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Rice is a potentially important route of human exposure to
arsenic, especially in populations with rice-based diets. However,
arsenic toxicity varies greatly with species. The initial purpose
of the present study was to evaluate arsenic speciation in
U.S. rice. Twenty-four samples containing high levels of arsenic
and produced in different regions of the U.S were selected
from a previous market-basket survey. Arsenite and dimethyl
arsinic acid (DMA) were the major species detected. DMA
increased linearly with increasing total As but arsenite remained
fairly constant at ∼0.1 mg kg-1, showing that rice high in As
was dominated by DMA. A similar result was obtained when our
data was combined with other published speciation studies
for U.S. rice. However, when all published speciation data for
rice was analyzed a second population dominated by inorganic
As and lower levels of DMA was found. We thus categorized
rice into DMA and Inorganic As types. Rice from the U.S.
was predominantly the DMA type, as were single samples from
Australia and China, whereas rice from Asia and Europe
was the Inorganic As type. We suggest that methylation of As
occurs within rice and that genetic differences lead to the
two rice types. Insufficient understanding of DMA toxicity
precludesa firmassessmentof therelativehealthrisksassociated
with the two rice types but, based on current knowledge,
we suggest that the DMA rice type is likely to be less of a health
risk than the Inorganic As rice type and, on this basis, rice
from the U.S. may be safer than rice from Asia and Europe.

Introduction
The WHO standard for As in drinking water of 10 µg L-1 has
been adopted by many countries. Arsenic in water is generally
inorganic and can be a mixture of arsenite (As(III)) and
arsenate (As(V)). The U.S. Environmental Protection Agency
risk assessment for As in drinking water is based on
carcinogenicity risk from inorganic As (1). No intake of
inorganic As from food was considered in setting the drinking
water standard, and it is now evident that significant amounts
can be ingested this way. Arsenic in rice is of special concern
because of the much higher levels of As in rice grain compared
to other staple cereal crops (2), coupled with high levels of
rice consumption in Asian populations. Adult daily rice
intakes as high as 750 g uncooked wt have been reported in

West Bengal, India (3) and between 400-650 g uncooked wt
in Bangladesh (4). Rice grain As concentrations in Bangladesh
vary widely, but 50% (between the 25th and 75th percentiles
of the overall distribution from 871 samples) fall within the
range of 0.15-0.36 mg kg-1 (5), and values as high as 1.8 mg
kg-1 have been reported (6). Daily consumption of 400 g dry
wt of rice containing 0.25 mg As kg-1 would provide 100 µg
As or 5 times the 20 µg As from consumption of 2 L of water
at the acceptable WHO limit of 10 µg L-1.

Recent publications by Williams et al. (7, 8) and scientific
commentaries (9) have questioned the safety of rice produced
in the U.S. However, their finding that U.S. rice has higher
total As concentrations than rice grown in Bangladesh and
Europe (7) does not hold up when all published data on
arsenic concentration in rice is considered (5). Moreover,
knowledge of speciation of As in rice is critical to under-
standing the potential toxicity of rice to humans as the toxicity
of different arsenic containing compounds varies widely. For
example, As concentrations in fish and shellfish can reach
10 mg kg-1 (2, 10) and are approximately 10-100 times the
levels found in rice. However, most As in seafood is present
in organic compounds such as arsenobetaine and arseno-
choline that are considered to be nontoxic to humans (acute
toxicity ∼103 times less than inorganic arsenic). Four species
of As are commonly reported in rice; arsenite, arsenate,
monomethyarsonic acid (MMA), and dimethylarsenic acid
(DMA). The dominant species are usually arsenite and DMA,
although the sum of arsenite + arsenate is often reported
(7). The inorganic As content in rice can vary from 10-90%
of total As (11), but the reason for this variability has not
been established.

