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ABSTRACT

The differential risk of exposure to fumonisin (FB), deoxynivalenol (DON), and zearalenone (ZEA) mycotoxins to the South
African population, residing in the nine Provinces was assessed during a cross-sectional grain consumer survey. The
relative per capita maize intake (g/day) was stratified by gender, ethnicity, and Province and the probable daily intake (PDI)
for each mycotoxin (ng/kg body weight/day) calculated utilizing SPECIAL and SUPER dry milled maize fractions
representing different exposure scenarios. Men consumed on an average more maize (173 g/day) than women (142 g/day)
whereas the black African ethnic group had the highest intake (279 g/day) followed by the Colored group (169 g/day) with
the Asian/Indian and White groups consuming lower quantities of 101 and 80 g/day, respectively. The estimated mean PDIs
for the various subgroups and Provinces, utilizing the different dry milled maize fractions, were below the provisional
maximum tolerable daily intake (PMTDI) for each mycotoxin. A distinct and more sensitive mycotoxin risk assessment
model (MYCORAM) for exposure, stratified by Province and ethnicity were developed utilizing specific maize intake
increments (g/kg body weight/day) that provides information on the percentage of the population exposed above the
PMTDI for each mycotoxin. Evaluation of the MYCORAM utilizing commercial and experimentally derived SPECIAL milling
fractions, containing predefined mycotoxins levels, predicts the percentage of maize consumers exposed above the
respective PMTDI. Safety modeling using the MYCORAM could also predict a maximum tolerated level adequate to
safeguard all South African maize consumers including the most vulnerable groups.
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Mycotoxins enter the human food chain via three possible
routes: (1) directly via the diet by consuming cereals such as
maize; (2) indirectly via food products derived from fungal con-
taminated commodities; and (3) consumption of meat or ani-
mal products from livestock fed contaminated feed (Turner et al.,
2009). From a commercial perspective, most food products may
contain mycotoxins below the maximum tolerated levels due to
good agricultural practices, selective breeding, modern biotech-
nology strategies, improved storage, food preparation, and pro-

cessing. However, the cumulative exposure to an unvaried diet
and/or high intakes of contaminated food commodities is a con-
cern to health authorities and the food industry. South Africa
is an agricultural country with maize as an important com-
modity for both commercial and subsistence farming commu-
nities. Maize and maize-based products are consumed by the
majority of the population (between 67 and 83%), and the aver-
age cooked maize consumption is estimated between 475 and
690 g/person/day (Nel and Steyn, 2002). The population’s de-
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mographics together with rapid urbanization impact on dietary
patterns and necessitate the assessment of maize intakes in or-
der to determine the risk of mycotoxin exposure. South Africa
is known for its population diversity, which is reflected in large
differences in social-economic status and cultural traditions.

The mycotoxins relevant to human health include aflatoxins
(AFs) produced by Aspergillus spp., ochratoxin A (OTA) produced
by Aspergillus and Penicillium spp., deoxynivalenol (DON), zear-
alenone (ZEA), and fumonisins (FB) produced by Fusarium spp.
(Binder et al., 2007). The suggested adverse health effects in hu-
mans include (1) hepatitis, liver cancer, stunting, and immune
suppression by AF (IARC, 1993a, 2002a; Gong et al., 2004; Turneret
al., 2002, 2003, 2007); (2) nephropathy by OTA (Coronel et al., 2010;
IARC, 1993b); (3) gastrointestinal disorders, anorexia, nausea,
emesis, headache, chills, giddiness, and convulsions by DON
(Amuzie and Pestka, 2010; Maresca et al., 2002); (4) precocious
pubertal changes in children, early menarche and possibly infer-
tility due to the endocrine disruptive effect of ZEA (Massart et al.,
2008; Warth et al., 2013); and (5) increased risk of esophageal
and liver cancer, neural tube defects, and stunting by FB (IARC,
2002b; Kimanya et al., 2010; Marasas et al., 2001, 2004). The pro-
posed health outcomes are expected to be further exacerbated
by possible additive and/or synergistic effects of mycotoxins due
to the co-occurrence of mycotoxins in a particular food com-
modity (Ariño et al., 2007). In South Africa, exposure to FB1 has
been associated with a high incidence of esophageal cancer es-
pecially among rural maize subsistence farming communities
(Rheeder et al., 1992; Shephard et al., 2013). Chronic exposure
to mycotoxins known to contaminate South African commer-
cial maize, even at low levels in an unvaried diet is currently
unknown and a public health concern. The Joint FAO/WHO Ex-
pert Committee on Food Additives (JECFA) has established, for
each mycotoxin, a provisional maximum tolerable daily intake
(PMTDI), which includes (1) zero for AF since it is a potent geno-
toxin exhibiting a no threshold level of exposure; (2) 0.1 �g/kg
body weight (bw)/week or ±14 ng/kg bw/day for OTA (JECFA,
2002); (3) 1 �g/kg bw/day for DON (JECFA, 2001); (5) 0.5 �g/kg
bw/day for ZEA (JECFA, 2000) and 2 �g/kg bw/day for FB (JECFA,
2001,2012).

