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Abstract

Information on the mycotoxin contamination of rice in Africa is limited although the
risk of contamination is high. In this study, domestic milled rice processed by actors
using suboptimal methods was purchased and total fumonisin (FUM), zearalenone,
and aflatoxin concentrations determined at 0, 90, and 180 days after storage. Three
different climatic locations, Cotonou (Benin) in the Guinea savanna, Yaoundé
(Cameroon) in the Tropical forest, and N'diaye (Senegal) in the Sahel, were selected
as storage sites. Subsets of the samples collected from Glazoue (Benin), Ndop
(Cameroon), and Dagana (Senegal) were stored in plastic woven bags under room
conditions in the respective sites with or without calcium oxide (burnt scallop shell—
BSS, 0.1% w/w) treatment. Multivariance analysis showed that FUM concentration
was positively influenced by the duration of storage only while zearalenone concen-
tration was negatively influenced by relative humidity and head rice but positively by
impurities. Zearalenone concentration was also influenced by sample collection/stor-
age location, processing type, and duration of storage. Aflatoxin concentration was
influenced negatively by storage room temperature and head rice but positively by
impurities and chalky grains. In addition, aflatoxin concentration was influenced by
collection/storage location and processing type. BSS treatment followed by storage
for 6 months had no effect on the concentration of the three assessed mycotoxins.
Strategies to reduce the risk of mycotoxin contamination in study sites will include
the improvement of physical rice quality through better pre- and postharvest prac-
tices and proper packaging of both treated rice and untreated rice in hermetic sys-

tems before marketing and storage.
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1 | INTRODUCTION

The production and processing of rice, which is considered a stra-
tegic staple in sub-Sahara Africa (SSA), mostly employ suboptimal
methods often resulting to insufficiencies in quantity and quality
(Mapiemfu et al., 2017; Ndindeng et al., 2015) of the end products.
The rice value chain, comprising the pre- and postharvest seg-
ments, has unit operations aiming at producing premium quality
milled rice that is safe for both, human and animal consumption. In
each of these segments, the physicochemical, nutritional, and eco-
nomic value of the milled rice can be reduced by microbial inva-
sions especially in the humid tropics (Gummert, Balingbing, Barry,
& Estevez, 2009). Farmer's practices and environmental condi-
tions that enhance insect propagation, microbial proliferation, and
mycotoxin production during these production and processing
stages include the following: the use of disease-infected seeds,
the nonelimination of disease-infected plants during production,
poor harvesting, threshing, drying, parboiling, and milling meth-
ods favoring grain damage and/or their contamination (Amponsah,
Addo, Dzisi, Moreira, & Ndindeng, 2017; Mapiemfu et al., 2017;
Ndindeng et al., 2015) and storage of grains in systems that favor
the re-absorption of moisture or expose them to high oxygen lev-
els (Fleurat-Lessard, 2017; Magan, Hope, Cairns, & Aldred, 2003),
which promote microbial proliferation. Enormous quality deteri-
oration occurs during storage (Majumder, Bala, Arshad, Haque, &
Hossain, 2016) including mycotoxigenic secretion by contaminants
predominantly represented by the genera Aspergillus, Fusarium,
and Penicillium (Makun, Dutton, Njobeh, Mwanza, & Kabiru, 2011;
Makun, Gbodi, Akanya, Salako, & Ogbadu, 2007; Reddy, Reddy,
& Muralidharan, 2014). Other important contaminants described
by Makun et al. (2007) in moldy rice in Nigeria include genera of
Rhizopus, Mucor, Trichoderma, Helminthosporium, Cladosporium,
Curvularia, and Alternaria. When grain moisture and temperature
exceed critical safe storage limits (> 14% and 25-37°C respec-
tively), field initial fungi inoculums will start to proliferate and
initiate the quality deterioration process known as moldy grains
(Christensen & Kaufmann, 1965; Magan, Medina, & Aldred, 2011).
Mycotoxins of great risks to human and animal health are aflatoxins
(B1, B2, G1, G2) and ochratoxin A secreted by Aspergillus spp. and
Penicillium spp.; fumonisins (B1, B2, B3), deoxynivalenol, and zear-
alenone (ZEA) secreted by the Fusarium spp.; and patulin produced
by Penicillium spp. (Audenaert, Vanheule, Hofte, & Haesaert, 2014;
Gaag et al., 2003; Igbal, Jinap, Pirouz, & Ahmad Faizal, 2015). Huge
adverse effects on humans exposed to cereal grains with high my-
cotoxins content have been reported. A lethal outbreak of human
aflatoxicosis following the intake of moldy maize led to 317 diag-
nosed cases and 125 deaths in Kenya in 2004 (Center for Disease
Control & Prevention, 2004). Aflatoxins (AFLAs) especially AFLA
B1, classified as human carcinogens by the International Agency
for Research on Cancer (IARC, 1993), act as immune suppressors
and can lead to acute illness or even death (Williams et al., 2004).
They are widely reported as hepatotoxic, teratogenic, and muta-