Discussion of the health risk of As in rice has largely been
based on its inorganic arsenic content because these species
have generally been considered to be more toxic than MMA
and DMA (12, 13) and can be directly compared to As in
drinking water, assuming equal bioavailability of inorganic
As in the rice matrix and in water. Rice produced in the U.S.
contained a mean of 42% inorganic As compared to 60 and
80% for European and Bangladesh/Indian rice, respectively
(7), so that U.S. rice contains one-third to one-half less
inorganic As than rice from other countries.

The purpose of our study was to assess As speciation in
rice from the U.S. in order to improve understanding of the
health risk posed by As in U.S. rice. The results prompted us
evaluate As speciation in rice more globally and to consider
whether altering As speciation in rice would be a useful
strategy for mitigation of human health risk.

Materials and Methods
Twenty-four samples of U.S. rice at the higher end of the
range of observed total As concentration, and representing
rice grown in Texas (n ) 16), Arkansas (n ) 3), and California
(n ) 5), were selected from the market-basket study of Zavala
and Duxbury (5). Total As content in rice grain was deter-
mined by HNO3/H2O2 digestion followed by inductively
coupled plasma atomic emission spectroscopy (ICP-AES) and
ranged from 0.160 to 0.710 mg kg-1 (5). An additional five
rice samples from Asia with high total As concentrations and
one from the U.S. were obtained from Zia Ahmed (Cornell
University), and seven samples of BRRI dhan 28 from a water
management experiment (Zavala and Duxbury, unpublished
data) were also included.

Arsenic Speciation. Arsenic speciation analyses were
performed by Applied Speciation and Consulting, LLC
laboratory in Tukwila, Washington state, U.S. using
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ion chromatography-inductively coupled plasma dynamic
reaction cell mass spectrometry (IC-ICP-DRC-MS). Sample
extraction was based on previous work by Heitkemper et al.
(14). Approximately 1.0 g of each sample was transferred to
50 mL polypropylene centrifuge tubes. A 10 mL aliquot of 2.0
M trifluoroacetic acid (TFA) was added to each sample. All
extractions were placed in a sonicated-heated bath main-
tained at a temperature of 75 °C and 1200 W for 6 hours.
Each sample was removed from heating every 30 min, and
was placed on a vortex mixer for 30 s at 1000 RPM. The
samples were then centrifuged for 45 min at 4000g. The
supernatant was decanted, filtered with a syringe filter
(0.45µm), and injected directly into sealed autosampler vials.

Ion chromatographic separation of As species (arsenate
As(V), arsenite As(III), dimethylarsenic acid (DMA), monom-
ethylarsonic acid (MMA), and arsenobetaine (AsB)) followed
a gradient separation method similar to Jackson et al. (15)
using an AS16 anion exchange column (Dionex, Sunnyvale,
CA). The ion chromatograph was directly interfaced to an
ICP-DRC-MS (Perkin-Elmer, Shelton, CT) operated in DRC
mode. The DRC was operated with an O2 flow of 0.9 mL
min-1 while monitoring mass 91 (75As16O) for species detec-
tion. Monitoring of possible chromatographic interferences
was accomplished by inclusion of 32S16O, 35Cl16O, and 31P16O
into the ICP-MS method. It should be noted that identification
of arsenobetaine is not conclusive because other organic As
species may coelute with the chromatographic method used.

Speciation Quality Control. A six point calibration was
performed daily spanning the entire concentration range of
interest. Calibration standards included As(III) and As(V)
which were formulated from pure solid source standards. By
using the ICP-MS as the detection system the calibration is
species independent; therefore, the average of the slopes for
As(III) and As(V) was used to determine concentrations for
dimethylarsenic acid (DMA), monomethylarsonic acid (MMA),
and arsenobetaine (AsB). Every extraction batch included
preparation blanks, laboratory control samples, matrix
duplicates, and matrix spikes at two levels or in duplicate.
All laboratory control samples and matrix spikes were
amended with all target arsenic species prior to extraction
to monitor species conversion.

