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Aﬂatoxin (AFT) contamination is frequent in foods grown in tropical regions, including rice.
Although AFTs are generally not found in temperate-region foods, global warming has aﬀected typical temperate-region climates, potentially permitting the contamination of foods with AFT-producing
Aspergillus flavus (A. flavus). Here we investigated the AFT production in rice during storage under
natural climate conditions in Japan. We examined AFTs in brown rice and rough rice artiﬁcially
contaminated with A. flavus for 1 year in Japan, and we subjected AFTs in white rice to the same
treatment in airtight containers and examined the samples in warm and cold seasons, simulating the
storage of white rice in general households. In the brown rice, AFTs increased after 2 months
(March) and peaked after 9 months (October). The AFT contamination in the rough rice was minimal.
After the polishing and cooking of the brown rice, AFTs were undetectable. In the white rice stored
in airtight containers, AFTs increased after 1 month (August) and peaked after 2 months (September).
Minimal AFTs were detected in the cold season. Thus, AFT contamination in rice may occur in temperate regions following A. flavus contamination. The storage of rice as rough rice could provide be
useful for avoiding AFT contamination.
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A

ﬂatoxins (AFTs), a common mycotoxin, are
secondary metabolites produced by fungi such
as Aspergillus flavus (A. flavus) and A. parasiticus, which
exist mainly in tropical and subtropical soils. AFTs
have been shown to cause cytotoxicity [1], hepatocarcinoma [2], and genetic abnormalities [3] and are
therefore classiﬁed as a group 1 human carcinogen
[4]. There are four major subtypes of AFTs: B1,
B2, G1, and G2 [5]. Among these, AFT B1 is the
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most toxic [6]. Because there is no eﬀective method
for the removal of AFTs, grains contaminated with
AFTs and foods/feed stuﬀs made from materials
contaminated with AFTs are usually discarded. Rice
is a staple food for more than half of the global population, including the Japanese population [Food and
Agriculture Organization of the United Nations,
International Year of Rice 2004: Rice and Us. Available from ＜http://www.fao.org/rice2004/en/rice-us.
htm＞ (Sep 3, 2015, date last accessed)]; hence, in
Conﬂict of Interest Disclosures: No potential conﬂict of interest relevant
to this article was reported.
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addition to its negative impact on health, AFT contamination is also a major economic problem [7].
Few reports have described AFT-producing fungi
and toxins in Japan. AFT-producing fungi have been
detected in the soil in Japanʼs Nansei Islands [8, 9]
and in the southern Kyusyu region of Japan [10]. In
2011, 70µg/kg AFT B1 was found in brown rice from
a rice ﬁeld at the University of Miyazaki [11].
Although these regions are located in the southern
region of Japan, A. flavus may be widely distributed
throughout Japan in the future. Indeed, many studies
have already shown that climate change is aﬀecting the
distribution of wild speciesʼ populations. For example,
the distributions of fungi and oomycetes are expanding
relatively quickly at 7 and 6km/year, respectively
[12]. Although there are no reports describing the
widespread distribution of A. flavus in Japan, given
global warming [Japan Meteorological Agency, Climate
and Global Environmental Issues. Available from
＜http://www.jma.go.jp/jma/en/Activities/cc.html＞
(Sep 3, 2015, date last accessed)], it is possible that
AFT production would occur in crops contaminated
with AFT-producing Aspergillus.
In Japan, most rice is stored as brown rice in an
air-conditioned environment. However, storage without air-conditioning is also common among small
wholesalers or farmers and most consumers store
polished white rice in airtight containers in their
kitchens. The eﬀects of these diﬀerent storage conditions on AFT production in rice by contaminating
Aspergillus are not completely understood.
In the present study, therefore, we examined AFT
production in brown rice artiﬁcially contaminated during storage under natural environmental conditions in
Japan. We also investigated AFT production in white
rice artiﬁcially contaminated in an airtight container.
Our data provide important insights into the causes of
AFT contamination in rice and potential methods for
reducing AFT contamination.