genic. Fumonisin (FUM) B1 is a potent cancer promoter, classified
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as possible human carcinogen (IARC, 1993) causing in vivo neph-
rotoxicity and hepatotoxicity (Gelderblom et al., 1988, 2002;
Gelderblom, Kriek, Marasas, & Thiel, 1991). Deoxynivalenol and
ZEA are not classified as carcinogenic in humans (IARC, 1993) but
have been reported to exert immune suppression and estrogenic
effects (Kostro et al,, 2011; Meky, Hardie, Evans, & Wild, 2001).
Despite efforts toward improving rice production in sub-Saharan
Africa (SSA) because of its strategic importance in diets of millions
of people, controlling its fungal contamination remains challeng-
ing especially as most pre- and postharvest operations are rudi-
mentary and manual. In addition, rice is mostly sold unpackaged
or stored in plastic woven or jute bags, thus increasing the rate
of fungal contamination and proliferation. Rice is also by itself a
suitable culture medium for mycotoxigenic fungi especially when
poorly stored as total AFLA, ZEA, ochratoxin A, deoxynivalenol,
and citreoviridin are produced and accumulated (Almeida et al.,
2012). In a recent review on worldwide occurrence of mycotox-
ins, the highest level of AFLAs was detected in polished rice from
Africa (1,642 ppb) with an incidence of 50% compared to 850 ppb
in corn from Asia with an incidence of 63% (Lee & Ryu, 2017).
These authors suggested that environmental conditions prevailing
in Africa enhance fungal growth and aflatoxin production. From
the same report, ochratoxin A and ZEA occurrence were high-
est in rice from Africa (1,164 ppb and 1,169 ppb, respectively)
while deoxynivalenol (112.2 ppb) in rice came third behind wheat
(303 ppb) and corn (436 ppb). Most of the data were collected
on stored and marketed food crops from lvory Coast (Sangare-
Tigori et al., 2006), Nigeria (Makun et al., 2011, 2007), Tunisia
(Bensassi, Zaied, Abid, Hajlaoui, & Bacha, 2010; Ghali, Hmaissia-
Khlifa, Ghorbel, Maaroufi, & Hedili, 2008; Zaied et al., 2009;
Zaied, Zouaoui, Bacha, & Abid, 2012), Kenya (Muthomi, Ndung'u,
Gathumbi, Mutitu, & Wagacha, 2008), Cameroon (Abia et al.,
2013; Njobeh et al., 2010), Malawi (Matumba, Monjerezi, Khonga,
& Lakudzala, 2011), and Morocco (Juan, Zinedine, Idrissi, & Mafes,
2008; Zinedine et al., 2006, 2007).

Mycotoxin distribution in milled rice fractions has been re-
ported at different levels. For instance, in brown and white rice
from the Philippines, highest AFLA contamination was respec-
tively reported at 2.7 and 8.7 ppb (Sales and Yoshizawa (2005).
In Sri Lanka, Bandara, Vithanege, and Bean (1991) detected levels
of 185 and 963 ppb of AFLA B1 and AFLA G1 in parboiled rice.
Sangare-Tigori et al. (2006) and Makun et al. (2011) reported the
occurrence of AFLAs, FUMs, ochratoxin A, and deoxynivalenol in
white rice from SSA. In SSA, rice is mostly consumed in the white
and parboiled milled forms but there is no comparative report on
their mycotoxin contents. It is however suspected that rudimentary
parboiling conditions may favor mycofloral contamination and my-
cotoxin accumulation. Rudimentary artisanal parboiling, involving
prolonged soaking (24-48 hr.) in water at atmospheric conditions
and insufficient sun drying, produces inferior quality parboiled rice
with moisture content greater than the recommended 12%-14%
safe level for storage (Ndindeng et al., 2015). Processed paddy sam-
ples from these technologies are therefore susceptible to toxigenic
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fungal colonization and mycotoxin production. When milled white
and parboiled rice are poorly stored (inappropriate temperature
and relative humidity conditions) for long durations, toxigenic fun-
gal infestation, proliferation, and mycotoxin production are favored
(Choi et al., 2015).

The use of resistant varieties, best practices in pre- and posthar-
vest handling, physical, and chemical treatment have been reported
as strategies to reduce postharvest losses by pest in stored grains
and mycotoxin reduction to below safe levels (Sheahan & Barrett,
2017) especially in wheat (Cheli, Pinotti, Rossi, & Dell'Orto, 2013)
and rice (Choi et al., 2015). Limited information exists on how phys-
ical grain qualities and processing type (parboiled or white milled)
affect mycotoxin accumulation at different climatic locations in SSA.
This study sought to investigate the effects of sample collection/
storage location, relative humidity, and temperature in the storage
room, physical grain qualities, processing type (white vs. parboiled),
calcium oxide treatment (moisture absorber), and storage duration
on the concentration of total FUM, ZEA, and AFLA in rice. As a con-
tribution toward mycotoxin control, burnt scallop shell (BSS) powder
at 0.1% was tested for their efficacy on mycotoxigenic fungal growth

and mycotoxin accumulation in rice.

2 | MATERIALS AND METHODS

2.1 | Sample collection treatment and storage

Two processed rice types; white and parboiled milled collected in
March 2014 were used for the study. The two types of milled rice
produced and processed in the three study sites originated from pop-
ular farmer association processing units located in Glazoué (Benin),
Ndop (Cameroon), and Dagana (Senegal). The most popular rice vari-
ety: IR-841-5-3, TOX-3145-TOC-38-2-3, and SAHEL-108 (IR 13,240-
108-2-2-3) respectively in Glazoué, Ndop, and Dagana was selected.
A 60 kg pooled sample of each rice type with initial moisture content
of 14% was collected from rice mills in each zone, properly mixed,
and stored in two replicates of 15 kg each as treated and untreated
samples from April to September 2014. For treated samples, the rice
was thoroughly mixed with 0.1% calcium oxide (BSS powder) as rec-
ommended by the manufacturer (Toyo SC Trading Co., Ltd, Tokyo,
Japan). This product was expected to act as a desiccant to reduce
the equilibrium moisture content of the samples. BSS has been ap-
proved in Japan as a food additive and safe for human consumption.

