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Worldwide concerns over inorganic arsenic (Asi) in potable
water have prompted much research and policy development
focusing on removing this chronic human carcinogen (Nordstrom,
2002; Ahmed et al., 2006). However, recent studies have indicated
that elevated Asi in rice may additionally contribute signiﬁcantly to
dietary Asi intake (Heikens, 2006). Around 50% of total As in grain is
Asi, although this can vary from 10 to 90%, with the remainder
being dimethylarsononic acid (DMA) (Heikens, 2006). The risk
posed by dietary As normally focuses on Asi as this is the carcinogenic component with a linear dose response for chronic exposure
(NRC, 2001). Rice is by far the largest food dietary source of Asi for
populations not drinking water with elevated As (Meacher et al.,
2002; Tsuji et al., 2007).
Globally, over 400 million metric tons of milled rice is consumed
each year (Ricestat, 2007), which accounts for nearly 50% of total
cereal consumption, with approximately half of the world’s
population reliant upon it for sustenance (FAOSTAT, 2007). Global
requirements for rice continue to increase, and will likely lead to
the expansion of rice production to meet this demand.
Rice is particularly susceptible to As accumulation compared to
other cereals as it is generally grown under ﬂooded conditions
where As mobility is high (Heikens, 2006). Baseline levels of As are
w10-fold higher than other cereal grains (Williams et al., 2007),
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with baseline levels of Asi being of concern (Meharg et al.,
submitted for publication). This is greatly exacerbated by As
contamination of rice production systems from a myriad of sources
including irrigation with As-tainted groundwaters, mineral
exploration and processing industries, and As pesticide use (Liu et al.,
2005; Lee et al., 2008). For example, rice grown in elevated paddy
soils of both Bangladesh and USA have arsenic levels wthreefold
higher than baseline. Between different growing regions/countries
total As content can vary by ﬁvefold, with Himalayan (N. India,
N. Pakistan, and Nepal) rice being the lowest and US, EU and
As-groundwater impacted Bangladesh rice being the highest
(Heikens, 2006; Meharg et al., submitted for publication).
Legally enforceable maximum contaminant levels (MCL) for Asi
in drinking water of 10 mg/L have been adopted by most countries
that can afford compliance costs, such as in the EU, US and China.
Based on US lifetime average daily drinking water consumption
rate of 1 L (NRC, 2001), Asi exposure at the MCL would equate to
a daily exposure of 10 mg. For frequent rice consumers, especially
pertinent to typical Asian diets, 200 g/d dry weight of rice or rice
products (i.e. rice noodle) is not uncommon. Indeed, for rice
subsistence diets average daily consumption can range from
w200–900 g/d. The bioavailability of Asi in rice has been shown to
be high (Juhasz et al., 2006) therefore grain concentration in rice
would have to be as low as 50 mg/kg if consumed at 200 g/d to
equate to similar exposures from drinking water at 10 mg/L.
Incidentally, the levels of total arsenic found normally in upland
cereals such as wheat and barley are generally less than 50 mg/kg
(Williams et al., 2007). However, a summary of rice speciation data
from the literature shows rice to commonly exceed Asi concentrations of 50 mg/kg reaching levels up to w400 mg/kg (Heikens, 2006).
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more aerobic conditions, for at least part of the growing season, As
content can be reduced (Heikens, 2006; Duxbury and Panaullah,
2007). This is especially true in parts of the world that irrigate rice
with arsenic tainted tubewell water during dry season production
such as West Bengal (India) and Bangladesh (Heikens, 2006;
Duxbury and Panaullah, 2007). As highlighted in a recent report
from the United Nations (Duxbury and Panaullah, 2007), one option
to mitigate the impacts of irrigation with As contaminated waters is
to avoid rice during the dry season, alternating with upland crops
that require reduced water inputs. Even simple management
strategies such as water conservation and growing rice in raised
beds have been shown as potential mitigation tools in reducing
grain As levels during dry season production. However, converting
all rice paddies into aerobic systems is neither feasible nor practical.
Breeding rice cultivars with low grain As is promising, as
concentrations vary considerably between cultivars and the new
discovery of quantitive trait loci associated with As accumulation
has progressed the quest to identify the key genes that determine
in planta arsenic assimilation (Zhang et al., 2007). Molecular
approaches may also help decipher the mechanisms of arsenic
speciation, allowing for the conversion of inorganic to less toxic
organic forms. Curtailing As transfer into rice roots can also be
achieved by manipulation of the rhizosphere, in particular zones of
Fe enrichment that surround rice roots can be used to trap As
(Heikens, 2006; Liu et al., 2005). However, underpinning all technological advances a clear monitoring and legislative policy must
also be evident. This should encompass all aspects of rice production
from soil and water management through to processing and rice
consumption (Fig. 1). As pressures increase on cereal production,
more and more land unsuitable for arable cultivation will start to be
utilised, even maintaining As grain levels at the present status quo is
a challenge in many regions of the world.