The purpose of this study was to determine the probable
daily intakes (PDIs) of FBT (FB1 + FB2), DON, and ZEA among
a representative sample covering the nine Provinces of South
Africa utilizing dietary intakes of maize-based food products ob-
tained during a national consumer survey. Aflatoxins (B1, B2, G1,
and G2), ochratoxin A and T-2 toxin are only present at very low
levels in South African commercial maize and were excluded
from the present study (Burger et al., 2013). Based on defined
dietary maize intake categories and relevant mycotoxin expo-
sure levels, a sensitive mycotoxin risk assessment model (MY-
CORAM) was developed to determine the percentage of the pop-
ulation exposed above the PMTDI levels for each respective my-
cotoxin stratified by ethnicity and Province. Different experi-
mental dry milled maize fractions, prepared from specific maize
samples containing predefined mycotoxin levels as well as com-
mercial fractions intended for human consumption were uti-
lized to evaluate the MYCORAM at provincial level. Maximum
tolerated levels (MTLs) for mycotoxin exposure of different eth-
nic groups were also estimated using the relevant MYCORAM.
This is the first study to assess mycotoxin exposure in a broader
South African maize consuming population.

MATERIALS AND METHODS

The current study was a collaborative effort between a reputable
and leading grain-based South African manufacturing company,
the Cape Peninsula University of Technology (CPUT) and the Nu-
trition Information Centre, University of Stellenbosch (NICUS),
South Africa. Ethical approval was obtained from the Health
Research Ethics Committee of Stellenbosch University, South
Africa.

Study design. A national consumer survey was conducted by a
private South African marketing research company specializing
in consumer studies, utilizing a cross-sectional study design to
ensure a representative sample of South African grain (including
maize) consumers. In addition to the structured consumer ques-
tionnaire, a quantitative food frequency questionnaire (QFFQ)
was included. This QFFQ was developed by including maize in-
take questions originating from a validated questionnaire used
during the South African National Food Consumption Survey
(Labadarios et al., 2008). After informed and signed consent, in-
formation on habitual maize intakes and body weight measure-
ments were obtained from each participant. Demographic in-
formation from the consumer questionnaire was also collected
and included ethnicity, age, gender, residential Province, house-
hold income, employment, and education. South Africa consists
of heterogeneous populations with four main ethnic groups:
black Africans, (ancestry from the African continent; 79% of total
South African population); Colored (mixed ancestry, mainly of
Khoi origin as well as mixed Caucasian, African Malay, and San
origins; 8.9% of total population), White (Caucasian descendants
from Europe; 9.6% of total population), and Indian/Asian (origi-
nating from India or other Asian countries, 2.5% of total popula-
tion) (Byrnes, 1996, Marais, 1968; Thomas and Bendixen, 2000).
These ethnic groups reside in nine different Provinces, namely
the Eastern Cape (EC), Free State (FS), Gauteng (GP), KwaZulu-
Natal (KZN), Limpopo (LP), Mpumalanga (MP), North Cape (NC),
North West (NW), and Western Cape (WC) Provinces (Blaauw
and Gilson, 2001). Professional interviewers were trained on the
basics of scientific data collection, the sampling methodology,
completion of the various questionnaires, and body weight mea-
surements.

A sample size of 3000 was selected using the South African
2001 Census Household data (Statistics South Africa, 2001) and
adult male and female (older than 16 years) consumers of maize
from the different ethnic groups within the nine Provinces were
eligible to participate. The sample was stratified according to
Province, Metro, and District Municipality down to the level of
suburb/township/village and systematic probability sampling
was applied. Each household had an equal chance of being se-
lected to participate in the survey consisting of face-to-face in-
terviews.