Statistical Analysis. Statistical analyses were done using
the General Linear Models procedure of SAS 8.2 to test for
As species differences. When a significant F value was
detected (P<0.005), mean comparisons were separated using
Duncan’s multiple range test. Sigma Plot (v9.0) and Minitab
(v11) were used to fit curves and for descriptive statistical
analysis of As species, respectively.

Results and Discusion
Arsenic Species Recovery and Quality Control. The mean
detection limits for As(III), As(V), MMA, DMA, and AsB in
rice from two different analytical batches were 0.007, 0.025,
0.007, 0.017, and 0.007 mg kg-1, respectively. All detection
limits were calculated from replicate analysis of the lowest
level standard in the calibration and extrapolated to the
sample preparation. The recoveries for all target arsenic
species associated with the laboratory control sample were
within experimental error, although the recovery for DMA
was elevated (129.0%). However, recoveries for the DMA
matrix spike 1 and 2 were 107.4 and 91.2%, respectively,
suggesting acceptable method performance. The relative
percent difference for all matrix duplicates included in each
extraction batch was less than 25% giving acceptable
precision for the applied extraction and analytical methods.
The recoveries for all arsenic species in the matrix spikes
ranged from 83 to 120% with a single outlier for arsenobetaine
at 150%. Since none of the samples yielded an arsenobetaine
concentration above the detection limit, the elevated re-
sponse is deemed to have negligible impact on the validity

of the data. The recovery data showed that minimal species
conversion and matrix interference occurred during extrac-
tion. Additional quality control information is giving in the
Supporting Information.

Arsenic Speciation in U.S. Rice. Arsenic total and species
concentrations in market rice classified by color, commercial
type, and U.S. state of production are presented in Table 1.
Arsenite and DMA were the dominant species in all samples.
Arsenate was present in most samples but at very low levels,
and MMA was only detected in three rice samples from Texas.
A low amount of an unidentified As species, eluting between
MMA and DMA, was found in the brown basmati rice from
Texas containing the highest total As level. Mean recovery
of As measured as sum of species compared well with total
As measured independently (range of 72-123% and a mean
of 96( 12%), supporting the reliability of the speciation data.

A striking pattern for As speciation emerged when
individual species data were plotted against the sum of species
measure of total As (Figure 1). The absolute concentration
of DMA increased linearly (R2 ) 0.92) with increasing total
As concentration, whereas the concentrations of arsenite and
arsenate remained relatively constant. Thus, an increasing
concentration of As in U.S. rice, regardless of type, color,
variety (mostly unknown), and location of production is
primarily associated with increasing levels of DMA. We then
plotted additional data for DMA in U.S. rice from studies by
Williams et al. (7) and Heitkamper et al. (14), both separately
and together with our data (Figure 2). The additional data
followed the same pattern that we found (strong positive
correlation) and the overall regression was very similar
suggesting that our results are robust.

The distribution of inorganic As concentrations in U.S.
rice from our data set and other studies (7, 14, 16) was also
similar (Figure 3), which is consistent with our conclusion
that the inorganic As in U.S. rice (presumably dominated by
arsenite) varies relatively little compared to DMA. The
combination of the studies provides information on the
overall distribution of inorganic As in U.S. rice, showing that
75% of the samples are <0.138 mg kg-1 with average and
median values of 0.103 ( 0.045 and 0.110 mg kg-1, respec-
tively, and with 95% of the samples containing <0.181 mg
kg-1. Outliers above the 95th percentile may belong to the
inorganic arsenic rice type (see discussion in next section).