Samples from Glazoue, Ndop, and Dagana were stored respectively

TABLE 1 (a)Setup of treated samples for the evaluation of mycotoxins in milled rice

Actions taken at

Type of samples

Treated samples (Point
0 measurement)

Treated samples
(3-month
measurement)

Treated samples
(6-month
measurement)

Type of samples

Untreated samples

(Point O
measurement)

Untreated samples

(3-month
measurement)

Untreated samples

(6-month
measurement)

Day 0

1. Collected samples from popular processing
units;

2. Treated samples with BSS

3. Ground samples and stored in the refrigerator
at4°C

1. Collected samples from popular processing
units;

2. Treated samples with BSS

3. Put in plastic woven bags and stored at
ambient conditions

1. Collected samples from popular processing
units;

Day 90

1. Samples kept
at4°C

1. Ground
samples and
store them at
4°C

1. Continued to
keep samples

Day 180

1. Remove samples from the refrigerator same
day as those of 180 days;
2. Determine mycotoxins

1. Remove samples from the refrigerator same
day as those of 180 days;
2. Determine mycotoxins

1. Ground samples and store at 4°
2. Remove samples from the refrigerator and

2. Treated samples with BSS at ambient determine mycotoxins
3. Put samples in plastic woven bags and stored conditions
at ambient conditions
Actions taken at
Day 0 Day 90 Day 180

1. Collected samples from popular processing
units;

2. Ground samples and stored in the refrigerator
at4°C

1. Collected samples from popular processing
units;

2. Put in plastic woven bags and stored at
ambient conditions

1. Collected samples from popular processing
units;

2. Put samples in plastic woven bags and stored
at ambient conditions

1. Samples kept
at 4°C

1. Ground
samples and
store them at
4°C

1. Continued to
keep samples
at ambient
conditions

1. Remove samples from the refrigerator same
day as those of 180 days;
2. Determine mycotoxins

1. Remove samples from the refrigerator same
day as those of 180 days;
2. Determine mycotoxins

1. Ground samples and store at 4°
2. Remove samples from the refrigerator and
determine mycotoxins
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in Cotonou (Benin) located in the Guinea savanna (Subhumid agro-
ecological zone), Yaoundé (Cameroon) located in the Tropical forest
(humid agroecological zone), and N'diaye-Senegal located in the Sahel
(semi-arid agroecological zone) (HarvestChoice, 2009). Samples for
storage were put in plastic woven bags (commonly used in the region)
and placed on pallets (one replicate on the other). The storage rooms
were treated with insecticide powder (0.05% antoukar super; piri-
miphos-methyl 16 g/kg, permethrin 3 g/kg: DP) to eliminate insects
during storage. Room temperature and relative humidity were meas-
ured every hour during the storage period using a Dickson TP125
temperature/humidity data logger (Dickson, Addison, IL). Table 1 a
and b illustrates the set up and handling of treated and untreated

samples up to the point of mycotoxin quantification.

2.2 | Physical grain quality characterization of
rice samples

The moisture content of samples at the time of collection was meas-
ured with a PQ-510 Single Kernel Moisture Meter (Kett Electric
Laboratory, Tokyo, Japan) and expressed as a percentage. Impurities
expressed as a percentage were evaluated by manually separating
and weighing foreign matter in a 200 g sample. The percentage of
whole grains (head rice) was determined by separating broken from
whole grain in a 100 g sample using a Test Rice Grader (Satake,
Hiroshima, Japan). Grain chalkiness, a measure of the granular pack-
ing of starch within the rice endosperm, was measured using the S21
Rice Statistical Analyzer (LKL Tecnologia, Brazil) as previously de-
scribed by Ndindeng et al. (2015).

2.3 | Isolation and identification of fungi

For fungal isolation, samples (200 g) were randomly collected
from several locations in each bag from top to bottom using a
grain collector after O, 3, and 6 months. For the identification of
mycoflora from rice grains, 10 g of 10 randomly selected subsam-
ples of rice grains from each type was surface-disinfected using
10% sodium hypochlorite solution for 2 min, rinsed thrice with
sterile distilled water, and then dried under a laminar flow hood
on sterilized Whataman paper. For each sample, 15 whole grains
were plated in triplicates (45 grains) on 90 mm in diameter Petri
dishes containing Nutrient Broth Yeast Extract Agar or NBY (8 g
nutrient broth, 2 g yeast extract, 0.5 g KH,PO,, 2g K,HPO,, 2 g
glucose, 15 g agar powder, and 1,000 ml distilled sterile water).
After incubation for seven days at 25°C (12-hr fluorescent light
and 12-hr darkness), the resulting fungal colonies were individu-
ally subcultured onto potato dextrose agar and diagnosed by
mounting conidia and mycelium on glass slides in water, examined
under a light microscope, and identified using the keys of Barnett
and Hunter (1972). Individual grains showing different fungi were
isolated and recorded. Isolates of Fusarium spp. were identified
using guidelines of McClenny (2005) and Nelson, Toussoun, and
Marasas (1983) while Aspergillus spp. and Penicillium spp. followed
the description of Pitt and Hocking (1997).
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2.4 | Isolation and identification of bacteria

Enumeration of bacterial strains was as described by Dossou and
Silue (2018). It included subculturing and purification of single
colonies on Peptone Sucrose Agar (PSA) medium (10 g peptone,
10 g sucrose, 1 g glutamic acid, 15 g Agar powder, and 1,000 ml
sterile distilled water), DNA extraction for Multiplex PCR to diag-
nose Xanthomonas oyrzae pathovars (Lang et al., 2010), PCR for the
identification of Pantoea spp. (Kini, Agnimonhan, Afolabi, Milan et
al., 2017; Kini, Agnimonhan, Afolabi, Soglonou, Silu¢ et al., 2017),
Sphingomonas (Kini, Agnimonhan, Dossa, Soglonou et al., 2017), and
Bacillus species.