Mean raw/uncooked maize intakes. The quantitative food fre-
quency questionnaire, based on usual intakes of maize-based
products over a month period and expressed as gram per per-
son per day (g/day) was used to assess maize intakes. Pho-
tographic aids with pictures of various maize-based dishes
such as crumbly-, soft-, and stiff-porridge, samp, combined
dishes (samp and beans, spinach and maize meal, pumpkin
and maize meal), and nonalcoholic maize fermented bever-
ages, in four different portion sizes were developed to im-
prove the accuracy of maize intake estimates. Individual total
raw/uncooked maize intakes were estimated using recipes from
FoodFinder 3, a dietary analysis computer software application
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(South African Medical Research Council, PO Box 19070, Tyger-
berg, South Africa). If a recipe was unavailable a validated cul-
turally specific dietary assessment method, the Ratio And Por-
tion size Photo (RAPP) tool was used to calculate the raw maize
intake (Lombard et al., 2014). The RAPP tool was developed to de-
termine the dietary habits and nutrient intakes of rural and ur-
ban Xhosa-speaking black Africans living in the EC. Numerical
means were calculated for the raw maize intakes and stratified
according to the gender, ethnicity, and provincial residence

Mycotoxin levels in maize samples for risk evaluation. Five maize
samples selected to represent different mycotoxin levels of FBT

(FB1 + FB2), DON, and ZEA, were dry milled under laboratory con-
ditions and the different fractions normally intended for human
consumption (SPECIAL and SUPER maize meal) collected (Burger
et al., 2013). The mean mycotoxin levels (n = 5) of FBT, DON, and
ZEA of the experimental SPECIAL and SUPER milling fractions
were used to determine exposure to the different mycotoxins.
The respective SUPER and SPECIAL fractions of nine commercial
maize samples, representing industrial milling, were included
for comparative purposes. In addition the SPECIAL and SUPER
milling fractions of two selected maize samples (Maize 1 and
Maize 2), representing worst-case contamination levels with ei-
ther a high total FBT or low FBT, high DON, and ZEA (DON/ZEA)
were used for the evaluation of the MYCORAM. Multi-mycotoxin
analyses of the dry milled fractions utilizing a validated and
standardized LC-MS/MS method, were conducted by the South-
ern African Grain Laboratory (SAGL, Pretoria, South Africa) and
included FB1, FB2, DON, and ZEA (Burger et al., 2013).

Mycotoxin exposure stratified by gender, ethnicity, and Province. The
PDIs (expressed as ng/kg bw/day) of the different mycotoxins
were calculated using the experimental and commercial SPE-
CIAL and SUPER fractions utilizing: (1) the total raw/uncooked
maize intakes; (2) body weight of the maize consumers; and
(3) mean mycotoxin (n = 5) levels for FBT, DON, ZEA. The PDIs
for FBT, DON, and ZEA were stratified by gender, ethnicity, and
Province, respectively.

Development and evaluation of the exposure mycotoxin risk assess-
ment model (MYCORAM). The MYCORAM for FBT, DON, and ZEA
exposure were developed to assess the percentage of maize con-
sumers that will be at risk of mycotoxin exposure above the
PMTDI for each mycotoxin stratified by Province and ethnic-
ity. The development of the MYCORAM was conducted in three
stages using the data obtained during the cross-sectional maize
consumer survey. Firstly, the daily individual raw/uncooked
maize intakes were calculated in terms of body weight (g
maize/kg bw/day). Specific maize intake categories of: (1) ≥1; (2)
≥2; (3) ≥4; (4) ≥10; (5) ≥20 g/kg bw/day were defined together
with a specific contamination level for each mycotoxin to ef-
fect PDIs equal to or above the relevant PMTDIs. The mycotoxin
contamination ranges included: 0–2000, 0–1000, and 0–500 �g/kg
for FBT, DON, and ZEA, respectively. To illustrate this, people
consuming 1 g/kg bw/day at a FBT contamination level of 2000
�g/kg will equal the PMTDI of FB (2 �g/kg bw/day). In the sec-
ond stage, the number of maize consumers expressed as a per-
centage within each maize intake category was stratified either
by Provinces or ethnicity. The final stage included the plotting
of the percentage of consumers equal or above the PMTDI ex-
posure for a specific mycotoxin against the selected mycotoxin
contamination ranges.

