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Abstract: Human arsenic exposure from rice consumption is a global concern. Due to the vast
areas of naturally contaminated soils in rice-producing regions, the only possibility for reducing
hazardous exposure is to prevent As uptake and translocation to rice grain. Sulfur inhibits As
mobility both in soil and plant, indicating that soil S content may be a primary factor controlling
As uptake; indeed, gypsum (CaSO4·H2O) has been proposed as a potential amendment. Here,
we investigated S controls on rice As uptake within two naturally contaminated soils (15.4 and
11.0 mg As per kg soil, respectively) from Cambodia, by adding gypsum at two levels (20 and
60 mg per kg soil). We found that although gypsum initially decreased As release to soil solution,
the concentrations then increased compared to the control treatment. Further, As concentrations
in rice biomass were generally insignificantly affected by the gypsum treatments and trended in
opposite directions between the two soils. Single and multivariate statistical tests indicated that Fe
exerted stronger control on As uptake in rice than S and that the initial ratio of reactive Fe to sulfate-S
had an overriding impact on As uptake in rice. However, in the soil with higher inherent sulfate
content (91 mg SO4

2−-S per kg soil) the additional S provided by gypsum appeared to increase the
ability of the rice plant to prevent As translocation to grain. We conclude that S may contribute to
regulating grain As concentrations, but that the effect is highly dependent on S:Fe(As) ratios. Thus,
at modest amendment rates, gypsum has limited potential for minimizing As concentration in rice
when applied to naturally contaminated soil, particularly if the reactive Fe(III) content is high.
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1. Introduction

Rice is the staple food for people in South and South-East Asia and may constitute over 70% of
the total caloric intake in some areas [1]. Unfortunately, large portions of the most productive land in
this region are also naturally contaminated with arsenic (As). Human exposure to As from drinking
contaminated groundwater in these areas has been the subject of extensive research since the 1990s [2].
More recently, the attention has increasingly been drawn to the additional exposure pathway through
rice consumption [3–5]. Rice is particularly receptive to As uptake due to the predominant paddy
cultivation practice, which mobilizes As through microbially mediated reductive dissolution of As
bearing Fe-oxides [6], and its dependence on silicon (Si) to build structure. Arsenic in its more reduced
form, arsenite (as H3AsO3 at most soil pH values), acts as a silicic acid analogue and is taken up
through the aquaporins in rice roots [7]. The more oxidized form of As, arsenate (As(V)), behaves
similarly to phosphate and, therefore, is also taken up by plants through the phosphate transport
channels [8–11].
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Efforts have been undertaken to explain the variability in rice As uptake and grain concentration
between cultivars, sites, soils, management practices, and amendments (see reviews by Zhao [12]
and Sahoo [13]). Some of the variables that have been evaluated include Si [7,14,15], phosphorous
(P) [8–11,16], rice genotype [17–19], iron (Fe) plaque formation [16,17,20–22], radial oxygen loss [22–24],
and water management [15,25–27]. Sulfur (S) is another element that interacts strongly with As,
especially under reducing conditions; the most reduced forms of S, such as sulfides and sulfhydryl
groups (thiols), have a high affinity for binding As(III). In fact, it is this affinity that makes As(III)
toxic, because it binds to vicinal sulfhydryl groups of proteins and destroys their structure [28].
Paradoxically, plants also utilize S in their defense against As toxicity through the formation of
glutathiones and phytochelatins, which act as antioxidants and help retain As in vegetative parts by
complex-formation [18,29–35]. Within soil, S can also mediate As solubility, and thus mobility, through
precipitation with and/or adsorption onto sulfide minerals [36–39], and on sulfhydryl groups of
particulate organic matter [40,41], if the redox conditions are favorable. Accordingly, sulfate-reducing
conditions often favor As partitioning to the solid phase, [42,43], although the S:Fe and S:Fe:As ratios
are critically important in determining whether dissolved concentrations of As are diminished [38,39].

