperature treatment (HT)
due to severe heat stress which prevented seed set. Trend lines are shown for tissues
with a linear arsenic-concentration response to temperature (i.e. A and G). ANOVA p-
value for log10 transformed concentrations are shown along with statistical groups,
marked with lowercase letters, determined by Tukey-Kramer post hoc at 95% confidence.
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conditions (LT, MLT, and MHT) due to unfilled grain in HT that induced
spikelet infertility. There was a positive linear relationship between
temperature and arsenic concentration in brown rice grain as well as
in stem tissue at maturity (Fig. 2A and G). In all other tissues, residuals
5

plots indicated that linearity or normality assumptions did not hold
(Fig. S1).

Fig. 2 shows ANOVA p-values and statistical groups determined by
Tukey HSD test (α = 0.05) of log10 transformed data. In all tissue
types the temperature impact on arsenic concentrationswas highly sig-
nificant (p<0.01), thoughnot uniformacross treatment groups or plant
development stage. Arsenic response to temperature wasweaker in tis-
sue at flowering than in the tissues at maturity. At flowering stage, arse-
nic concentrations in spikelet, leaf, and stem (Fig. 2B, D, and F) were not
significantly different between the two coolest temperature treatments
(LT and MLT). Arsenic concentrations were increased in spikelet and
leaf tissue in theMHT treatment, and in all sampled tissues, arsenic con-
centrations were highest in the HT treatment.

At maturity stage, the response of arsenic in plant tissue to temper-
ature was more dramatic. In grain and hull tissue, arsenic concentra-
tions were significantly different in each temperature treatment, with
concentrations increasing across the treatment groups (Fig. 2A and C).
In leaf tissue, arsenic concentrations similarly increased with tempera-
ture, though there was overlap in concentrations between MLT and
MHT treatments, as well as MHT and HT treatments (Fig. 2E). Root tis-
sue, sampled at plant maturity, showed a step response to temperature
with arsenic concentrations in the two coolest treatments being signif-
icantly different than concentration in the two warmest treatments
(Fig. 2H).

Almost all arsenic in grain tissue (96%) was in the arsenite, As(III),
form. On average, DMA made up 3% of grain arsenic and MMA was
only present above detection limits in four samples. As the vastmajority
of total arsenicwas arsenite, ANOVA and post-hoc results shown in total
grain arsenic (Fig. 2A) were mirrored in grain arsenite concentrations
(Fig. S2A, p < 0.001, F = 61). There was no significant effect of temper-
ature on grain DMA concentration (Fig. S2B, p=0.054, F= 3.4). Sumof
arsenic species was close to total grain arsenic (116 ± 20%, mean and
SD).

3.2. Arsenic content and allocation

We calculated total arsenic content (i.e., accumulation) using
partitionedmasses of each tissue typemultiplied by relevant concentra-
tions. A large portion of arsenic taken up by rice plants resided in roots,
which contained, on average, 52% of plant arsenic (Fig. S3B). However,
variance in this estimate was large (SD = 20%). Fig. 3A shows average
total arsenic content in just above-ground tissue compartments and
outputs of Tukey HSD post-hoc (α = 0.05). Temperature increased ar-
senic content of all above-ground tissue,with statistically significant dif-
ferences between LT, MHT and HT treatments. Arsenic content of MLT
overlapped with that of MHT for all tissue compartments, and with
that of LT for stem and hull tissue.

There was a notable jump in total arsenic accumulation between
MHT andHT treatments, most of whichwas located in leaf and stem tis-
sue. This jump was the result of both higher arsenic concentration in
these tissues (Fig. 2C and E), and an increase in vegetative tissue bio-
mass with temperature (Fig. S4A, p < 0.001, F = 6.2). Differences in
grain arsenic content were not attributable to changes in grain yield as
therewas no consistent decrease in yield across all treatments). Instead,
there was no difference between grain biomass between LT and MLT
treatment and only decrease in grain yield in MHT treatment (Fig. S4B).