The MYCORAM stratified by Province was evaluated using
the mean mycotoxin levels of experimental and commercial

SPECIAL and SUPER milling fractions. In addition, the corre-
sponding milling fractions of two selected maize samples rep-
resenting high levels of FBT (Maize 1) and DON/ZEA (Maize 2),
respectively (Burger et al., 2013) were included. These contami-
nation levels mimic mycotoxin levels reported in maize samples
obtained from rural maize subsistence communities (Burger
et al., 2010; Sydenham et al., 1992).

Safety modeling was also conducted using the MYCORAM
stratified by ethnicity to predict maximum tolerated levels
(MTLs) guarantee an exposure risk below 1% above the PMTDI
for maize consumers.

STATISTICAL ANALYSIS

Analysis of covariance (ANCOVA) was used to determine numer-
ical means and to test for normality. As the data failed to be nor-
mally distributed, log transformation was used to determine ge-
ometric means (GM) which were used for multiple comparisons
utilizing the Tukey-Kramer test. All statistical analyses and the
development of the exposure MYCORAM were performed us-
ing the NCSS statistical package version 8, released 25 July 2012
(Hintze, 2007).

RESULTS

Population Characteristics
Study compliance was 94% and comprehensive information on
demographics, body weights, and raw maize intakes were ob-
tained for 2809 participants. Ninety-nine percent of the total
study population (n = 2809) were maize consumers (n = 2778)
with only 30% of the maize consumer population representing
men. According to the 2001 Census Household data gender dis-
tribution in South Africa was 48 and 52% for men and women, re-
spectively (Statistics South Africa, 2001). The overall mean pop-
ulation age was 34 (range 16–88). Sixty-six percent of the pop-
ulation was employed, 9% self-employed, 8% unemployed, and
the remainder varied between students (6%), housewives (5%),
and pensioners (4%) with 2% being nonresponders. The monthly
household income of the study population (in South African
Rand) indicated that 34% had an income of between R500 and
R6000, 33% had an income above R8000, and the rest (33%) were
nonresponders. Twenty-four percent the study population had
education of grade 1 to grade 11, 45% had a grade 12 or equiva-
lent (National Qualifications Framework, NQF 4 level) education
followed by 31% with a Technikon or University degree.

Mycotoxin Contamination of Maize Milling Fractions (Table 1)
The mycotoxin levels in experimental and commercial (SPECIAL
and SUPER) dry milling fractions, intended for human consump-
tion are summarized as numerical means with their respective
ranges. Appreciably lower mycotoxin contamination levels were
observed in the milling fractions of the commercial samples
compared with the preselected experimental samples. The my-
cotoxin levels in the dry milling fractions obtained from the two
selected maize samples were much higher with respect to FBT

(Maize 1) and DON/ZEA (Maize 2), which as mentioned above,
reflects contamination levels of raw maize utilized by rural sub-
sistence farmers in South Africa (Burger et al., 2010).

Body Weight, Maize Intake Profiles, and Probable Mycotoxin Intake Pa-
rameters Stratified According to Gender, Ethnicity, and Province
Differences between men, women, and ethnic groups (Table 2). The
total mean body weight of the maize consumer population was
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TABLE 1. Mycotoxin Levels in Dry Milled Maize Fractions (SPECIAL and SUPER) from Different Maize Sourcesa for Determining Probable Daily
Intake (PDI) and Evaluation of the MYCORAM

FBT (�g/kg) DON (�g/kg) ZEA (�g/kg)

Experimental maize samples (n = 5)
SPECIAL 338.4 (70–1161) 127.8 (43–240) 31.0 (0–81)
SUPER 61.0 (0–221) 27.2 (0–67) 8.6 (0–18)
Commercial maize samples (n = 9)
SPECIAL 67.1 (20–135) 18.7 (4–26) 0.0
SUPER 1.6 (0–5) 5.8 (0–13) 0.6 (0–3)
Maize 1 (high FBT) (n = 1)
SPECIAL 1161.0 195.0 44.0
SUPER 221.0 28.0 13.0
Maize 2 (high DON/ZEA) (n = 1)
SPECIAL 107.0 240.0 81.0
SUPER 20.0 67.0 18.0

Note. Data expressed as numerical means with ranges in brackets. n = number of samples.
aAdapted from Burger et al. (2013).