Materials and Methods
Rice powder contaminated with AFTproducing A. flavus. The type of rice we tested
was O. sativa L. ssp. Japonica, purchased from a
farmer in Japanʼs Okayama Prefecture. AFTproducing A. flavus (NBR 33222), which was purchased
from the National Institute of Technology and Evalua-
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tion (Tokyo), produced 4 types of AFTs (B1, B2, G1,
and G2). We cultured the A. flavus in Sabouraud
bouillon medium (Sysmex, Kobe, Japan) at 25℃ for
7 days. A mixture of the culture medium (200ml) and
brown rice (1.56kg) was incubated at 25℃ for 7 days,
and the rice was then ground into a ﬁne powder using
a mill (R-2; Izumi Products, Matsumoto, Japan). The
AFT concentration in the rice powder was 4.1µg/kg.
Storage of brown rice and rough rice. The
rice powder obtained as described above (25g) was
added to the sample rice (10kg; brown rice [n ＝ 6] or
rough rice [n ＝ 6]). The mixture was stirred well and
then stored in paper bags (high-grade products accepted
by the Japan Grain Inspection Association; 40cm ×
80cm; Sanwa Co., Tokyo, Japan) under natural climate conditions in January 2013. The storage room
did not have an air conditioner, and light did not enter
the room. The temperature and relative humidity in
the room were monitored by a hygrothermograph
(TR-72i; T & D Co., Matsumoto, Japan) to evaluate
the eﬀects of climate conditions on AFT production.
AFTs in the sample rice were measured every
month from January 2013 to January 2014. The initial concentration of AFTs in sample rice was set to
0.010µg/kg, which was less than 1 of the detection
limit (1.25µg/kg) of the enzyme-linked immunosorbent
assay (ELISA) kit, described below. In the control
groups, AFT production was examined in brown rice
(n ＝ 1) and rough rice (n ＝ 1) without the addition of
rice powder contaminated with A. flavus.
Storage of white rice. In households in Japan,
white rice is often stored in airtight containers for
several months. For our evaluation of the AFT production under this condition, we identiﬁed the AFT
levels in white rice artiﬁcially contaminated in an
airtight container in warm and cold seasons. Rice
powder (1.125g) contaminated with A. flavus was added
to white rice (450g), and the mixture was stirred well
and stored under natural climate conditions in polyethylene bags with zippers (Unipack I-4; 28cm × 20cm;
Seisannipponsya, Tokyo, Japan) in warm (n ＝ 6, July
to October 2014) or cold (n ＝ 6, December 2014 to
March 2015) seasons. The AFT levels in the sample
rice were measured every month.
Assay of AFTs. Fig. 1 is a schematic of the
experiment. Brieﬂy, in the AFT-positive cases, a
portion of the sample was polished or cooked and then
assayed again. In the AFT-negative cases, polishing
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Fig. 1
Schematic overview of the study methods. Rice powder
containing aﬂatoxin (AFT)-producing A. flavus was added to samples of brown rice and rough rice. The AFT production was then
measured every month for up to 12 months. AFT assays in rice
were performed as shown in the ﬂowchart. － : negative AFT assay
result. ＋ : positive AFT assay result. Rough rice was processed in
the same manner and was directly made into white rice without
being made into brown rice. The experiments for white rice artiﬁcially contaminated with fungi in an airtight container in warm and
cold seasons began from ʻwhite riceʼ in this schema.