2.5 | Sampling, extraction and
quantification of mycotoxins

A 200 g pooled sample collected from the top, middle, and bottom
of the bag of each of the treatments was ground to fine powder in
a grinder (UDY cyclone mill; Fort Collins, Co., USA) fitted with a fine
sieve of 0.5-mm mesh size (Zohoun, Tang et al., 2018). The extraction
and quantification of AFLA, FUM, and ZEA from rice flour were done
using the AFLA, FUM, and ZEA competitive enzyme-linked immuno-
sorbent assay (ELISA) plate kit methods (Beacon Analytical Systems,
Inc. Saco, ME). Briefly, ZEA was extracted by vigorously shaking 20 g
of rice flour in 100 ml of 70% methanol (i.e.7:3 v/v, methanol: water)
solution for 3 min. The slurry was allowed to settle for another 3 min
and the supernatant filtered through a Whatman GF/A filter paper
(GE Healthcare, USA) into a 50-ml sterile beaker. Duplicate of 1 ml of
the filtrate was diluted with 4 ml of 70% methanol and used for the
ELISA assay. The diluted solutions and all the reagents were brought
to room temperature prior to the assay. For the ZEA quantification,
the diluted filtrates from the samples (100 ul) together with equal
volumes of ZEA standards corresponding to 0, 0.02, 0.05, 0.25, and
1.0 pg/ml (ppm) were pipetted into the mixing wells using clean pi-
pette tips. Thereafter, 200 ul of zearalenone-horseradish pyroxidase
(ZEA-HRP) conjugate was dispensed into the wells and content gently
homogenized by pipetting the solution in and out with a multichan-
nel pipettor and then 100 ul of the homogenate transferred into the
test wells and incubated for 10 min at room temperature. The test
wells were then decanted and washed 5 times by overflowing the
wells with distilled water. The last wash water was removed from the
wells by inverting on an absorbent paper. The HRP substrate (100 ul)
was then added into the wells and incubated at room temperature for
5 min and 100 pl stop solution (1 N HCI acid) added into each well.
The intensity of the resulting yellow color was spectrophotometrically
measured and the absorbances read at 450 nm using a Stat fax 303
plus plate reader (Awareness Technology, Inc. Palm City, FL, USA).
FUM was extracted by filling a 250-ml conical flask containing 100 ml
deionized water with 20 g of ground sample. The lid was tightly closed
and vigorously mixed for 3 min and then allowed to settle for another
3 min. The supernatant was filtered through a Whatman GF/A filter
paper (GE Healthcare, USA) into a 50-ml clean beaker. The filtrate
for ELISA was diluted 1:4 ml with deionized water. For quantification,
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equal volumes of the FUM-HRP conjugate enzyme, sample filtrate
(50 ul), and standard solutions corresponding to FUM (0, 0.3, 1,
3.0, and 6.0 pg/ml) were respectively dispensed into each test well.
Thereafter rabbit anti-FUM antibody solution was added into the
corresponding test wells, and the mixture was incubated for 10 min
at room temperature. The wells were washed and dried by gently tap-
ping on absorbent paper; then, 100 pl of HRP substrate was pipetted
into each well and incubated for 5 min at room temperature. The re-
action was stopped by adding the stop solution (100 ul, 1 N HCI) and
the intensity of the resulting yellow color was measured at 540 nm
using a Stat fax 303 plus plate reader (Awareness Technology, Inc.
Palm City, FL). For AFLA extraction, 50 g of the finely ground rice
was mixed with 5 g of NaCl and blended for 1 min at high speed in
100 ml of 80% methanol. The supernatant was filtered through a
Whatman GF/A filter (GE Healthcare, USA) and 5 ml of the filtrate
was diluted with 20 ml distilled water and further filtered through a
glass fiber. For quantification, equal volumes of AFLA-HRP conjugate
enzyme, sample filtrate (50 ul), and standard solutions correspond-
ing to AFLA (0, 2.0, 7.5, 25, and 100 ug/L (ppb) were respectively
dispensed into each test well. Thereafter, rabbit anti-AFLA antibody
solution was added into the corresponding test wells and the mixture
was incubated for 10 min. The wells were washed and dried with an
absorbent paper; then, 100 pl of the HRP substrate was added and
the well incubated for 5 min at room temperature. The stop solution
(100ul, 1 N HCI) was added, and the intensity of the resulting yellow
color was measured at 540 nm using a Stat fax 303 plus plate reader

(Awareness Technology, Inc. Palm City, FL).

2.6 | Data analysis

Data from Dickson TP125 temperature/humidity data logger
(Dickson, Addison, IL) were downloaded using the Dickson software
(Dickson, Addison, IL) and imported into Microsoft Excel 365 where
plots of temperature and relative humidity against time were pro-
duced. Mean equilibrium moisture content of stored rice was deter-
mined from the mean temperature and relative humidity during the
storage period based on the International Rice Research Institute
(IRRI) table for the determination of the equilibrium moisture con-
tent of rice during storage (http://www.knowledgebank.irri.org/
postproductioncourse/index.php/storage/equilibrium-moisture-
content). Data on physical grain quality characteristics of studied
samples were displayed using bar charts. Box-plots of microbial load
(colonies/plate) against microbes identified in the different rice pro-
cessing types were plotted. Using the absorbances of the standard
samples, the log-linear regression model in XLSTAT software for
Windows (Version 18.6, 2017) (Addinsoft SARL, Paris) was used to
develop equations predicting the concentration of mycotoxins from

recorded absorbances of the samples (Equations 1-3 below).
FUM predicted conecntration (ppm) = exp!*66-3-24Absorbance) (1)

ZEA predicted concentration (ppm) = exp!®-17-6:2¢+Absorbance)  (2)

AFLA predicted concentration (ppb) = exp!6-3-4-20+Absorbance) - (3)

Multivariance analysis models were used to study the effects
of quantitative variables (relative humidity and temperature in the
storage room and physical grain qualities (head rice, impurities,
and chalkiness) and qualitative variable (site of sample collection/
storage, processing type, BSS treatment, and duration of storage)
on mycotoxin concentration. For qualitative variables, Dagana/
N'diaye, white milled rice, treated and stored for 6 months were
used respectively as references for collection/storage location,
processing type, BSS treatment, and duration of storage in the es-
timation of model parameters. All analyses were carried out at 5%

significance level.

3 | RESULTS AND DISCUSSIONS

3.1 | Temperature, relative humidity in the storage
room, and equilibrium moisture content

Figure 1a depicts the time series of environmental tempera-
tures over the 6 months duration in the three storage locations.
Temperature and relative humidity of the storage rooms were meas-
ured with a data logger placed outside the storage bags. A minimum
temperature of 19.57°C and a maximum of 31.77°C with an overall
mean of 26.37°C were recorded across all locations. The minimum
(15.8°C), maximum (34.9°C), and highest mean temperature (27.8°C)
together with multiple fluctuations in temperature were recorded
in N'diaye—Senegal. Slight fluctuations were observed in Cotonou—
Benin compared to Yaoundé—Cameroon and temperatures in those
two sites followed a steadier trend compared with N'diaye. The
average mean temperature in Yaoundé and Cotonou was 24.4 and
26.9°C, respectively.