TABLE 2. Mean Intakes of Raw Maize, Body Weights and Probable Daily Intakes for FBT, DON, and ZEA Utilizing the Experimental SPECIAL and
SUPER Dry Milled Fractions Stratified by Gender and Ethnicity

Group

Percentage of
the maize
consumer
population (N)

Mean maize
intakes (range)
(g/day) SPECIAL fraction Mean PDI (range) (ng/kg bw/day) SUPER fraction Mean PDI (range) (ng/kg bw/day)

FBT DON ZEA FBT DON ZEA

Maize
consumer
population

100% (2778) 157 (0–3055) 74 (0–2298) 25.4 (0–870) 6.7 (0–211) 13.3 (0–414) 5.9 (0–185) 2 (0.0–58)

Men 30% (776) 173 a (1–2149) 80.0 a (0–1070) 30.2 a (0–403) 7.3 a (0–100) 14.4 a (0–192) 6.4 a (0–86) 2.0 a (0–27)
Women 70% (2002) 142 a (0–3055) 67.2 a (0–2297) 25.4 a (0–870) 6.2 a (0–210) 12.1 a (0–414) 5.4 a (0–185) 1.7 a (0–58)
Asian/Indian 4% (123) 101 c,d (1–537) 47.3 c,d

(0–240)
17.8 c,d (0–90) 4.3 c,d (0–22) 8.5 c,d (0–43) 4.0 c,d (0–19) 1.2 c,d (0–6)

Black African 63% (1750) 279 b,c (0–2483) 13.2 b,c
(0–1070)

50.0 b,c
(0–403)

12.0 b,c
(0–100)

23.7 b,c
(0–1923)

11.0 b,c (0–86) 3.3 b,c (0–27)

Colored 15% (407) 169 b,d
(3–3055)

77.2 b,d
(0–2297)

29.2 b,d
(0–870)

7.1 b,d (0–210) 13.9 b,d
(0–414)

6.2 b,d (0–185) 2.0 b,d (0–58)

White 18% (498) 80 b (1–1408) 38.2 b (0–822) 14.4 b (0–310) 3.5 b (0–75) 7.0 b (0–148) 3.1 b (0–66) 1.0 b (0–21)

Note. Data presented as numerical means with the range in brackets below. Statistical differences (p � 0.05) were determined using the log transformed means (geomet-
rical means, GM). Means (within columns) with the same lowercase letter in bold are indicative of a significantly difference (p � 0.05) between the respective groups. n
= sample size.

74 kg (range 36–210 kg). The mean body weight for men of 76
kg (range 36–147) was significantly higher (p � 0.05) than the
women (72 kg, range 39–210 kg). Body weight stratified by eth-
nicity was 71 kg (range 42–104 kg) for the Asians/Indian, 75 kg
(range 36–210 kg) for the black Africans and 73 kg (range 40–
170 kg) for the White group. The Colored ethnic group (15% of
the maize consumer population) had the highest mean body
weight (p � 0.05), that of 77 kg (range 39–135 kg) compared
with the Asian/Indian (4%) and White (18%) groups, whereas the
black African group (63%) had a significantly (p � 0.05) higher
mean body weight then the Asian/Indian group. Raw maize in-
takes (g/day) among the men were statistically higher (p � 0.05)
than the women. The mean intake stratified according to eth-
nicity indicated that the black Africans consumed the highest
amount of maize, which was statistically higher (p � 0.05) than
all the other ethnic groups. The Colored group had the second
highest intakes that differed (p � 0.05) from the black Africans,
Indian/Asian, and White groups, the latter two groups consum-
ing the lowest but similar amounts. The large variation of maize
intakes is indicative of the skewed data distribution. For in-
stance, the black African group had significant higher (p � 0.05)
mean raw maize intake than the Colored group, although the

ranges varied between 0–2483 and 3–3055 g/day for the black
African and Colored ethnic groups, respectively.

Probable daily intakes (ng/kg bw/day), utilizing the myco-
toxin contamination levels of the SPECIAL and SUPER milling
fractions obtained from the experimental and commercial
maize samples (Table 1) represented different exposure scenar-
ios. The SPECIAL experimental milling fraction with its overall
higher levels of FBT, DON, and ZEA resulted in higher PDIs com-
pared with the SUPER milling fraction. When stratified accord-
ing to gender, men had a statistically significant (p � 0.05) higher
PDI compared with the women (Table 2). Based on ethnicity, the
black Africans had the highest PDI that differed significantly (p �

0.05) from the other ethnic groups. The Colored group had a sig-
nificantly higher PDI compared with the Asian/Indian and White
ethnic groups, which did not differ significantly.