Even though warmer temperatures increased arsenic accumulation,
the distribution of arsenic within above-ground tissue typeswas similar
across temperature treatments (Fig. 3B). On average 24% of above-
ground arsenic was allocated to stems, 65% to leaves, and 5% to hulls.
Of the three treatments which produced grain, an average of 8% of
above-ground arsenic ended up in rice grains. There was no difference
in percent arsenic allocated to stems, leaves, or grains across treatments
(ANOVA, p> 0.05). There was a discernable statistical effect of temper-
ature on arsenic allocated to hull (p= 0.008, F = 5.0), though the only
difference was between HT and MLT.



A

a ab b
c

a
b

b

c

a

ab

b

c

a

b

b

25.4 27.9 30.5 32.9

Temp, oC

0

1

2

3

4

A
bo

ve
-g

ro
un

d 
A

s 
C

on
te

nt
, 

g

Grain

Hull

Leaf

Stem

B
ab a ab

b

25.4 27.9 30.5 32.9

Temp, oC

0%

20%

40%

60%

80%

100%

A
bo

ve
-g

ro
un

d 
A

s 
A

llo
ca

tio
n
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To further examine potential changes in allocation, we quantified
OsABCC1 expression at flowering.Wewere unable to detect a consistent
temperature trend inOsABCC1 expression in response to temperature in
flag leaves or spikelet (Fig. S5). There was a large degree of variance in
RT-qPCR results, especially in flag leaf.

3.3. Arsenic in iron plaque

Higher temperaturewas associatedwithmore sequestration of arse-
nic in iron plaque per gram of root biomass (Fig. 4A, p < 0.001, F = 54),
where the higher two temperature treatments had more arsenic than
the lower two temperature treatments. Iron plaque formation was
also impacted by temperature (Fig. 4B, p < 0.001, F = 30) though the
relationship was not monotonic; iron plaque, measured as mass of
iron per gram of root biomass, first decreased between LT and MLT
and then increased betweenMLT, MHT and HT treatments. The amount
of arsenic sequestered per gram of iron plaque was greater in the two
warmer temperature treatments than in the two cooler treatments
(Fig. 4C, p < 0.001, F = 56). The increased ratio of arsenic to iron in
warmer treatments indicates that the sorption capacity of iron plaque
was greater in these treatments than in the cooler treatments.

3.4. Arsenic in porewater

Porewater concentrations of arsenic in planted pots were impacted
by temperature at all three time points (Fig. 5). During the vegetative
porewater sampling, dissolved arsenic was elevated only in HT
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treatment (Fig. 5A, p < 0.001, F = 81); concentrations were statistically
similar across the other three temperature treatments. At both
flowering and maturity stage (Fig. 5B and C, p < 0.001, F = 28 and
28), porewater arsenic concentrations in planted pots were greatest in
HT, comparable in MHT and MLT, and lowest in LT. Overall, concentra-
tions of dissolved arsenic within a given temperature treatment were
greatest during the flowering stage.

At the vegetative sampling point, dissolved arsenic concentrations of
the unplanted pots (n=1per treatment) fell within interquartile range
of planted pots for all treatments except HT, which had higher dissolved
arsenic in the unplanted pot. Atflowering andmaturity time points, dis-
solved arsenic in the unplanted porewater was above interquartile
ranges of planted pots forMHT andHT treatments. Arsenic in porewater
of unplanted pots provides a visualization of arsenic concentrations
without plant uptake; though we only had one pot per treatment and
therefore cannot perform descriptive statistics.

Porewater dissolved iron response to temperature was less consis-
tent. At the vegetative time point dissolved iron in porewater increased
with temperature (Fig. S6A, p=0.012, F=4.33); planted pots in theHT
treatment had significantly more dissolved iron than in the LT treat-
ment, and dissolved iron in planted pots of the MHT and MLT treat-
ments fell between these two extremes. This trend was not present in
planted pots during the other two time points, though it was visible in
unplanted pots (Fig. S6B and S6C). At flowering and maturity time
points, dissolved iron in unplanted pots was lower than mean and me-
dian iron concentrations in planted pots for the two cooler temperature
treatments, while in the twowarmer temperature treatments dissolved
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iron in unplanted pots was greater thanmean andmedian iron concen-
tration in planted pots.