The affinity of As for S has kindled the idea that the addition of S (e.g., as gypsum) may limit both
As mobility in paddy soils and the translocation of As within rice, thereby decreasing the concentration
in grain. Promising results have been obtained in hydroponic studies [34,44] and in pot/rhizobox
experiments with soil/sand mixtures [45–47]. These studies have provided evidence for decreased
uptake [47], decreased translocation [34,44–46], and increased Fe-plaque formation [45,46] with the
addition of sulfur. However, only in one of these studies [47] was the rice grown without spiking
the system with additional As, and in this case, the soil was impacted by mining and the ultimate
effect on As content in rice grain was not evaluated. In fact, only one study (using soil/sand mixture)
determined As content in rice grain [45].

Thus, gypsum appears to be a possible amendment with the potential to limit both the As uptake
into the rice plant, by stimulating sulfate reduction, and the translocation to rice grain, by stimulating
plant production of S containing compounds that help retain As in vegetative biomass. However,
the impact of sulfate amendment within naturally contaminated paddy soils needs to be assessed.
In particular, the effect on the final As concentrations in the rice grain need to be confirmed. To this
end, we conducted a pot trial with rice grown to maturity in two naturally As-contaminated paddy
soils from the Upper Mekong Delta of Cambodia. We investigated the influence of S addition on As
mobility from the solid phase to solution to the roots and eventually into the above ground biomass
(shoots and grain) in order to decipher regulating mechanisms.

2. Materials and Methods

2.1. Soil

Soil (~25 kg) was taken from the top 10 cm of two paddy fields in the Leuk Daek and Kien Svay
districts, respectively, Kandal Province, Cambodia (SI, Table S1). The soils contained 15.4 and 11.0 mg
As per kg soil, respectively, which is within the range of natural As contamination levels reported
for paddy soils from this region [48,49] (also SI, Table S2). The S content of the soils (330 and 363 mg
per kg soil, respectively) represents the high end of the distribution for paddy soils within this region
(disregarding acid sulfate soils, see SI, Table S2) and matches that of other paddy soils used in pot
trials [47,50]. We intentionally chose soils with a high (but not extreme) total S content in order to
avoid an S deficiency effect in the control treatment, as the aim was to examine the effect of adding
excess S. Soil was air dried and disaggregated to <4 cm aggregate size before transporting to Stanford
University, where it was stored in room temperature in the dark until the start of the experiment. No
further grinding or sieving of the soil was performed on soil used for rice growing. Characterization
of the soil properties was done on sieved (2 mm) sub-samples following standard procedures (see SI,
Table S1).
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2.2. Soil and Planting Preparation

Plastic pots (2 L) were filled with 1300 g of soil each and equipped with a 10 cm Rhizon®FLEX
sampler (Rhizosphere Research Products, Wageningen, Netherlands), inserted at a 45◦ angle across the
center of the pot, to allow for sampling of soil solution during the course of the experiment. The pots
were flooded with artificial pond water (pH 6.8, alkalinity 69 mg/L, conductivity 130 µS/cm, cations
(mmol/L): Ca2+ (0.5), NH4

+(0.02), K+ (0.05), Mg2+ (0.12), Na+ (0.25) and anions (mmol/L): NO3
−

(0.02), Cl− (0.029), SiO4
2− (0.06)), approximately matching surface water chemistry in the area as

reported by Kocar et al. (2008) [51]. We prepared triplicate pots for each of the treatments: control (Ctrl,
no S), G20 (20 mg S per pot or 0.48 mmol/kg soil), corresponding to recommended S fertilization [52])
and G60 (60 S mg per pot or 1.4 mmol/kg soil), S treatment used in previous studies [45]). Sulfur was
added as an 8 mM gypsum (CaSO4·2H2O) solution. All pots were fertilized with N, P, and K added as
10 mL 0.214 M NH4NO3 and 10 mL 0.048 M KH2PO4 per pot at the beginning of the experiment and
another 10 mL of 0.214 M NH4NO3 nine weeks into the experiment. The fertilization level matches the
low-end N and P fertilizer recommendations from the International Rice Research Institute (IRRI) [52].
After flooding, the pots were left to settle over night and thereafter four rice seedlings (Oryza sativa L.
ssp. japonica) were transplanted into each pot, distributed evenly and at about equidistance (2–3 cm)
from the edge and the center of the pots. The rice seeds (obtained from Kitizawa Seed Co., Oakland,
CA, USA) had been surface sterilized in 70% ethanol for 15 min, rinsed three times in milli-Q water
and then left to sprout submerged in milli-Q water (changed daily) for one week prior to planting.