Differences among maize consumers and mycotoxin exposure between
the nine South African Provinces (Table 3). The mean body weight
of the maize consumers in the Northern Cape (NC) was signifi-
cantly higher (p � 0.05), 79 kg (range 50–147 kg) compared with
those from the GP 74 kg (range 40–160), LP 73 kg (range 39–210
kg), WC 71 kg (range 49–112 kg), NW 71 kg (range 37–129 kg), and
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TABLE 3. Mean Intakes of Raw Maize, Body Weight, and Probable Daily Intakes for FBT, DON, and ZEA Utilizing the Experimental SPECIAL and
SUPER Dry Milled Fractions Stratified by Province

Province EC FS GP KZN LP MP NC NW WC
n 348 189 629 388 346 192 144 241 301

Mean maize
intake (range)
(g/day)

153 co
(16–1037)

157 bn
(3–1119)

168 ahi
(1–3055)

163 lm
(1–1263)

166 jk
(3–2149)

181 fg
(9–2081)

201 abcde
(2–915)

125 dfhjl
(0–1347)

103 egikmno
(2–830)

Experimental
SPECIAL
milling
fraction

Mean PDI (range) (ng/kg bw/day)

FBT 70.0 a,h
(0–462)

75.6 i
(0–560)

80.5 b,j
(0–230)

74.0 e,k
(0–750)

78.1 f,l
(1–969)

86.0 g,m
(4–1067)

87.3 a,b,c,d
(1–369)

64.3 c,e,f,g
(0–742)

47.0
d,h,i,j,k,l,m
(1–390)

DON 26.4 a,h
(0–174)

29.0 i
(0–212)

30.4 b,j
(0–870)

27.8 e,k
(0–283)

29.5 f,l
(0–366)

32.4 g,m
(1–403)

33.0 a,b,c,d
(0–139)

24.3 c,e,f,g
(0–280)

18.0
d,h,i,j,k,l,m
(0–147)

ZEA 6.4 a,h
(0–42)

6.9 i
(0–51)

7.4 b,j
(0–210)

6.7 e,k
(0–70)

7.2 f,l
(0–90)

8.0 g,m
(0–100)

8.0 a,b,c,d
(0–34)

6.0 c,e,f,g
(0–70)

4.3
d,h,i,j,k,l,m
(0–36)

Experimental
SUPER milling
fraction

Mean PDI (range) (ng/kg bw/day)

FBT 12.6 a,h
(0–83)

13.6 i
(0–101)

14.5 b,j
(0–414)

13.3 e,k
(0–135)

14.1 f,l
(0–175)

15.5 g,m
(0–192)

15.7 a,b,c,d
(0–66)

12.0 c,e,f,g
(0–134)

8.4
d,h,i,j,k,l,m
(0–70)

DON 5.6 a,h
(0–37)

6.1 i
(0–45)

6.5 b,j
(0–185)

5.9 e,k
(0–60)

6.3 f,l
(0–80)

7.0 g,m
(0–86)

7.0 a,b,c,d
(0–30)

5.2 c,e,f,g
(0–60)

4.0
d,h,i,j,k,l,m
(0–31)

ZEA 2.0 a,h
(0–12)

1.9 I
(0–14)

2.0 b,j
(0–58)

2.0 e,k
(0–19)

2.0 f,l
(0–25)

2.2 g,m
(0–27)

2.2 a,b,c,d
(0–9)

1.6 c,e,f,g
(0–19)

1.2
d,h,i,j,k,l,m
(0–10)

Note. Data presented as numerical means with the range in brackets. Statistical differences (p � 0.05) were determined using the log transformed means (geometrical
means, GM). Means (within rows) with the same lowercase letter in bold indicates a significantly difference (p � 0.05) between the different Provinces. n = sample size.

FS 71 kg (range 39–98 kg) Provinces. Maize consumers from KZN
had a higher mean body weight (p � 0.05) that of 76 kg (range
42–170 kg) than those from the NW, whereas those of the con-
sumers of the other Provinces MP, 74 kg (range 49–150 kg) and
EC 75 kg (range 36–170 kg) did not differ. When considering the
mean raw maize intake profiles, the NC consumers had signifi-
cantly (p � 0.05) higher intakes when compared with those from
the GP, FS, Eastern Cape, NW, and WC Provinces. Consumers re-
siding in the MP, GP, LP, KZN, FS, and EC Provinces had similar
maize intakes, however, the respective intakes for consumers in
MP, GP, LP, and KZN were significantly higher (p � 0.05) when
compared with the NW and WC consumers. The raw maize in-
takes from FS and EC consumers were significantly higher when
compared with the WC.