3.5. Arsenic in soil

There was no clear relationship between temperature and the
amount of arsenic removed by either Phosphate (Phos) or CBD extrac-
tion (Fig. S7A and B). Phosphate extractable arsenic made up 72.3 ±
8% (mean ± SD) of extracted arsenic (arsenic removed by sequential
extraction)while CBD extractable arsenicmade up 28±8%of extracted
arsenic (Fig. S7C and D). During the flowering time point, MHT had sig-
nificantly more arsenic removed by CBD extraction relative to LT treat-
ment during (Fig. S7A), leading to a greater relative share (%) of
extracted arsenic being removed in the CBD step (Fig. S7C). However,
this effectwas not consistent across temperature treatments nor detect-
able at the harvest at maturity. Average total extracted arsenic (Phos +
CBD) was within one SD of total soil arsenic (7.7 ± 0.3 mg kg−1, mean
and SD).

3.6. Transpiration and water use efficiency

Average daily transpiration, measured as total volume of water tran-
spired by each plant divided by number of days to maturity, and the
total transpired volume of water by each plant increased with temper-
ature (Fig. 6A and B, ANOVA, p < 0.001, F = 32 and 45). Plants in the
warmer two temperature treatments transpired significantly more
water and at a faster rate than those in the two cooler treatments.
Water Use Efficiency (WUE) decreased with temperature (Fig. 6C,
p < 0.001, F = 18), where HT WUE was significantly lower than that
in the MLT and LT treatments. This difference in WUE was primarily
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driven by changes in transpiration as we found no significant change
in total biomass across temperature treatments groups (p = 0.33,
F = 1.2, Fig. S4C). We note that while total biomass and above-ground
biomass did not change across treatments (Fig. S4C and S4D), root bio-
mass did experience statistical differences with temperature (Fig. S4E,
p=0.015, 4.1). These root biomass variations resulted in a generally de-
creasing root to shoot ratio with temperature (Fig. S4F, p = 0.003, F =
5.8); LT had the highest ratio and the two warmest treatments (MHT
and HT) had the lowest ratio.

3.7. Mass balance estimate of arsenic

Our calculations (Fig. 7) indicate that average arsenic mass-flow can
increase with temperature and that this increase was mainly the result
of increased arsenicmobilization from soil solids (38–47%),with a lesser
contribution from increased transpiration rate (2–15%). The combined
effect of increased arsenic mobilization from soil and increased transpi-
ration grew in importance across MLT, MHT and HT treatments, ac-
counting for 3%, 26%, and 47% of arsenic mass-flow, respectively. In
Fig. 7, mean observed arsenic accumulation in plants within each treat-
ment is also shown. Accumulated arsenic includes mass of plaque-
associated arsenic and mass of arsenic in plant tissues. Calculated
arsenic delivery to roots via mass-flow surpassed mean observed
arsenic accumulationwithin plants in theMLT,MHT andHT treatments.

4. Discussion

This work builds on a growing body of literature what examines ar-
senic concentrations in rice tissue as a function of temperature (Arao
et al., 2018; Muehe et al., 2019; Neumann et al., 2017). In this
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experiment we sought to gain a more mechanistic understanding of
how increasing temperatures impacts key components of the plant-
soil system, including mobilization of arsenic from soil, transport of ar-
senic to rice roots, and allocation of arsenic within plant tissue.