The rice plants in one pot from the G20 treatment of the Kien Svay soil died after a few weeks and
this pot was removed from the experiment, leaving only 2 replicates for this treatment.

2.3. Plant-Growth and Sampling

The pots were randomly placed in a growth chamber with a 12 h day/12 h night cycle.
The temperature varied between 25 ◦C and 28 ◦C between day and night. The pots were watered
every 2–3 days with deionized (DI) water to maintain the water level at 3–5 cm above the soil surface
at all times.

The soil solution was sampled every 2–4 weeks (in total 7 occasions). First 2–3 mL of solution was
extracted by syringe and used for measuring pH. Then 5–15 mL was extracted using pre-evacuated and
anaerobically sealed 25 mL serum vials, attached via a luer lock needle assembly to the rhizon sampler
tube. The serum vials were immediately transferred to a glove bag (95% N2/5% H2 atmosphere), where
they were opened and 6 mL of each sample was transferred and acidified with 120 µL concentrated
nitric acid (trace metal grade) for analysis of total As, Fe and S concentrations by inductively coupled
plasma optical emission spectroscopy (ICP-OES, iCAP6000, Thermo Scientific, Cambridge, UK).

2.4. Harvest and Post-Trial Ppreparations

The rice was grown to grain maturity, 22 weeks after planting, and then harvested by cutting the
ear just above the top leaf and thereafter the straw 4–5 cm above the soil surface. The aboveground
plant parts were immediately dried at 65 ◦C for 3–5 days. Biomass calculations for grain, straw, and
roots were averaged per plant for each pot, before averaging within treatments.

Root and soil samples were obtained using the following procedure:

1. The standing water was decanted
2. The soil/root mass was lifted out and put into a larger tub for root cleaning
3. A 10–15 g soil sample was immediately taken from the middle of the soil/root lump with a

spatula and put in a 20 mL plastic scintillation vial, flash-frozen in liquid nitrogen, quickly
transferred to a freeze-dryer chamber and freeze-dried under vacuum for 3–5 days. The samples
were stored in the dark at room temperature in a glove bag (95% N2/5% H2 atmosphere).

4. The root mass was carefully loosened from the soil and thoroughly cleaned with several liters of
DI water in the tub until the rinsing water was free from soil particles.
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The first 3 steps (until freeze-drying) were done within minutes of decanting to minimize changes
in the redox environment from air exposure.

Iron plaque analyses were carried out on roots from one pot each of the control and G60 treatments
for both soils (no plaque analysis was conducted on roots from the G20 treatment). These roots were
cut into four subsamples, weighed and two subsamples were immediately dried as indicated above
and used for total root content analyses. The other two subsamples were treated according to the cold
DCB extraction of iron plaque described in Liu et al. (2004) [16]: 60 min incubation at 25 ◦C in 80 mL
of dithionate-citrate-bicarbonate (DCB) solution (0.03 M sodium citrate, 0.125 M sodium bicarbonate,
2.78 g sodium dithionate), rinsed three times in DI water, blotted dry and oven-dried like the other
plant parts. The DCB solution and rinsing water was collected, made up to 100 mL and analyzed for
As and Fe concentrations with ICP-OES.

2.5. Analytical Procedures

The rice grain was separated from the husks manually. All plant parts were weighed to record
biomass production (husks and grain were weighed together), ground in a steel mill equipped with a
2 mm mesh and digested (in duplicate) in 70% nitric acid (trace metal grade) using a CEM MarsXpress™
microwave digester (CEM, Matthews, NC, USA). The digests were diluted 1:5 with ultrapure DI water
and analyzed for total As, Fe and S concentrations with ICP-OES. The differences between duplicate
digests of the same sample were <3%.