Figure 1b presents the time series relative humidity over the
storage period in all three locations. The lowest mean relative hu-
midity (62.8%) was recorded in the storage rooms in N'diaye, fol-
lowed by Cotonou (79.0%) and the highest was in Yaoundé (80.0%).
The highest fluctuations in relative humidity were recorded in
N'diaye (34.2%-62.8%). In the case of Cotonou, slight fluctuations
were observed between April and June compared to Yaoundé where
a steady trend was observed.

In Cotonou, the mean temperature, relative humidity, and esti-
mated equilibrium moisture content of the grains during the stor-
age period were 79%, 26°C, and 14.7%, respectively. These values
indicate that the storage of grains in woven plastic bags or other
systems that allowed moisture reabsorption was unsafe. In N'diaye,
the mean temperature, relative humidity, and estimated equilib-
rium moisture content of the grain during the storage period were
62.8%, 27.8°C, and 12.4%, respectively, indicating that the storage
of grains in that location during the study period in woven plastic
bags or other systems that allow moisture reabsorption was safe. In
Yaoundé, the mean temperature, relative humidity, and estimated
equilibrium moisture content of the grain during the storage period
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evaluated for mycotoxin contamination

were 80%, 24.4°C, and 15.7%, respectively. These values indicate
that the storage of grains in that location during the period of study
in woven plastic bags or other systems that allow moisture reabsorp-
tion was unsafe.

Temperature and relative humidity showed an increasing
trend in all storage rooms from the start to the end of storage
period. Although the optimum conditions for fungal spore germi-
nation and proliferation are different from those for mycotoxin
production, temperature (15.8-34.9°C) and humidity (34.2%-
89.7%) ranges in the study sites were in the intervals reported
as suitable for both microbial growth (Choi et al., 2015; Garbaba,
Diriba, Ocho, & Hensel, 2018; Lane & Woloshuk, 2017) and my-
cotoxin production (Choi et al., 2015; Lane & Woloshuk, 2017;
Murphy, Hendrich, Landgren, & Bryant, 2006) in cereals including
rice. The optimum temperature for the growth of Aspergillus spp.
has been reported to be 35°C while Fusarium spp. proliferation
was fastest between 4 and 37°C (Mannaa & Kim, 2017; Sanchis
& Magan, 2004).
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3.2 | Physical quality of rice and microbial load in
study sites

Physical grain qualities were evaluated in white and parboiled rice
with the purpose of relating these qualities to mycotoxin levels at
each site (Figure 2). The proportion of intact grains was higher in
both parboiled and white milled rice, even though samples from
Ndop-Cameroon and Dagana-Senegal recorded lower head rice ra-
tios (46.1% and 60.8%, respectively) compared to those of Glazoue-
Benin (85.5%). Head rice is predominantly influenced by parboiling,
drying, and milling (Buggenhout, Brijs, Celus, & Delcour, 2013).
Chalkiness values in parboiled rice from Dagana were 2.5% while
that for white rice was 15.5% in Glazoue, 7% in Ndop, and 2.5%
in Dagana. Chalkiness is influenced by the genetic background of
the variety (Gao et al., 2016), environmental conditions during the
grain filling stage (Lanning, Siebenmorgen, Counce, Ambardekar, &
Mauromoustakos, 2011; Mapiemfu et al., 2017), and the soaking

and steaming regimes during parboiling (Graham-Acquaah, Manful,
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Ndindeng, & Tchatcha, 2015; Zohoun, Ndindeng et al., 2018;
Zohoun, Tang et al., 2018). In general, the level of impurities was
higher in parboiled compared to white milled rice from all sites with
the highest values recorded in parboiled samples from Ndop (8.3%).
The level of impurities is influenced by harvesting, threshing, drying,
parboiling, milling, and storage practices (AfricaRice, 2018). Previous
studies have documented suboptimal pre- and postharvest practices
in sites where samples for this study were collected (Mapiemfu et al.,
2017; Ndindeng et al., 2015; Zohoun, Tang et al., 2018). The physi-
cal grain quality data recorded here are therefore akin to previous
observations.

Different microbes including fungi and bacteria can invade rice
from harvest to storage and even right to the table. The micro-
bial load on white and parboiled milled rice evaluated at the start
of storage and 3 months later is presented in Figure 3a-c respec-
tively for samples collected/stored in Glazoue/Cotonou-Benin,
Ndop/Yaoundé-Cameroon and Dagana/N'diaye-Senegal. No dif-
ference was observed in the microbial load of BSS treated and
untreated samples. Hence, the results on microbial loads reported
here are those of the untreated samples only. Bacteria and the fungi
(Aspergillus, Penicillium, Neurospora, and Fusarium) were identified at
varying amounts in white and parboiled milled rice in all the sites
and expressed as number of colonies per plate. Parboiled and white
milled rice collected from the three sites were more susceptible to
bacterial attack than all fungi. Bacteria represented the highest load
in parboiled rice from Glazoué/Cotonou ranging from 2 to 9 colonies
per plate, positively skewed with a median of 5.8 colonies. In white
rice, most of the analyzed samples had bacteria ranging from 1 to
8.2, with a median of three colonies. White rice thus appears to be
more susceptible to bacteria than parboiled rice, except for samples
from Ndop/Yaoundé. In fact, parboiled and white rice from this lo-
cation had similar and heavy bacterial loads ranging from 8.1 to 10,
giving respective medians of 9.6 and 9.8 colonies. Bacterial load in
white and parboiled milled rice from Dagana/N'diaye respectively
varied between 8-10 and 7.2-10 colonies per plate with a common