Utilizing the various mycotoxin contamination levels ob-
tained from the experimental dry milled fractions (SPECIAL and
SUPER), the resultant PDIs across nine Provinces were far below
the respective PMTDIs. When considering the SPECIAL milling
fraction prepared from the experimental maize samples, maize
consumers in the NC and MP Provinces had the highest (p �

0.05) mean PDIs (86.0 and 87.3 ng/kg bw/day, respectively) for
FBT (338.4 �g/kg). Except for the NW and WC Provinces, which
had the lowest PDIs (64.3 and 47.0 ng/kg bw/day, respectively),
the other Provinces FS, GP, LP, EC, and KZN had similar PDIs rang-
ing between 70.0 and 80.5 ng/kg bw/day. For DON (127.8 �g/kg),
the PDIs ranged between 26.4 and 33.9 ng/kg bw/day compared
with the NC and WC having the lowest PDIs (14.3 and 18.0 ng/kg
bw/day, respectively). For ZEA (31.0 �g/kg), the PDIs followed the
same pattern as other two mycotoxins with the highest in MP
and NC (8.0 ng/kg bw/day) and with the lowest (6.0 and 4.3 ng/kg
bw/day) observed in the NW and WC, respectively. For the ex-
perimental SUPER fraction with its low mycotoxin levels, the re-
sultant mean PDIs were far lower (ranging between 1.2 and 15.7
ng/kg bw/day) and did not differ much between the Provinces.

MYCORAM Development According to Province and Ethnicity (Table 4
and Figs. 1A and 1B)
The percentage of the study population within a specific
maize intake category was stratified across nine South African
Provinces and ethnicity. For each maize intake category, the
equivalent mycotoxin contamination level was selected such
that the PDI produced by their product will equal the respec-
tive PMTDI for each mycotoxin. Based on these data, the MY-
CORAM for FBT, DON, and ZEA was developed by predicting the
percentages (%) of maize consumers that will be equal or above
the respective PMTDI for each mycotoxin, as a function of the
selected mycotoxin contamination level: FBT, DON, and ZEA ac-
cording to Province and ethnicity (Figs. 1A and 1B). The percent-
age of consumers above the limit is affected by the number of
people within a specific maize intake category and provides a
more informative assessment of exposure compared with the
mean PDI.

MYCORAM Evaluation Stratified by Province (Table 5)
Experimental and commercial dry milling fractions. The mycoto-
hxin levels associated with (1) the SPECIAL and SUPER frac-
tions obtained from experimental and commercial milling (2)
and two respective maize samples (Maize 1 and Maize 2) with
high levels of FB and DON/ZEA (Table 1) were utilized to eval-
uate the MYCORAM. The apparent “consumption” of the SPE-
CIAL milling fraction obtained from the experimental samples
[FB (338.4 �g/kg), DON (127.8 �g/kg), and ZEA (31.0 �g/kg)] re-
sulted in higher percentage consumers exposed above the reg-
ulated levels. The Province with the highest number of con-
sumers above the PMTDI for FBT was KZN (18.2%) with the other
Provinces ranging between 16.0 and 17.0% (LP, MP, FS, and GP),
and EC, NW, and NC ranging between 11.0 and 12.7% with WC
(7.0%) having the lowest. For DON the highest percentage expo-
sure above the PMTDI was observed in the MP (9.5%), KZN (9.1%),
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TABLE 4. Development of the Mycotoxin Risk Assessment Model (MYCORAM): Defined Maize Intakea Categories and Preselected Contamination
Levelsb of FBT, DON, and ZEA Representing Exposure Equal or Above the Relevant PMTDI and the Percentage (%) of Maize Consumers Within
an Intake Category Stratified by Province and Ethnicity

FBT

levels
(�g/kg)

DON
levels
(�g/kg)

ZEA
levels
(�g/kg)