It is the rural poor in Asia, South America and perhaps continental Africa that will likely suffer most from the contamination of
rice by As. In addition, if production yields are also affected as As
species are phytotoxins, then a downward spiral of increased
poverty and ill health could be what subsistence rice farmers might
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While Asi in water is highly regulated internationally, food Asi
has received much less attention. There are no EU, US or WHO
limits for either total As or Asi in food (Francesconi, 2007). China
has one of the most stringent regulations for As in rice, with
maximum contaminant levels (MCLs) of 150 mg Asi/kg. Yet, exposure to Asi from typical rice ingestion rates by farmers in parts of
southern China of 400–500 g per day at 150 mg Asi/kg equates to the
consumption of 6 L of water at the Chinese drinking water MCL
(10 mg/L). Considering global rice consumption rankings for daily
ingestion China comes only 17th in the world.
The risk of Asi exposure from rice must not just be considered in
the context of Asian communities. Infants and young children of all
ethnicities generally have higher exposures to Asi via rice than for
adults when considered on a body mass basis (Meharg et al.,
2008a). Research has shown the need for increased vigilance to As
exposure during critical periods in children’s development (Vahter,
2008), with resulting long term health and development issues
arising from intrauterine and early childhood exposures to Asi,
often being undetectable at ﬁrst only to manifest later in life
(Vahter, 2008). With this in mind, rice as an exposure source of As
must be considered more seriously. We were therefore alarmed to
discover that in many countries, a potential new source of dietary
As exposure was emerging.
Rice based products are marketed as healthy functional or
‘‘super’’ foods such as stabilized bran ﬂour and bran solubles, rice
bran that has been heat treated to prolong shelf-life and then
enzymatically extracted to collect water soluble components.
Newly published data have for the ﬁrst time shown that brown
(unpolished) rice has in fact higher levels of both total As and Asi
than white (polished) rice, due to the localisation of Asi in the bran
layer (Meharg et al., 2008b). We have found that commercially
bought rice bran products from the US and Japan (excluding bran
derived oils) directly intended for human consumption can contain
up to 2000 mg/kg of Asi, and are typically over 1000 mg/kg
(Sun et al., in press). Even pure untreated bran may still contain
levels approaching 1000 mg/kg. It is unlikely that consumers of
these products are aware of the dietary Asi that they are being
exposed to when conforming to manufactures daily ingestion
rates, in some cases 17 g per serving equating to 34 Asi mg/d intake
at 2000 mg/kg of Asi in bran solubles.
The ﬁndings discussed here have a terrible irony for the health
conscious diet with dairy avoidance and a dependence on wholemeal foods, which can lead to a greatly increased exposure to
a chronic exposure carcinogen – Asi. Vegan and macrobiotic diets
are of particular concern. Macrobiotic diet sheets have brown rice
(including rice noodles and breads) as the carbohydrate basis to
2–3 meals per day, whilst also using rice based condiments (miso,
mirin, and rice wine), and rice milk or amazake (fermented rice
drink) on cereals and puddings. Rice malt is used as a sugar
replacement, ﬁnding its way into sweets and chocolates.
More widely available than rice bran or rice bran solubles is rice
milk, a cow milk alternative. We have found that all commercial
rice milk available in the UK fail EU drinking water standards
(10 mg/L total As), and that the vast majority of samples fail US
drinking water standards (10 mg/L Asi) (Meharg et al., 2008c). It is
a moot point whether rice milk is a water substitute (i.e. water
ﬂavoured with rice) or a food, which in any case only highlights the
discrepancy between water and food regulations.
Unlike As in water, arsenic in rice can hardly be removed once it
is incorporated into the grain, though cooking rice in high volumes
of As free water may help, but at a cost of removing vitamins.
Tackling and solving dietary exposure to Asi at the rice source is
feasible. Pragmatically, for countries largely dependent on rice
imports, low Asi rice can be sourced from appropriate regions. For
those countries with rice based agriculture where Asi in this is high,
the solution needs more thought. If paddy rice can be grown under
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Fig. 1. Ensuring levels of Asi in rice are safe for all.
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have no other option but to endure if science and policy ignore this
issue.
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