Arsenic Speciation in Global Rice. To explore speciation
of As in rice at the global level, we combined our results with
all reported speciation data where the total sum of species
recovery was higher than 70% of total As measured inde-
pendently, giving a total of 105 samples (2, 7, 14, 17-19). In
general, MMA is only occasionally found so this species was
not considered. The inorganic species (arsenite and arsenate)
are not always reported separately, due to concerns that some
arsenate may be reduced to arsenite during TFA extraction
(20) so we plotted total inorganic arsenic and DMA against
total arsenic measured as the sum of species (Figure 4). This
analysis showed that there were two populations of rice, one
where increasing total arsenic is mostly associated with
increasing DMA and the second where it is mostly associated
with increasing inorganic As. The groups were separated by
placing all samples where inorganic As (III + V) was > DMA
into one group and remaining samples into a second group.

This produced the relationships shown in Figures 5a and
5b for what we term the DMA and Inorganic As rice types,
respectively. The dominant As species in the two types of
rice were highly and linearly correlated with total As (R2 )
0.94 and 0.98; Figure 5a and 5b). The inorganic As concen-
tration in the DMA rice type increased only slightly as total
As increased (Figure 5a). The regressions suggest that DMA
will not be present in this rice when total As is<0.07 mg kg-1,
that equal amounts of DMA and inorganic As will be found
when total As is 0.16 mg kg-1 and that DMA becomes
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progressively more dominant as total As concentration rises
above 0.16 mg kg-1. An upward trend of DMA with increasing
total As is also seen for the inorganic As rice type (Figure 5b),
although the data are more variable than that for inorganic
As in the DMA rice type. The regression lines for inorganic
As and DMA on total As essentially go through zero indicating
that both inorganic and organic As forms will be present at
low total As levels. The difference in As speciation between
the two rice types at total As concentrations <0.2 mg kg-1,
provide evidence that the simple criterion we used to separate
them is appropriate.

The occurrence of DMA in rice grain can be explained by
methylation of inorganic As within the plant or by uptake of
DMA from soil. The ability of terrestrial plants, and rice in
particular, to methylate inorganic As has not been conclu-
sively documented (21). However, metabolism of inorganic

As by humans and animals through alternating reduction
and methylation steps is well established (22-24):

H3As(V)O4f H3As(III)O3 f CH3As(V)O(OH)2 f

CH3As(III)(OH)2f (CH3)2As(V)OOH f

(CH3)2As(III)OH

Several plant species (21, 25), including rice (26), can reduce
arsenate to arsenite but the ability to methylate As has only
been found in tomato plants under nutrient deficiency stress
(27) and in bent grass (Agrostis tenuis), an arsenic accumulator
(28). In the latter case, strong induction of methylation of
arsenite in extracts of leaves but not roots and the formation
of DMA as the major product were found when the plant was
exposed to arsenate.

TABLE 1. Speciation of Arsenic in U.S. Commercial Rice by State of Production

species (TFA extraction) (mg kg-1)

colora typeb
total As

(HNO3/H2O2 DMA AsIII AsV sum
species recovery

% tot. As

Arkansas
B medium 0.253 0.068 0.133 0.012 0.212 84
W long 0.287 0.142 0.081 0.008 0.231 80
W jasmine 0.356 ( 0.008 0.190 0.066 <0.005 0.256 72

California
B short 0.201 ( 0.005 0.036 0.115 0.013 0.164 81
B long 0.236 0.067 0.145 0.009 0.221 94
B basmati 0.354 0.186 0.097 0.006 0.289 82
B long 0.273 0.171 0.102 <0.005 0.273 100
W arborio 0.162 ( 0.006 0.040 0.112 0.017 0.169 104e