4.1. Arsenic concentrations with temperature

We detected temperature-increased arsenic concentrations in vari-
ous plant tissue types (Fig. 2). This finding is consistent with previous
research showing that elevated temperature increased arsenic content
in straw and leafy tissue (Muehe et al., 2019; Neumann et al., 2017).
Most importantly, we observed an increasing trend between tempera-
ture and both total grain arsenic and grain inorganic arsenic (Fig. 2A,
Fig. S2A), indicating that higher temperatures can increase human ex-
posure to inorganic arsenic. This result is an important finding as previ-
ous studies have been inconsistent with regard to the ability of
increased temperature to translate into higher arsenic in grain tissue.
Neumann et al. (2017) was unable to track elevated temperature to in-
creased arsenic concentration in grain using a Bangladeshi rice variety;
however, Muehe et al. (2019) found an increase in grain arsenic under
higher temperature conditions using the M206 variety (same variety
as used in this study). Additional research is necessary to compare re-
sponse rates of different rice varieties and different severity levels of ar-
senic contamination as these findingsmay inform adaptation strategies.

The system modeled here is a low arsenic system, with soil arsenic
concentrations similar to average California paddy soils (Chang et al.,
2004). This contamination level may help explain the sensitivity of
plant tissue arsenic to temperature within our experiment, because in-
organic arsenic influx exhibits a classic uptakeMichaelis–Menten kinet-
ics curve that is more linear at low concentrations but approaching an
asymptotic peak at higher concentrations (Abedin et al., 2002).
Neumann et al. (2017) used amended soil with a higher arsenic concen-
tration, and uptake rates may have been closer to an asymptotic level
with less sensitivity to temperature. Muehe et al. (2019) compared
low and amended soil arsenic systems and found that increasing arsenic
contamination of soil resulted in greater total arsenic (inorganic + or-
ganic) concentrations in rice grain. However, in their study most of
the additional arsenic in rice grain was comprised of DMA, which is
less toxic to humans but can cause yield declines in rice (Limmer
et al., 2018a). The increased DMAmayhave resulted from arsenicmeth-
ylating microbes responding to higher arsenic desorption in the
amended soils (Dykes et al., 2020, In Press). Therefore, increased soil ar-
senic contamination does not necessarily lead to additional inorganic
8

arsenic content in grains. Similar to our study, Muehe et al. (2019)
found that temperature increased inorganic arsenic in grain in both
the low and amended arsenic systems – indicating that temperature is
an important factor in determining inorganic arsenic concentrations in
grain at various levels of soil contamination.

4.2. Mobilization and soil sources

Increased microbial respiration occurs at higher temperatures and
can therefore lead to heightened solubilization of arsenic (Simmler
et al., 2017; Weber et al., 2010). Currently, this process is thought to
be driven by increased activity of Fe(III)-reducing microorganisms and
consequent reductive dissolution of As-bearing Fe(III) minerals
(Weber et al., 2010). Our mass balance calculation highlighted that
this temperature-driven mobilization of arsenic was a key component
of increasing arsenic delivery to roots and can therefore increase arsenic
accumulation in above-ground tissue (Fig. 7).

Our hypothesis that elevated temperature would increase arsenic
availability in porewater was proven correct. The unplanted pot in
each treatment can act as a proxy for mobilization of arsenic from soil
with no arsenic loss to plant uptake; porewater concentrations in the
unplanted pots showed an increase with temperature during flowering
andmaturity stages (Fig. 5B and C). Porewater arsenic concentrations in
planted potswere not linear, thoughwarmer temperatures did increase
dissolved arsenic relative to the LT treatment (Fig. 5B and C). In the two
high temperature treatments (HT and MHT) the gap between
unplanted and planted dissolved arsenic was noticeable during
flowering and mature stages. Such a gap likely represents the amount
of arsenic lost to plant uptake, indicating that this additional pool of ar-
senic released at higher temperatures was taken up into plant tissue.

We used phosphate and CBD extractions to simulate arsenic pools
accessible by competitive ion desorption and iron reduction, respec-
tively (Keon et al., 2001; Mehra and Jackson, 1958). These two arsenic
pools are likely assessable to soil microbes. Arsenic removed by phos-
phate and CBD extractions showed little change over time and between
treatments (Fig. S7). Thus, therewas no substantial change to these two
pools of microbially accessible arsenic, supporting the claim that in-
creased dissolved arsenic was a stronger predictor of arsenic in tissue
than in solid phase arsenic. Given that soil solid phases hold a much
larger amount of arsenic than the fraction found in the dissolved
phase, it is not surprising thatwewere unable to detect reductions in ar-
senic content found in the soil but were able to detect changes in
porewater concentrations.