The post-harvest soil samples were ground to a fine, homogeneous powder with a mortar and
pestle inside the glove bag. Thereafter, 20 mg of soil was taken out from each of the samples from the
pot triplicates and combined into one composite sample. For As speciation 30 mg of the composite
sample was mixed with 60 mg boron nitride in a ball mill, pressed into a pellet (0.7 cm diameter) and
analyzed by As K-edge X-ray absorption near-edge structure (XANES) spectroscopy at beam line 11-2
at the Stanford Synchrotron Radiation Light source (SSRL). For S speciation a thin homogeneous
layer of the composite sample was spread over S free tape and analyzed with S K-edge XANES at
beam line 4-3 at SSRL. For operational details on the XANES measurements, see SI. XANES data was
normalized in Athena (iXAFS 2 (2.2), IFEFFIT 1.2.11c) and fit with the linear combinations of the model
spectra specified in the SI (Table S3). For As, the linear combination fitting function in Athena was
used. Sulfur spectra were fit by the LINEST-function in Microsoft® Excel, using internally calibrated
spectra of model compounds as described in Almkvist et al. (2010) [53].

2.6. Statistical Analyses and Data Treatment

Pairwise comparisons of means by Welch’s unequal variances t-test were used to determine
significant differences between treatments in R Studio, version 0.98.1103. The level of confidence was
set to 0.05. Root biomass was only analyzed in one or two pots per treatment and the roots from
individual plants could not be separated from each other; thus no statistical error could be calculated
and no treatment differences were analyzed for root biomass. Bivariate regression analyses were used
to determine correlations between pairs of variables for elemental concentrations in biomass (As, S and
Fe) and in soil solution (As, S, Fe, P and Si), as well as pH in the soil solution. These regression analyses
were performed in R Studio, version 0.98.1103. Multivariate Partial Least Squares (PLS) regressions
were performed using SIMCA® (version 13.0.3.0, Umetrics™, MKA Data Analytics).

3. Results

3.1. Biomass and As Uptake

Biomass production for roots, shoots, and grain was similar for both soils, but did not respond
consistently to the gypsum treatments (Figure 1). Although differences were not significant, except for
straw biomass in the G60 treatment in the Kien Svay soil, the tendency was towards negative impact
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of gypsum on straw and grain biomass production in the Leuk Daek soil and positive impact in the
Kien Svay soil.
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Figure 1. Biomass production (g per plant) for the two soils. Error bars denote standard deviation from
the mean (N = 3, except for Kien Svay G20: N = 2). Root values are from 1 to 2 pots per treatment and
no error was calculated.

Arsenic concentrations were highest in roots and declined by one order of magnitude from roots
to straw and again from straw to grain and husks (Figure 2). As was the case for biomass, the soils
differed in response of As concentrations in rice, with Leuk Daek tending towards lower biomass As
concentrations with gypsum and Kien Svay towards higher biomass As concentrations with gypsum
amendment, except for in grain from the G20 treatment. This contrasting response between the soils
was also reflected in the total biomass uptake of As (SI, Figure S1).
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Figure 2. Arsenic concentrations (µg per g biomass) in plant parts at harvest. Error bars denote
standard deviation from the mean (N = 3, except for Kien Svay G20: N = 2). Root values are from 1 to 2
pots only per treatment and no error was calculated.

Gypsum decreased the amount of iron plaque forming on the roots, with plaque extractions
containing less Fe and As in the G60 than in the control treatment for both soils (Table 1).

Table 1. Average As and Fe concentrations (±standard error of the mean) for the duplicate samples
from each pot in the DCB extracts of Fe plaque and in roots after plaque extraction.

Soil Treatment As in Plaque (µg
g−1 Root Biomass)

As in Root (µg g−1

Root Biomass)
Fe in Plaque (mg

g−1 Root Biomass)
Fe in Root (mg g−1

Root Biomass)

Kien Svay Ctrl 76.8 ± 6.9 61.8 ± 1.4 16.8 ± 2.5 6.61 ± 0.39
G60 33.4 ± 6.5 52.8 ± 2.6 7.4 ± 1.0 6.9 ± 1.5

Leuk Daek Ctrl 92.3 ± 1.9 76.5 ± 1.0 11.1 ± 0.06 7.84 ± 0.30
G60 52 ± 32 59.7 ± 3.2 9.2 ± 3.5 7.0 ± 0.52
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3.2. Soil Solution