and cooking were not performed, and the assays were
carried out again the next month. In addition to testing the sample rice, we examined the AFT levels in
the rice bran and drainage to determine the levels of
contamination in waste.
We used ELISAs to measure the AFTs, except for
the AFTs in the drainage solutions after washing,
which were measured by high-performance liquid
chromatography (HPLC). In the test solutions of
sample rice (brown rice or rough rice), randomly collected rice (150g) was ground into a ﬁne powder using
a mill, and the powder (10g) was mixed with 70 w/v
methanol (50ml), followed by stirring for 3min.
After 30min, the supernatants were ﬁltered (GF/B
glass microﬁber ﬁlter; Whatman, Tokyo, Japan) and
used as test solutions.
ELISAs were then performed in triplicate.
Standard and sample solutions (30µl) and anti-AFT
antibodies labeled with horseradish peroxidase solution (150µl) were pre-incubated at 25℃ for 5min, and
the pre-incubation solution (100µl) was then incubated
in a 96-well ﬂat-bottomed microtiter plate with immo-
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bilized AFT at 25℃ for 10min. The wells were
washed 3 times with washing solution, and the enzyme
reaction was then performed by incubation with the
substrate solution (100µl) at 25℃ for 5min. The
reaction was terminated by the addition of stop solution (100µl). The absorbance at 450nm was measured
with an ELISA plate reader (Model 680; Bio-Rad,
Hercules, CA, USA). Polishing of the brown rice and
rough rice was performed using 2 rice polishers:
MR-E500 (Twinbird Co., Tsubame, Japan) and
HL-40 (Agritecno Yazaki Co., Himeji, Japan), respectively. Rice cleaning was carried out using a rice
washer (KOM-3; Izumi Products Co., Matsumoto,
Japan). Rice was cooked in a rice cooker (NM-SR03A;
KN Chiyoda Co., Tokyo, Japan).
The determination of the AFT levels by HPLC was
conducted as described [Ministry of Health, Labour
and Welfare, 2012. Assay of total aﬂatoxins. Available
from ＜http://www.mhlw.go.jp/topics/yunyu/other/
2011/dl/110816-3.pdf＞ (in Japanese) (Sep 3, 2015,
date last accessed)]. The test solutions were prepared
as follows. The water used for washing the rice was
ﬁltered (5C ﬁlter paper), and the supernatants (10ml)
were loaded on an immunoaﬃnity column (AﬂaStar R;
Romer Labs, Union, MO, USA), and the column was
washed with distilled water. AFTs were extracted by
adding acetonitrile (3ml) into the column, and they
were derivatized with triﬂuoroacetate (0.1ml) after
evaporation to dryness.
The triﬂuoroacetate solution was then used as the
test solution and was loaded onto the HPLC system
equipped with a Wakosil-II 5C18 HG column (5 µm
particles; 250 × 4.6mm). The mobile phase was composed of acetonitrile: water: methanol (1 : 6 : 3, v/v/v)
at the ﬂow rate of 1ml/min. The ﬂuorescence intensity of the AFTs was measured with an excitation ﬁlter at 365nm and emission ﬁlter at 450nm. The
amount of AFTs was calculated on the basis of the
standard curve obtained in the AFT assays. All values
are expressed as the mean ± SEM.

Results
AFTs in brown rice and rough rice in Japan.
Fig. 2 shows the air temperature and relative humidity in the storage room used in this study. The range
of highest and lowest air temperatures were 10.432.6℃ and 4.2-26.7℃, respectively, and the range of
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highest and lowest relative humidities were 69-82
and 32-47 , respectively. Overall, the air temperatures and relative humidities appeared to be diﬀerent
from those of, for example, Ho Chi Minh City in
Vietnam [World Meteorological Organization, Monthly
A

B

Fig. 2
Air temperatures and relative humidity in the storage
room. The air temperatures (A) and relative humidity (B) in the
storage room were measured from January 2013 to January 2014.
The highest and lowest values for the temperature and relative
humidity for each month are shown as solid and dotted lines,
respectively.