4.3. Transport to roots

Plant uptake of solutes is influenced by their movement of said min-
eral in soil solution through the transpiration stream(Barber, 1962). It is
common knowledge that increasing temperature increases vapor pres-
sure deficit at leaf surface, increasing transpiration through stomata.We
observed both increasing transpiration and decreasing seasonal water
use efficiency (WUE; total biomass/water used) (Fig. 6), supporting
our second hypothesis of increased arsenic mass-flow to roots. Changes
in transpiration can impact uptake of solutes that travel by mass-flow
and can therefore impact arsenic uptake and concentration (McGrath
and Lobell, 2013;Wan et al., 2015). However, our mass balance calcula-
tion indicated increased transpiration was likely not a dominant con-
tributor to increased arsenic uptake (Fig. 7). Transpiration was a
significant factor in MHT and HT treatmentwhen paired with increased
mobilization, in “the combined effect” term. The importance of this
combined effect in MHT and HT treatments is due to increasing differ-
ence in both dissolved arsenic and total transpiration relative to LT
treatment (i.e. greater Δs).

One shortcoming of our mass balance calculation is that it does not
include arsenic transport by diffusion, which can also be an important
component of iron and arsenic delivery to roots (Williams et al.,
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2014). Based on the Wilke–Chang equation (Wilke and Chang, 1955)
and parameter values provided in Tanaka et al. (2013) we estimated
that themolecular diffusion coefficientwould only increase by ~2.5%be-
tween LT and HT treatments, while average transpiration rate increased
by 95% between LT and HT treatments (Fig. 6A). Therefore, diffusion is
likely less sensitive to increased temperature within this thermal
range. Whether mass-flow or diffusion is the predominant mechanism
of root delivery is ion specific and depends on concentration in the
soil solution, soil water flow rate, and rate of root uptake of that specific
ion. It is not clear exactly which is the predominant mechanism in the
case of As(III) and rice, though the high physiological rates of uptake,
such as those observed with arsenic and rice, tends to be associated
mass-flow systems (Barber, 1962; Zhao et al., 2009).

Arsenic which travels to the rhizosphere may sorb onto iron plaque
coating surrounding rice roots (Chen et al., 2005; Liu et al., 2006;
Seyfferth et al., 2011; Yamaguchi et al., 2014). We found that with in-
creasing temperature, there was greater iron plaque formation and
that plaque captured more arsenic (Fig. 4A and B). As we anticipated
in our hypotheses, the increased below-ground storage of arsenic was
not sufficient to offset arsenic accumulation observed in above-ground
plant tissue. Other work on arsenic and temperature has also shown
that temperature can impact root plaque dynamics. Using XRF imaging,
Neumann et al. (2017) found that rice plants grown at elevated temper-
atures had substantially more iron plaque formation and more plaque-
associated arsenic. The additional iron plaque formation at higher tem-
peratures may be due to increased iron solubilization with temperature
(Weber et al., 2010). Alternatively, Lee et al. (2013) found that arsenic
addition lead to increased iron plaque formation on rice roots, though
they were not able to elicit the underlying mechanism.

We also found that the [As] [Fe]−1 ratio increased with temperature
(Fig. 4C). We considered various explanations for the relationship be-
tween the [As] [Fe]−1 ratio and temperature. One explanation is that
greater arsenic delivery to roots leaded to greater arsenic incorporation
in plaque during plaque formation, increasing the [As] numerator more
than the [Fe] denominator. Another possible explanation for this phe-
nomenon could be related to changes in plaque minerology and its
sorption capacity for arsenic. For instance, temperature can increase
root exudation rates (Bokhari and Singh, 1974; Uselman et al., 2000),
and root exudates are organic ligands that can both promote the forma-
tion of ferrihydrite and prevent aging of ferrihydrite to more ordered
iron forms (Cornell, 1987; Violante et al., 2003). Poorly crystalline ferri-
hydrite is associated with greater plaque arsenic sorption compared
with more ordered iron minerals (Seyfferth et al., 2019). In either
case, more extensive analysis is needed to understand the impact of el-
evated temperature on root plaque formation, sorption capacity, and
mineral composition.