Arsenic concentrations in porewater declined initially, then increased and either plateaued or
decreased again towards the end of the experiment (Figure 3). Iron concentrations closely followed the
temporal pattern of As. However, the concentrations of Fe were higher in the Kien Svay soil than in the
Leuk Daek soil, whereas for As the relationship was reversed (higher in Leuk Daek). Consistent with
As and Fe, S concentrations also dropped initially, but then remained low throughout the experiment.
In the Leuk Daek soil, the sulfate amendment resulted in delayed As and Fe dissolution, with lower
concentrations than the control initially and then higher towards the end of the experiment (SI,
Figure S2). In the Kien Svay soil, this process appeared to be faster, and as a result the As concentrations
in gypsum amended pots were not as elevated and Fe concentrations were lower compared to the
control pots in week 21. Pore water pH and concentrations of other elements are shown in SI,
Figure S3. In general, Si concentrations dropped and remained low, with no consistent effect of
gypsum treatment or apparent differences between the two soils. Phosphorous behaved similarly to
As, except concentrations were higher in Kien Svay pots than in Leuk Daek pots. Concentrations of
Mn were higher in the Leuk Daek soil initially, but continuously decreased and finally reached similar
concentrations to those of the Kien Svay soil, which remained relatively low and stable throughout the
experiment. The porewater pH of both soils increased initially and then decreased again but always
remained within the range of 6.5–7.2 for all pots.
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Figure 3. Iron (mg/L), sulfur (mg/L), and arsenic (µg/L) concentrations in pot pore water as a function
of time (weeks) since inundation and seedling transplantation. Error bars denote standard deviation
from the mean (N = 3).

3.3. Soil As and S Speciation

Gypsum addition did not have a strong effect on the bulk As speciation in the soil solid phase,
as evidenced by XANES spectroscopic analyses of Ctrl and G60 pots (Figure 4a). In both soils, there
was a subtle increase in As-S species and a slight shift towards more As(III) with gypsum, but the
contribution from As-S interactions were always < 10% and the distribution between As(III) and As(V)
was close to 50% (Figure 4c). Sulfur XANES analyses show that the proportion of reduced inorganic
sulfur species (mackinawite (FeS) and elemental S) increased with gypsum addition in both soils,
although in Kien Svay the low gypsum produced more reduced S than the high gypsum treatment
(Figure 4b,d).
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Figure 4. As (a) and S (b) X-ray absorption near-edge structure (XANES) spectra of bulk soil after
harvest. Model spectra used in the fitting are shown at the bottom of each plot and their respective
peak energies (eV) are marked with vertical lines in corresponding pattern and color: (a) AsS3C18H15

(black solid line), Na3AsO3 (III) (black dotted line), AsV-FHy (grey solid line), (b) mackinawite (black
solid line), elemental S (black dotted line), cystine (green solid line), thiosalicylic acid (orange solid
line), methionine (green dotted line), DMSO (grey solid line), methionine sulfone (orange dotted line),
methyl sulfonate (blue solid line), sodium sulfate (grey dotted line), chondroitin sulfate (purple solid
line). The sample spectra are displayed as black lines and fits as blue lines for Kien Svay and red lines
for Leuk Daek. In (c,d) the relative (%) contribution from fitted As and S species to total soil As and S
are shown, respectively.

4. Discussion

We did not observe a substantial effect of gypsum addition on either the dissolved concentrations
or rice uptake of As. Moreover, to the extent an impact was detected, it trended in opposite direction
for the two soils. These results are inconsistent with previously reported effectiveness of S additions in
limiting As uptake from hydroponic and As-spiked sand/soil systems [44–46,54]. It is possible that
the sulfate levels applied in this study were insufficient to profoundly impact the As mobility from
soil to grain, although in Hu et al. (2007) [46] a smaller (30 mg kg−1) sulfate addition did decrease As
content in rice shoots. We intentionally selected soils that should be S sufficient for rice, in order to
specifically study the effect of adding excess sulfate. Our initial sulfate concentrations without gypsum
addition (91 ± 4 and 61 ± 1 mg per kg soil for Leuk Daek and Kien Svay, respectively) were well above
the recommended limit for S deficiency of 9 mg sulfate/kg soil [55], but final straw S (0.05–0.13%)
was close to or below the suggested deficiency limit (<0.10% in shoots) [55]. However, there was no
correlation between straw S concentrations and straw or grain biomass production, and no symptoms
of S deficiency were observed in any of the treatments (including the controls). Therefore, the S status
within the rice plants should have been sufficient to activate the plant thiol metabolism involved in As
detoxification in all treatments, and, if S status was indeed limiting this plant defense mechanism, one
would expect the soil with lowest initial sulfate concentrations (Kien Svay) to respond most positively
to the treatment. Instead, gypsum tended to increase rice As uptake from Kien Svay soil. Thus, the
limited and divergent response in rice As concentrations to gypsum amendment within these two
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naturally contaminated soils must be attributed to soil processes overriding the potential for sulfate to
regulate As uptake at the levels tested here. Below we discuss what underlying processes may have
contributed to this.