median of 9.00 colonies. Predominant bacteria associated with

Dagana/N'diaye
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P

paddy rice in tropical environments are Enterobacteriaceae, Bacillus
spp., Pseudomonas spp., Xanthomonas spp., Cellulomonas flavigena,
and Clavibacter michiganense (Cottyn et al., 2001). Bacteria of patho-
genic importance to humans characterized in rice are the spore-
forming Bacillus cereus and Bacillus thuringiensis (Ankolekar, Rahmati,
& Labbé, 2009; Choi et al., 2014; Haque & Russell, 2005). Choi et al.
(2014) observed that while mold and yeast population increased at
temperature and relative humidity of 21°C and 85%, respectively;
there was no increase in bacteria regardless of temperature and
relative humidity. When paddy contaminated with heat resistant
bacterial spore is soaked in water at initial temperature of 70-85°C
as commonly practiced in artisanal parboiling systems, the bacterial
populations are bound to increase. Bacterial spores resistant to heat
during steaming will survive and be reactivated during drying and
prolonged storage at room temperature (Ankolekar et al., 2009). This
explains why bacterial loads were comparable in parboiled and white
rice in the three sites. Based on this work and other reports (Magan
& Aldred, 2007), it is suggested that farmers and processors observe
proper hygiene during harvesting, threshing, drying, parboiling, mill-
ing, and storage and to regularly disinfect equipment to limit patho-
genic bacteria in processed rice.

With regard to fungi, Aspergillus infested parboiled rice the most
in samples from Glazoué/Cotonou. The number of Aspergillus spp.
colonies per plate in parboiled rice from this site ranged from 0.3 to
10 with a median of 1.4 while in white rice, the median of Aspergillus
identified was of 0.8 colonies. In samples collected/stored in Ndop/
Yaoundé, Aspergillus spp. was abundant in parboiled rice with a range
of 0-12 colonies per plate and a median of 1.4 colonies. In white
rice from this site, Aspergillus spp. were concentrated between 3 and
6.1 colonies per plate and negatively skewed, with a median of 5.5
colonies. In samples from Dagana/N'diaye-Senegal, Aspergillus spp.
was more abundant in white than parboiled milled rice. Penicillium
spp. were merely detected in white and parboiled rice from the three
locations. Similar results were obtained for Fusarium and Neurospora
spp., except for white rice from Glazoué/Cotonou from which a con-

siderable number of Neurospora spp. colonies were isolated. Makun
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et al. (2007) identified a wide range of fungal species on stored
moldy rice from Nigeria including over nine Aspergillus spp., four
Fusarium spp., and four Penicillium spp. They also identified Fusarium
spp. in field, stored, and marketed rice but Neurospora spp. was ab-
sent in the samples analyzed. Although Fusarium spp. occurred at
low levels in this study, isolates of over ten Fusarium spp. among
which Fusarium proliferatum, Fusarium verticillioides, and Fusarium
graminearum were identified using molecular tools in diseased rice
seed from lItaly (Amatulli, Spadaroa, Gullinoa, & Garibaldia, 2010).
In this study, Aspergillus spp. was the predominant genus occurring
in both rice types and in all sites. Reddy et al. (2014) showed that
in 675 stored paddy samples, Aspergillus flavus was the major my-
cofloral contaminant. A. niger, A. parasiticus, A. ochraceus, A. terreus,
A. versicolor, A. clavatus, A. fumigatus, and A. glaucus have also been
identified on rice and rice by-products from field, stored, and mar-
keted samples in different regions around the world (Makun et al.,
2007; Sales & Yoshizawa, 2005; Reddy et al., 2014). Penicillium spp.,
another important storage fungus, was detected at low levels in only
white rice from Benin and Senegal compared to the high incidence
reported by Makun et al. (2007). Neurospora spp. detected at high
levels in white rice from Benin is reported to be common on starchy-
rich foods and in subtropical and tropical regions (Davis & Perkins,
2002; Turner, Perkins, & Fairfield, 2001).

3.3 | Modeling the effect of temperature, relative
humidity, grain qualities, processing type, BSS
treatment, and storage duration on FUM, ZEA, and
AFLA concentrations in different sites

The concentrations of FUM, ZEA, and AFLA in relation to collection/
storage location, rice processing type, BSS treatment, and storage
duration are presented as Supporting Information S1. The effect of
temperature, relative humidity, physical grain quality, sample col-
lection/storage location, processing type and BSS treatment, and
duration of storage in plastic woven bags on FUM, ZEA, and AFLA
accumulation is shown in Table 2. The model's predictive power
for all studied mycotoxins was robust (FUM [p < 0.0001; adjusted
R? = 61.0%], ZEA [p < 0.0001; adjusted R? = 81.3%], and AFLA
[p < 0.0001; adjusted R? = 52.3%]).

Fumonisin concentration was not affected by room storage tem-
perature and relative humidity, physical grain quality (head rice yield,
impurities, and chalkiness), processing type (data not shown), collec-
tion/storage location, and BSS treatment. However, storage duration
had a positive effect on FUM concentration with samples stored at
0 and 3 months recording 0.50 and 0.37 ppm lower concentrations
respectively compared to those stored for 6 months. This suggests
that there is a high risk of FUM to accumulate to significant levels
when rice is stored for 6 months and above in plastic woven bags
in the studied sites. The range in FUM concentrations from 0.13 to
1.48 ppm across the three study sites was higher than the 0.4-4.4
and 132.5 ppb respectively quantified for FUM B1 and B2 by Makun
et al. (2011). Although Abbas et al. (1998) did not detect FUMs in
polished rice from cultivars in the Texas and Arkansas commercial

rice fields in the USA, they quantified levels of 14.5, 1.2, 3.4, and
3.5 ppm in hulls, brown rice, bran, and unpolished rice respectively.
The method used for quantifying these toxins was the competitive
direct ELISA (CD-ELISA). In the same study using HPLC, higher ac-
cumulations of FUMs were reported. Sangare-Tigori et al. (2006) and
Ghali, Ghorbel, and Hedilli (2009) did not detect FUMs in ten and in
eleven rice samples respectively from lvorian and Tunisian markets.
FUM levels reported in rice and rice products are generally low as
observed in this study.