Texas
Bc T-basmati 0.710 ( 0.028 0.572 0.168 <0.005 0.769 108
B T-basmati 0.450 ( 0.021 0.320 0.116 <0.005 0.437 97
B long 0.241 ( 0.003 0.068 0.157 0.011 0.236 98
B long 0.258 0.069 0.142 0.008 0.218 85
W arborio 0.242 0.171 0.049 0.023 0.242 100
Wd T-jasmine 0.253 ( 0.002 0.138 0.076 0.095 0.312 123
We arborio 0.383 ( 0.003 0.302 0.071 0.003 0.382 100
W jasmine 0.369 ( 0.008 0.221 0.069 0.013 0.302 82
W sushi 0.190 ( 0.002 0.061 0.122 0.008 0.192 101
W T-basmati 0.203 ( 0.005 0.095 0.094 0.013 0.201 99
W kalijira 0.195 ( 0.017 0.106 0.086 0.014 0.207 106
W medium 0.270 ( 0.020 0.179 0.098 0.008 0.285 106
W basmati 0.256 0.128 0.118 0.014 0.259 101
W T-basmati 0.351 0.239 0.078 0.007 0.323 92
W T-basmati 0.240 ( 0.014 0.171 0.081 0.013 0.265 111
W T-basmati 0.222 0.143 0.084 0.003 0.230 104

a Color: B ) brown, W ) white. b Commercial type. c Contained MMA at 0.013 and an unidentified As species at 0.017
mg kg-1. d,e Contained MMA at 0.003 and 0.006 mg kg-1, respectively. f Values > 100% represent experimental error
between two different analytical methods.

FIGURE 1. Arsenic species relationship to sum of species total
As for 24 U.S. rice grain samples.

FIGURE 2. Relationship of DMA to sum of species total As for
U.S. rice grain; 95% prediction interval for combined data.
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Microbial methylation of As in soil, which can be
significant in flooded soil (20, 29), leads to the possibility of
direct uptake of methylated As species by rice. However, the
prevailing evidence is that inorganic As species are the major
As forms in flooded soils (20, 30), and the rate of their uptake
by rice is approximately 10 and 20-25 times faster than that
of MMA and DMA, respectively (20). Consequently, it seems
unlikely that DMA can be found at much higher levels in rice
than inorganic As species without plant methylation of As.
It is noteworthy that the highest DMA level for rice in Figure
5a (1.08 mg kg-1, 86% of total As) was found for an Australian
rice (cv. Quest) grown in sand culture with As applied as
arsenate (18).

Induction of methylation of As in the DMA rice type would
explain the linearity of the relationship between DMA and
total arsenic, as well as the relatively low and constant level
of inorganic As (Figure 5a), whereas this would not be
expected for uptake of DMA from soil unless almost all of the
As in soil solution was in this form. On the other hand,
the low, but variable, levels of DMA found in grain of the
inorganic-As rice type (Figure 5b) might reflect uptake of
DMA from soil solution, a low methylation capacity, or a
combination of these two processes. The differences in DMA
content between the two rice types could also be due to

differences in capacity to reduce arsenate to arsenite as a
required step before methylation, although our results
indicate that arsenite is the dominant inorganic As species
in both rice types.

The majority of the rice from the U.S. was the DMA type,
although 10 of the 24 samples in this study, 4 of 11 samples
from Williams et al. (7) and 1 of 5 samples from Heitkamper
(14) were categorized as the Inorganic As type (Table 2). In
contrast, only 1 of 55 and 1 of 6 rice samples from Asia and
Europe, respectively were the DMA rice type (Table 2).
Assuming that speciation of arsenic in rice is under genetic,
rather than environmental, control we expect that plant
breeding programs could interconvert the two rice types.

Human Health Implications for DMA and Inorganic As
Rice types. It is well-known that the speciation of As plays
an important role in determining As toxicity to humans.
Inorganic As in drinking water has been widely studied and
is linked to human carcinogenesis, primarily bladder and
lung cancer (31). A comparison of inorganic As levels in the
two rice types (Figure 6) shows that the inorganic As rice
type will have a higher level of inorganic As than the DMA
rice type when total As concentration is greater than 0.09 mg
kg-1. Based on the classification of rice from different
countries (Table 2) and a normal range for As in rice of
0.08-0.20 mg kg-1 (5) most rice from Asia and Europe will
have a higher inorganic As concentration than most rice from
the U.S.