As a first measure to unravel the processes that controlled final As concentrations in rice grain in
this study, we used both bivariate correlation analyses and a multivariate statistical approach, partial
least squares (PLS) regression. The power of PLS is that it takes into account the variation from all
measured explanatory (X) variables in all individual pots and identifies the ones with the strongest
influence on the dependent (Y) variable(s) (in this case the grain As concentration). Therefore, it
provides a more complete picture of the relative contribution from different variables in complex
systems than pair-wise regression analyses. Consequently, it is not surprising that only a few of the
bivariate correlations were significant, but those that were support the results of the PLS analyses (SI,
Table S1). The PLS model of the entire data set (SI, Figure S5) returned only one significant component,
explaining 55% of the variability in grain As concentrations (R2VY = 0.55), with a predictive power
of 35% (Q2VY = 0.35). In this model, it was evident that Fe was a stronger regulator of As grain
concentrations than S, which was confirmed by negative bivariate correlations of As in biomass to
Fe porewater concentrations (SI, Tables S4 and S5). This may seem surprising at first, especially
as Fe and As dissolution co-occurred and higher As concentrations induced higher As uptake (all
significant bivariate correlations between As in porewater and biomass were positive, SI Tables S4
and S5), as expected. However, Fe supplementation is known to decrease As uptake by and toxicity
to rice [56]. Higher Fe concentrations in bulk solution could also increase plaque formation on the
roots, which may act as a barrier for As uptake [57,58], although there is evidence for the reverse
effect as well [58,59]. However, root Fe concentration correlated positively with both root (R2 = 0.58,
p = 0.01) and grain (R2 = 0.43, p = 0.04) As concentrations, contradicting that Fe plaque contributed to
the Fe control on As uptake in this experiment. In fact, it is possible that the gypsum treatment was
ineffective partly because it decreased the formation of Fe plaque in these soils (Table 1). Previous
studies have shown both increased [45,46] and decreased [60,61] plaque with S additions, possibly
dependent on the amount of S added [60]. Thus, we hypothesize that the indicated importance of Fe
for As concentration in rice grain, in fact, provides an explanation for the limited impact of S on As
uptake in this study. Divergent outcomes of S-As interactions during redox transformations can be
explained by variability in Fe:S(As) ratios [38,39]. At higher Fe:S ratios, sulfide produced by sulfate
reduction may be consumed by Fe(III) reduction, resulting in HS− concentrations below the limit for
As(Fe)S precipitation. The two soils used in this experiment contained large stocks of reactive Fe(III)
(oxalate-extractable Fe, SI Table S1), which appears to have rendered the initial sulfate concentrations
(ranging from 1.4 in Kien Svay Ctrl to 3.35 mM in the Leuk Daek G60 treatment) insufficient to generate
a substantial increase in As(Fe)-sulfide solids (Figure 4c). Instead, as indicated by the S XANES data
(Figure 4d), Fe reduction scavenged sulfide from the solution, both through abiotic Fe(III) reaction with
sulfide generating Fe(II) and elemental S, and through precipitation of FeS after microbial reductive
dissolution of Fe(III) to Fe(II). The control of Fe on S solubility, but not on As, is consistent with the
Fe:S molar ratios in soil solution that reached steady-state (ranging between 15 and 23) around week
15 of the experiment in all treatments, whereas the As:S and As:Fe molar ratios continued to increase
throughout the experiment (SI Figure S4).