Zearalenone concentration was negatively influenced by the rel-
ative humidity in the storage rooms, head rice ratio but positively by
the proportion of impurities. Parboiled samples recorded 85.4 ppm
less ZEA compared to white milled samples (model table not shown).
Sample collection/storage location also influences ZEA concen-
tration with samples from Glazoue/Cotonou recording 400.3 ppm
more ZEA compared with those from Dagana/N'diaye. Although
samples from Ndop/Yaoundé recorded more ZEA (104.7 ppm) than
those from Dagana/N'diaye, the difference was not significant. BSS
treatment had no effect on ZEA concentration. Storage duration had
a positive effect on ZEA concentration with samples stored at zero
and three months recording 132.4 and 100.2 ppm lower concentra-
tions respectively compared to those stored for 6 months. This sug-
gests that the risk of ZEA accumulation was highest in rice samples
with low head rice ratio, high proportions of impurities and stored for
6 months or above in plastic woven bags in the study sites. This risk
was higher for samples collected/stored in Glazoue/Cotonou com-
pared with those from Ndop/Yaoundé and Dagana/N'diaye. Using
1-year-old paddy collected from rice processing complexes in eight
provinces of Korea, Lee et al. (2011) quantified ZEA levels ranging
from 47-235, 26-3,156, and 25-3,305 ng/g (1 ng/g =0.001 ppm)
respectively in brown, blue-tinged, and discolored rice samples. The
authors did not find ZEA accumulation in polished rice. However,
Sangare-Tigori et al. (2006) quantified ZEA in polished rice with val-
ues ranging from 50 to 200 ug/kg (ppb) while Makun et al. (2011)
quantified levels of 0-41.9 ug/kg.

Aflatoxin concentration was negatively affected by storage room
temperature, head rice ratio and positively by proportion of impuri-
ties and chalky grains. AFLA concentration was also influenced by
sample collection/storage locations with higher concentrations in
samples collected/stored in Dagana/N'diaye and Glazoue/Cotonou
compared with those from Ndop/Yaoundé. Parboiled samples re-
corded 4.02 ppm more AFLA compared to white milled samples
(model table not shown). Like for FUM and ZEA, BSS treatment had
no effect on AFLA concentration. Storage duration also had no ef-
fect on AFLA concentration. The above results suggest that the risk
of AFLA accumulation was high in samples with low head rice ratio,
high proportions of impurities, and chalky grains. This risk was lower
for samples collected/stored in Ndop/Yaoundé compared with
Dagana/N'diaye and Glazoue/Cotonou. The values of 1.03-45, 0.1-
10.8, and 0.13-6.5 ppb respectively from Dagana/N'diaye, Glazoue/
Cotonou, and Ndop/Yaoundé were lower than the 27.7-371.9 pg/
kg (ppb) determined by HPLC in twenty-one rice samples collected
from the field, storage facilities, and markets in Nigeria (Makun et al.,
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2011). In Ivory Coast, Sangare-Tigori et al. (2006) recorded a mean
AFLA B1 concentration of 4.5 ppb in ten rice samples collected from
local markets. On the contrary, Ghali, Khlifa, Ghorbel, Maaroufi, and
Hedilli (2010) did not find AFLAs in eleven rice samples collected
from domestic markets in Tunisia. These results indicate that the oc-
currence and concentration of AFLA are site-specific with a strong
dependence on production and processing practices rather than on
storage methods. Therefore, routine screening of rice to be con-
sumed by large segments of the population for AFLA is absolutely
necessary. In the Asian continent where rice is most important in
human nutrition and trade, Aspergillus contamination and occur-
rence of AFLAs in rice have been reported in some of the major ex-
porters into West and Central Africa.

Temperatures of 33, 10-30, and 25-30°C have been re-
ported as the optimum conditions to produce AFLAs (by A. flavus
and A. parasiticus), FUM (by F. verticillioides and F. proliferatum),
and ZEA (by F. graminearum), respectively (Murphy et al., 2006).
Sorenson, Hesseltine, and Shotwell (1967) had reported an op-
timum temperature of 28°C for AFLA B1 and G1 production on
rice by Aspergillus flavus and a comparable production of AFLA
B1 at 32°C but not G1. Properly dried grains inside woven plastic
bags under the temperature and relative humidity conditions re-
ported in this study slowly equilibrated with the temperature and
humidity conditions of the macroenvironment over the storage
period. This observation supports previous findings by Williams,
Baributsa, and Woloshuk (2001) that showed that at low relative

humidity (<29%), grains stored in nylon woven bags but not in

CWILEY- 2%

Purdue Improved Crop Storage (PICS) bags showed a decrease in
moisture content.

The studied physical grain qualities (head rice, impurities, and
chalkiness) had no effect on FUM concentration whereas ZEA and
AFLA concentrations were negatively influenced by head rice but
positively by impurities (Table 2). In addition, samples with higher
chalky grains tended to record high AFLA concentrations. Magan
and Aldred (2007) on the minimization of mycotoxin in the food
chain underline mechanical damage and lack of hygiene during grain
handling as critical factors that should be ultimately addressed to
limit the contamination of maize by FUM and ZEA produced respec-
tively by F. proliferatum and F. graminearum. AFLA contamination of
Pakistani broken rice was reported to be higher than in whole white
and brown rice (Igbal, Asi, Arifio, Akram, & Zuber, 2012) for samples
collected in the field (50%), processing units (42%), and retail mar-
kets (33%). Through histological and scanning electron microscopy,
it is now known that the fungal invasion pattern of cereal grains fol-
lows intergranular spaces and/or damaged fissures from the pericarp
through the aleurone to the endosperm (llag & Juliano, 1982; Jansen
et al., 2005; Reddy, Reddy, Abbas, Abel, & Muralidharan, 2008;
Windham, Williams, Mylroie, Reid, & Womack, 2018). This under-
standing explains the higher susceptibility of damaged grains (bro-
ken fractions) to fungi than intact grains. In addition to accessibility
through cracks, pathogenic fungi produce extracellular hydrolytic
enzymes that digest wax, cuticle, cell wall, and starch, facilitating
grain invasion (Kikot, Alberto, & Alconada, 2009). This probably pre-

disposes chalky rice whose endosperm is loose to AFLA producing

TABLE 2 Modeling the effect of storage room temperature and relative humidity, physical grain quality, burnt scallop shell treatment and
storage duration on Fumonisin, Zearalenone, and Aflatoxin concentrations in samples collected/stored in three sites in Africa