Average Temperature and Rainfall in Ho Chi Minh
City 30-year period. Available from ＜http://worldweather.wmo.int/en/home.html＞ (Sep 3, 2015, date
last accessed)], which is within the tropical climate
region. However, for air temperatures from July to
September, the ranges of the highest and lowest values were similar to those of Ho Chi Minh City, suggesting that this climate was suitable for growth of the
A. flavus and AFT production.
Fig. 3 shows the mean concentration of AFTs in
the brown rice (n ＝ 6) and rough rice (n ＝ 6) after
artiﬁcial contamination with A. flavus during storage
under natural climate conditions for up to 12 months
before polishing (Fig. 3A) and after polishing (Fig.
3B). In the brown rice before polishing (Fig. 3A),
AFTs were detected after 2 months (March: 6/6
samples) and reached a maximum level after 9 months
(October: 6/6; 131.6 ± 27.2µg/kg; range 214.2-45.3),
after which the AFT levels remained constant. After
cooking, the maximum concentration of the AFTs was
7.6µg/kg in the brown rice (data not shown), which
was lower than the maximum regulation value (10µg/
kg) set by the Food Sanitation Act in Japan. In the
brown rice after polishing (Fig. 3B), the AFT concentrations in the majority of the samples decreased
to ＜ 10µg/kg. Residual AFTs after polishing were
completely removed by cooking in all samples (data not
shown). Because AFTs are stable at high temperatures and cannot be broken down by heating during

B
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Fig. 3
AFTs in brown rice and rough rice containing AFT-producing A. flavus. AFTs were measured in brown rice (n ＝ 6) and rough rice
(n ＝ 6) containing AFT-producing A. flavus before polishing (A) and after polishing (B). (A) Closed circles: brown rice. Open
circles: rough rice. Control: open squares. (B) Closed triangles: brown rice. Open triangles: rough rice.
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cooking [13, 14], we examined the levels of AFTs in
the rice bran [15, 16]. The mean concentration of
AFTs in the rice bran after 12 months was 465.5 ±
74.7µg/kg (n ＝ 6; range 270-702µg/kg).
In the rough rice before polishing (Fig. 3A),
AFTs were detected after 4 months (May: 2/6 samples), and no AFTs were detected in the control
samples. After 12 months, the concentration of AFTs
was 3.1 ± 0.9µg/kg (5/6 samples), and AFTs became
undetectable after polishing in all samples (Fig. 3B).
AFTs in the white rice in airtight containers. Fig. 4 shows the mean concentration of AFTs
in the white rice contaminated with A. flavus in polyethylene bags for 3 months under natural conditions in
warm (n ＝ 6) and cold (n ＝ 6) seasons. The climate
conditions in the storage room during the experiment
resembled those described in the Fig. 2 legend (data
not shown). In the warm season (Fig. 4), the AFT
concentrations began to increase after 1 month
(August: 6/6 samples) and peaked after 2 months
(September: n ＝ 6; 231.4 ± 17.4µg/kg; range 162.4293.2).
After 2 months, the rice exhibited discoloration
and an oﬀ-ﬂavor; the smell was still present after
cooking, and the taste of the rice was awful. After
cooking, the AFT concentration exceeded the limit
(n ＝ 6; 29.1 ± 3.2µg/kg; range 23.5-40.4). Moreover,
considerable amounts of AFTs were detected in the
water used for washing the rice (n ＝ 6; 39.8 ± 3.5µg/

Fig. 4
AFTs in white rice artiﬁcially contaminated with AFTproducing A. flavus in an airtight container. Closed circles, warm
season; Open circles, cold season.
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kg; range 31.9-55.3). In the cold season (Fig. 4, n ＝ 6),
AFTs were not detected for 3 months, but were
detected at relatively low levels after 4 months (data
not shown; April, n ＝ 6; 1.2 ± 0.4µg/kg; range ND
to 2.3). At this time, the smell and taste of the
cooked rice were normal.