To test the hypothesis that initial reactive Fe(III):SO4
2—S molar ratio was an important contributing

factor for the results in this study, we examined the correlations between these ratios and total biomass
uptake of Fe, S, and As (mol per pot). These tests revealed strong negative linear relationships between
initial Fe:S ratios and the total S (R2 = 0.88, p = 0.0056, N = 6) and As (R2 = 0.91, p = 0.0031, N = 6)
contents in biomass. However, there was no correlation of Fe:S ratios to biomass Fe or to grain As
concentrations (only to total As in biomass). This strongly supports that the high reactive Fe content of
these soils limited S solubility and that rice plants were taking up any soluble S that was available.
It further shows that total As uptake by rice was, in fact, higher with a lower Fe:S ratio, but that the
translocation to rice grain was not impacted in the same way. This supports that As solubility was not
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controlled by Fe or S in these soils, as discussed above, although released by the same process as Fe
(microbial reductive dissolution), which is reflected in the apparent correlation to Fe:S ratio. However,
once inside the plant, the As translocation to rice grain was controlled by other factors.

It is possible that the ratios of reactive Fe, S, and As also hold the explanation for the divergent
behavior of the two soils. The PLS analysis showed a stronger separation of the soils than of the
treatments (SI, Figure S5c), indicating that different processes controlled the As concentration in rice
grain within these two soils. Fe and As dissolution patterns diverged between the soils (Figure 3,
SI Figures S3 and S4), both in terms of relative concentrations and temporal patterns, and this is
consistent with the oxalate extractable As being higher in Leuk Daek and Fe in Kien Svay. Thus, it is
possible that Leuk Daek pots responded positively to gypsum amendment due to the higher inherent
sulfate concentration of this soil, which, together with lower reactive Fe, may have decreased the
Fe:S ratios sufficiently for gypsum to affect As solubility. Additionally, with sulfate concentrations
remaining sufficient over a longer period of time in this soil, the rice plants may have been able to
maintain a higher production of thiols and other S-containing compounds that retain As in roots. These
speculations were supported by a PLS analysis of the data set for Leuk Daek pots only. This produced
a model with three significant components explaining 99% of the variability in grain As concentrations
and a predictive power of 81% (SI, Figure S6). Contrastingly, the PLS analysis for Kien Svay pots
produced no significant components, meaning that our data could not predict or explain the variability
in grain As concentrations for rice grown in this soil with any confidence. However, the PLS model for
Leuk Daek (SI, Figure S6b) clearly showed that increasing biomass S and greater proportions of As-S
and reduced S among the solid phase species all contributed to lower As concentrations in grain, in
spite of the small variation for these variables among the treatments. Thus, the PLS models provide
support for Fe:S:As ratios being important for controlling As mobility in rice paddy systems, and for S
having the potential to moderate As translocation to the rice grain, if the S supply is sufficient.

5. Conclusions

In this study, limited impacts of gypsum amendment on As uptake in grain were observed,
contrasting the results of previous studies in hydroponics and high As soils, thus suggesting that,
in naturally contaminated soils of the Mekong Delta, gypsum may not be an efficient mitigation
method. Using multivariate statistical analyses, we identify Fe as an important regulator of rice As
concentrations in this experiment, and determine that the inefficiency of sulfate amendment here was
likely due to the high proportions of reactive Fe(III) and As in the soils. We also find evidence of S
processes contributing to the regulation of As concentrations in rice grain, suggesting that a higher
gypsum addition may have been able to mitigate rice As uptake. Thus, we conclude that the relative
ratios of reactive Fe:S and proportion of reactive As in soils are critical regulators of the solubility of
these elements over time, which in turn affects plant uptake with implications for the toxicity and
translocation of As in rice plants; both Fe and S have the potential to mitigate As concentrations in rice
grain. We propose that future research should establish if there are critical threshold Fe:S:As ratios that
can be established and used to predict As uptake in rice and whether manipulations of these ratios is a
potential mitigation strategy for limiting As concentrations in rice grain.

Supplementary Materials: Supplementary information (Tables S1–S5, Figures S1–S6) are available online at
http://www.mdpi.com/2411-5126/1/1/1/s1.
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