Source

Intercept
Temperature and humidity in storage TEMP
room RH
Physical grain quality HR
IMP
CLK

Collection/storage location Glazoue/Cotonou

Ndop/Yaoundé
Dagana/N'diaye
BSS treatment NT
T
Duration of storage (months) 0
8
6
Model parameters F
Pr>F
Adjusted R? (%)

[Fumonisin] [Zearalenone] [Aflatoxin]
(ppm) (ppm) (ppb)
-0.57 1,265.9™" 53.2"
0.04 -4.7 -1.8"
0.00 -5.3" 0.2
0.00 -12.3" -0.4"
-0.01 19.7" 34"
0.00 -2.0 07"
-0.23 400.3" -39
-0.03 104.7 -29.1""
0.04 6.1 0.4
-0.50" -132.4" 8.8
-0.37" -100.2" 2.3
12.1 31.8 8.7
<0.0001 <0.0001 <0.0001
61.0 81.3 52.3

Note. CLK: chalkiness; HR: head rice; IMP: impurities; NT: untreated; RH: relative humidity; T: treated; TEMP: temperature.
"'p <0.0001. “p < 0.001. p < 0.05; Dagana/N'diaye, treated and 6-month duration were used as references in the model.
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fungi invasion than non chalky rice with a firm or hard endosperm
as shown in this study. Oliveira et al. (2009) through correlations
between Fusarium colonization and mechanical properties reached
the conclusion that soft endosperm maize landraces from Brazil
were highly susceptible to contamination. Expanding knowledge on
the differences in fungal colonization of chalky and non chalky rice
grains will be of great application in the rice value chain.

Although it was expected that parboiling will result in the control
of fungi and mycotoxin in milled parboiled rice, Kaushik (2013) indi-
cated that parboiling seemed not to be a favorable method for AFLA
control. This view is further supported by Dors, Pinto, and Badiale-
Furlong (2009) who reported on the migration of mycotoxins from
the outer layers into the endosperm during parboiling. In this study,
parboiled samples recorded higher AFLA—confirming previous stud-
ies but lower ZEA concentrations compared to white milled rice sug-
gesting a possible degradation of ZEA during parboiling.

In SSA, domestic milled rice (white and parboiled) is mostly of
low quality and characterized by low head rice, high proportions of
impurities, and chalky grains. In addition, both suboptimal pre- and
postharvest practices are commonly used (Amponsah et al., 2017;
Mapiemfu et al., 2017; Ndindeng et al., 2015). This rice is mostly sold
in bulk or stored in plastic woven bags, jute bags, or bulk storage sys-
tems. In this study, the storage of grains in such systems was unsafe
especially under Guinea savanna and Tropical forest climatic condi-
tion representing respectively subhumid and humid agroecological
zones (HarvestChoice, 2009). Strategies to reduce the risk of myco-
toxin contamination in SSA will include improvement of the physi-
cal rice quality (head rice ratio, proportion of impurities, and chalky
grain). This can be achieved through the use of improved pre- and
postharvest practices and proper packaging of rice in hermetic sys-
tems before marketing and storage at higher than ambient tempera-
tures. Although relative humidity and temperature did not affect
ZEA and FUM accumulation in this study, Choi et al. (2015) reported
temperature and relative humidity of 21°C and 97% respectively, as
suitable for Fusarium proliferation and mycotoxin production.

Burnt scallop shell powder neither affected bacterial load nor
mycotoxin concentration in this study. However, bactericidal action
of heated scallop shell powder (CaO) against Psuedomonas aerugi-
nosa biofilms on eggshell has been reported at 0.05%-0.3% concen-
tration (Jung et al., 2017). It is suspected that the 0.1% concentration
of the BSS powder used in this study was insufficient because the
storage system freely allowed the exchange of moisture between
the stored samples and the environment. Thus, the need to further
investigate the efficacy of various concentrations and dose applica-
tion rate for the control of mycotoxins in stored grains using differ-

ent storage systems.

4 | CONCLUSIONS

The environmental conditions of temperature and relative humidity
in the Guinea savanna (subhumid), Tropical forest (humid), and Sahel
(semi-arid) zones predisposes rice stored in plastic woven or jute

bags to moisture re-absorption (re-wetting) or moisture loss (dry-
ing), thus compromising its quality during storage. Therefore, rice
should be stored in hermetic systems especially for periods longer
than 3 months. Poor physical qualities (low head rice, high propor-
tions of impurities, and chalkiness) of rice produced in SSA enhance
microbial colonization and consequently mycotoxin accumulation.
Processing (white and parboiled milled rice production) affected my-
cotoxin concentration differently as AFLA concentration was higher
in parboiled samples while ZEA concentration was higher in white
milled samples. Storage duration affected mycotoxin concentration
differently as FUM and ZEA concentration increased with duration
of storage while AFLA did not. The 0.1% concentration of the BSS
powder used did not affect the microbial load and total FUM, ZEA,
and AFLA concentrations. The BSS dose used was insufficient be-
cause the storage system facilitated the exchange of moisture with
the environment. Strategies to reduce the risk of mycotoxin con-
tamination in those sites will encompass the improvement of the
physical rice qualities (head rice ratio, impurities, and chalky grain)
through better pre- and postharvest practices and proper packag-
ing of both treated and untreated rice in hermetic systems prior to

marketing and/or storage.
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