Discussion
The present study is the ﬁrst report to show that
AFT contamination in rice occurred during storage
under natural environmental conditions in a temperate
region (Japan) following artiﬁcial contamination with
A. flavus in rice. The AFT contamination in the rough
rice was minimal. AFTs were also detected in the
white rice contaminated with A. flavus in airtight containers during storage under natural climate conditions
in the warm season. These data have important implications in the development of techniques to prevent
AFT contamination.
In the rough rice, the AFT levels in all of the
tested samples remained lower than 10µg/kg (the
maximum regulation value in Japan) throughout the
experimental period. We suspect that the reason for
this minimal contamination is that the rice husks of the
rough rice prevented A. flavus from invading inside the
rice [17]. Using this advantage of rough rice, farmers in the Mekong Delta of Vietnam store their rice as
rough rice. In fact, we could detect no AFTs in rough
rice (n ＝ 13) from Tram Chim district, which is
located at the same latitude as Ho Chi Minh City and
has a similar climate, although we did not have
detailed information about the storage condition or soil
contamination with the toxin for that area. Thus, the
storage of rice as rough rice can prevent AFT contamination without the need for specialized facilities
and cooling equipment, although more space is needed
because of the increased volume of rice husks. For
rice that is imported, its transportation as rough rice
is recommended instead of the currently used transportation as white rice.
The results of the present study demonstrated that
AFT contamination in rice occurred under natural
climate conditions in Japan after contamination with A.
flavus. We observed that the AFT production increased
with the increase in air temperature, suggesting that
high air temperature is likely to be an important factor mediating AFT production. Moreover, a previous
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study showed that the AFT production in rice is limited at temperatures below approx. 20℃ with a relative humidity of 85 [18, 19]. In our present experiment, mean air temperatures ＞ 20℃ as calculated
from the highest and lowest values shown in Fig. 2
were observed from May to October, during which the
AFT production was active.
However, we observed some AFT production
under cooler conditions before May, which was inconsistent with previous reports describing these limiting
conditions; this suggested that factors other than air
temperature, as described below, are also involved in
the production of toxins. In the sample rice, rice
damaged by insect pests or by the rice husker was
retained. Additionally, the ventilation was not optimal
because the samples were contained in paper bags.
These factors may explain the observed increases in
AFT production and were not considered in previous
studies. In general, damaged grains may permit
increased fungal invasion and further induce AFT
production in various grains [20-22], including rice
[15, 23, 24]. Thus, the variability in our data may
be explained by the presence of damaged rice in our
rice samples. Consistent with this, a study of peanut
kernels showed that the limiting air temperature was
lower for damaged peanut kernels than that for
undamaged peanut kernels [25].
We also observed that the AFT production was
increased during the warm season in the white rice
contaminated with AFT-producing A. flavus during
storage in airtight containers. The surface inside the
polyethylene bags after 1 month was slightly clouded
with vapor during the warm season but not during the
cold season, suggesting that the relative humidity in
the container was higher than the humidity in the room
during the warm season, which may promote the production of AFTs. Thus, in addition to high temperature, the moisture from the sample rice may also have
contributed to AFT production. Accordingly, white
rice should be eaten soon after its purchase, particularly in the summer.
Taken together, our data suggest that the climate
conditions, storage time, ventilation, and damage to
rice may have aﬀected the AFT production in this
study. However, these factors are not speciﬁc for
AFT contamination (with the exception of damaged
rice), and they are also critical factors for contamination with general mold. Therefore, the prevention of
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AFT contamination may be realized by using methods
for avoiding contamination with general mold, even in
the presence of fungi. In rice in particular, it is simple to increase the number of washes to remove additional contamination, and this method could be applied
in the general households. Moreover, as the current
trend of using brown rice for health reasons increases
[26, 27], it will be necessary to examine the eﬀects
of the storage of brown rice in greater detail.
In conclusion, AFT contamination in rice can occur
under natural climate conditions in temperate regions
such as Japan when AFT-producing fungi are present.
The storage of rice as rough rice may be beneﬁcial for
the prevention of AFT contamination. We also have
data that AFTs could accumulate in imported agricultural products such as corn and nuts under inadequate
storage conditions, even when the AFT levels are
lower than maximum regulation value. Increased surveillance of such agricultural products is necessary.
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