Inorganic As is metabolized by consecutive reduction and
oxidative methylation in the liver and is largely excreted via
urine (32, 33). These processes were considered to be a
detoxification mechanism (34, 35) because the major me-

FIGURE 3. Distribution of inorganic As concentrations reported
for U.S. rice grain. The box represents data between the 25th
and 75th percentiles. The whiskers (error bars) above and
below the box indicate the 95th and 5th percentiles and dots
above and below them represent outliers. Lines inside the box
represent the mean (--) and the median (-). Mean and
Median for ref 16 were similar. Numbers above and below the
x axis are the number of samples and the reference,
respectively.

FIGURE 4. Relationship between total arsenic measured as the
sum of species and either inorganic arsenic (III+V) or DMA in
rice grain.

FIGURE 5. a-b. Arsenic species concentration in rice grain as
a function of sum of species total As for samples characterized
as (a) the “DMA” type and (b) the “inorganic As” type.
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thylated metabolites MMA and DMA are easily excreted and
are less acutely toxic than the inorganic species (22, 32, 36).
More recently, methylation of As has been reported to be a
bioactivation process because of the toxicity of the trivalent
As metabolites MMA(III) and DMA(III) which were found to
be more mutagenic, cytotoxic, and carcinogenic than inor-
ganic As species (37, 38). Petrick et al. (38), found that As
species toxicity followed the order MMA(III) > arsenite >
arsenate> MMA(V) ) DMA(V) in human hepatocyte cells.
Dimethylarsinic acid has also been reported to be a tumor
promoter for skin, lung, and bladder cancer in mice (for a
review on the metabolism and toxicity of DMA see Kenyon
and Hughes (39)) and a promoter of skin and lung cancer in
mice via oxidative stress generated by formation of DMA(III)
(40).

Humans exposed to inorganic As in drinking water
generally excrete fairly constant levels of a mixture of As
metabolites in urine, i.e. 10-30% inorganic As, 10-20% MMA,
and 60-70% DMA (41). The incidence of skin lesions
associated with chronic ingestion of inorganic As from
drinking water in Southwestern Taiwan and Mexico has been
reported to be strongly associated with patients excreting
more MMA and/or inorganic As and less DMA in urine relative
to their control (42-44). Valenzuela et al. (45) showed that
a substantial portion of the methylated As species in urine
contained trivalent As, i.e. DMA(III) 49% > DMA(V) 23.7%

> As(V) 8.6% > As(III) 8.5% > MMA(III) 7.4% > MMA(V)
2.8%. Skin lesions were positively correlated with MMA(III)
suggesting that this might be the toxic species reported in
earlier studies.

There is very limited data on the human bioavailability
of inorganic As and DMA in food. However, a study with
swine showed that inorganic As in rice was highly bioavailable
(89.4(9%) compared to DMA (33.1(3.2%) (18). Two human
volunteer studies where a single dose of DMA was ingested
gave similar results (32, 46). One study reported that 80-85%
of the 8 mg DMA ingested was eliminated in urine and feces
as unmetabolized DMA in a period of 48 h (46).

It can be inferred from these studies that As in the DMA
rice type will be absorbed less and excreted more rapidly
than As in the inorganic As rice type. When the latter rice is
consumed, the time of As exposure will be longer and
its metabolism will generate highly toxic MMA(III) as well as
more oxidative stress. At present it is impossible to fully assess
the health risk of As in rice but it seems likely that the DMA
rice type will prove to be less of a health risk than the inorganic
As rice type. In this case, plant breeding to convert currently
popular Inorganic As rice type varieties around the world to
the DMA type would be an important risk reduction strategy,
especially for countries like Bangladesh and India with As
contaminated environments and high rice consumption
rates. Currently, at moderate to high total As levels, rice from
the U.S. containing predominantly DMA would pose less of
a health risk than rice from Asia and Europe containing higher
levels of inorganic As.
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