The observed average arsenic accumulation in iron plaque and
plant tissue was lower than arsenic mass-flow delivery in all treat-
ments besides LT where accumulation was slightly higher than the
calculated delivery (Fig. 7). As our mass balance calculation was a
fairly simple, it is not surprising that there were discrepancies be-
tween calculated and measured values. Some of these differences
may be explained mechanistically. The calculated values indicate av-
erage arsenic delivered to plant roots via mass-flow. Not all of this
potentially delivered arsenic necessarily sorbed to root plaque or
was taken up by the plant. While arsenic uptake in rice is a highly ef-
ficient process, it is still an active process (Ma et al., 2008; Wu et al.,
2011), potentially causing a discrepancy between delivery and accu-
mulation. Other reasons for the measurement-calculation mismatch
are methodological. While great care was taken in the removal of
roots, tangled root networks and extremely clayey paddy soil
meant that some root loss was unavoidable and therefore the true
value of accumulated arsenic was likely higher than that reported.
Nonetheless, this calculation provides useful insight into the poten-
tial magnitude of changes to both mobilization and transpiration,
which change simultaneously with temperature.
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4.4. Arsenic allocation in plants

To move toward a more mechanic understanding of arsenic re-
sponse to temperature requires an analysis of not just ‘how much’ but
also ‘where’ arsenic is accumulating within the plant. Arsenic concen-
trations in tissue decreased in the following order: root > leaf > stem
> hull > grain (Fig. 2). In terms of arsenic content this sequence was
the same except that grain > hull, due to greater biomass in grain rela-
tive to hull (Fig. 3A). The sensitivity of tissue arsenic (i.e., strength of the
response) to temperature occurred in a similar sequence, where the in-
crease in average leaf arsenic at higher temperatures was greater than
the increase in grain arsenic at higher temperatures. This trend was
also demonstrated in Neumann et al. (2017) and shows that tempera-
ture responses can be tissue specific and that increased grain arsenic is
only a small fraction of the increase in total arsenic uptake (Fig. 3B).

The assessment of total arsenic found in above-ground tissue
showed that more total arsenic was present in shoot tissue under ele-
vated temperature, even when controlling for plant biomass (Fig. 3A).
This result highlights that increased arsenic concentrations shown in
Fig. 2were not simply result of reduced plant biomass under heat stress.
We saw no change in total above-ground biomass though we did ob-
serve an increase in stem and leaf biomass in the HT treatment relative
to the other treatments, which may have slightly diluted arsenic in
these tissues (Fig. S4A). There was a shift toward less root biomass
and decreased root to shoot ratio at higher temperatures (Fig. S4E and
S4F), which was previously observed in a Japanese rice cultivar as well
(Arai-Sanoh et al., 2010). In our study, reduced root to shoot ratios did
not suppress uptake to a sufficient degree to mitigate the effects of in-
creased above-ground arsenic at elevated temperature.

The only tissue where arsenic allocation was affected by tempera-
ture was hull tissue, where percent of arsenic allocated was higher in
HT relative to MLT (Fig. 3B). The larger average allocation of arsenic to
hull in HT treatment was likely related to the absence of rice grain.
The HT treatment had a day/night temperature of 32.9/31.0 °C. Baker
(2004) found a similar temperature threshold for grain production in ja-
ponica rice, between 32 and 36 °C when plants were grown at a con-
stant heat, or 35/31 °C day/night. In contrast, Muehe et al. (2019) did
not have sterility issues in their high temperature treatment, which
had amarkedly higher daytime temperature butmuch cooler nighttime
temperature (38/22 °C day/night).We posit that the heat treatment ap-
plied at night in our study conducted with the same rice variety of
Muehe et al. (2019) was responsible for inducing spikelet sterility in
the HT treatment. Previous research has supported the idea that rice
physiological responses are more sensitive to nighttime temperatures
(Kanno et al., 2009; Peng et al., 2004). This sensitivity may be relevant
to future conditions, as nighttime temperatures are expected to increase
more than daytime temperatures (Alexander et al., 2006; Davy et al.,
2017). High DMA exposure can also induce straighthead disease in
rice (Limmer et al., 2018b). However, we did not detect a statistically
significant increase in grain DMAwith temperature and grain DMA con-
centrations were quite low (Fig. S2B).

Arsenic was allocated in comparable proportions for stems and
leaves across treatments (Fig. 3B), indicating that although plants
were exposed to notable heat stress, this heat stress did not significantly
impact arsenic flowwithin plant vasculature. This finding is also consis-
tent with our inability to detect an upregulation in OsABCC1 expression
across treatments, disproving our final hypothesis that OsABCC1 could
mitigate arsenic allocation to grain. Song et al. (2014) characterized
OsABCC1 expression in various tissue types, including roots, leaves,
nodes and reproductive tissues. In our low arsenic system OsABCC1 ex-
pression may have been too low to detect significant upregulation. In
short term experiments with seedlings, Song et al. (2014) was able to
induce an upregulation in OsABCC1 expression in seedlings when ex-
posed to a dramatic 375 μg L−1 shock, though not at a lower level of
37.5 μg L−1, a more similar to porewater concentration in our study.
We contend that greater OsABCC1 activity should be viewed as a plant
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breeding goal rather than as a mitigating factor in the face of future cli-
mate change.

4.5. Broader implications

We acknowledge that pot studies in controlled growth chambers
cannot capture the full response of field grown plants to future climate
conditions which will be variable across daily and inter-annual time-
scales. Instead, the value of pot studies lies in allowing us to isolate
and manipulate a single variable and understand its isolated impact
on the rice-soil system. In this experiment we focused on the effect of
temperature, one of the major threats of global climate change. Climate
change will lead to increased average temperatures during rice cultiva-
tion (IPCC, 2013b) and based on our study this increased temperature
will pose risks for human inorganic arsenic exposure through rice.

Relevant guidelines to reduce dietary arsenic exposure are [1] a
200 mg kg−1 inorganic arsenic limit for polished white rice recom-
mended by the FAO/WHO (Codex Alimentarius Commission, 2014)
and [2] a 100 mg kg−1 limit for inorganic arsenic limit in all rice used
in infant food (Food and Drug Administration FDA, 2016). Average
total and inorganic arsenic concentrations in Californian rice are
170 mg kg−1 and 130 mg kg−1

, respectively (California’s Office of
Environmental Health Hazard and Assessment OEHHA, 2017); some
of the lowest concentrations in rice grown around the world
(Consumer Reports, 2012). The rice system represented in this study
was not excessively contaminated and therefore arsenic concentrations
of rice grain in the LT treatment were well below these safety standards
recommended for infants. Raising the average growth temperature by
roughly 5 °C increased total and inorganic arsenic levels well beyond
the safety standard used for infants – demonstrating that rice systems
that have historically been considered of low concern may become
less safe in a warmer future.

Our results highlight the importance of temperature driven soil mo-
bilization in exacerbating arsenic contamination of rice. Plant physio-
logical responses to temperature (i.e., biomass or transpiration
changes) do not seem to be a dominant controlling factors for arsenic
accumulation at high temperatures. Therefore, strategies to reduced ar-
senic contamination of rice should focus on reducing arsenic availabil-
ity, such as through alternate wetting and drying while monitoring
other redox-sensitive contaminants (Carrijo et al., 2018; Honma et al.,
2016; Limmer et al., 2018a), or by selecting low arsenic accumulating
rice varieties (Chi et al., 2018).
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