Intake
cate-
gories
(g/kg
bw/day) Provinces

EC FS GP KZN LP MP NC NW WC Total

100 50 25 ≥20 0% 0% 1% 1% 1% 4% 0% 0% 0% 1%
200 100 50 ≥10 2% 4% 4% 3% 3% 5% 1% 2% 1% 3%
500 250 125 ≥4 26% 31% 29% 36% 33% 29% 23% 24% 14% 28%
1000 500 250 ≥2 60% 62% 59% 67% 76% 64% 66% 56% 48% 62%
2000 1000 500 ≥1 79% 78% 76% 83% 91% 92% 83% 76% 74% 81%

Up to 1 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%

FBT levels
(�g/kg)

DON levels
(�g/kg)

ZEA levels
(�g/kg)

Intake
categories
(g/kg
bw/day) Ethnic groups

Asians/Indians Black African Colored White Total

100 50 25 ≥20 0 1% 0 0 1%
200 100 50 ≥10 0 4% 1% 1% 3%
500 250 125 ≥4 10% 35% 11% 65 25%
1000 500 250 ≥2 25% 73% 44% 16% 56%
2000 1000 500 ≥1 37% 90% 65% 31% 73%

Up to 1 100% 100% 100% 100% 100%

aMaize intake categories and percentages calculated using individual raw maize intakes and body weights from maize consumers (n = 2522).
bMycotoxin levels were selected to obtain the PMTDI level for each mycotoxin when multiplied by the specific maize intake category.

GP (9.0%), FS (8.8%), and LP (8.6%) followed by EC (6.0%), NC
(4.8%), and WC (3.3%). The highest percentage above the PMTDI
for ZEA was also observed in MP (4.2%) and GP (2.0%), followed by
LP (1.4%), KZN (1.2%), NW (1.0%), and FS (0.9%), with the lowest
percentages in EC (0.4%), NC (0.2%), and WC (0.2%).

The percentage of consumers above the limit of exposure
using the commercial SPECIAL milling fraction was far less, re-
flecting lower mycotoxin levels. The highest percentage of con-
sumers above the limit was observed in MP, 2.6% (FBT) and 1.5%
(DON), respectively. None of the maize consumers residing in
the different Provinces were exposed above the PMTDI limit for
ZEA. The experimental SUPER fractions also produced similar
patterns with much lower percentage, ranging between 0 and
2.4% (MP) for FBT, 0 and 2.1% (MP) for DON, and 0 and 1.3% (MP)
for ZEA, respectively.

High FBT (Maize 1) and DON/ZEA (Maize 2) dry milling fractions (Ta-
ble 6). A higher percentage of maize consumers were above the
relevant PMTDI when modeling the milling fractions obtained
from the high FBT and DON/ZEA experimental maize samples.
When modeling the SPECIAL milling fraction of the high FBT

(1161.0 �g/kg), exposure levels above the PMTDI ranged between
the highest (78.2%) in LP and lowest (52.0%) in the WC. The SPE-
CIAL milling fraction obtained from the high DON (240 �g/kg)
maize sample, resulted in the highest percentage of consumers

above the limit (33.8%) in KZN with lowest (13.4%) in WC. The
high ZEA (81.0 �g/kg) containing SPECIAL milling fraction also
followed the same pattern as DON with the highest (16.7%) level
of exposure in KZN and the lowest in WC (6.4%). For the SUPER
milling fraction derived from the high FBT maize sample (221.0
�g/kg), the percentage of consumers above the PMTDI ranged
from the highest of 6.7% (MP) to the lowest in WC (1.8%). For
the high DON (67.0 �g/kg) containing SUPER milling fraction,
consumers above the limit ranged from 0.0% to the highest of
5.2% above the PMTDI in MP, whereas for high ZEA (18.0 �g/kg)
containing SUPER milling fraction, it varied between 0 and 2.8%
above the PMTDI in MP.

Predicted Safety Modeling According to Ethnicity (Table 7)
Different maximum tolerable levels (MTLs) for FBT, DON, and
ZEA stratified by ethnicity were modeled to affect �1% of the
consumers above the PMTDI for each mycotoxin. Different MTLs
for FBT, DON, and ZEA, were determined for each ethnic group
as a function of the level of mycotoxin contamination and maize
intake profiles depicted in the MYCORAM. The black African and
Colored population groups required far lower MTLs of the differ-
ent mycotoxins as compared with the Asia/Indian and White
population groups within the defined risk paradigm.
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TABLE 5. Evaluation of the MYCORAM Using the Relevant Experimental and Commercial SPECIAL and SUPER Dry Milled Fractions Contaminated
by FBT, DON, and ZEA, Stratified by Province

Maize milling
fraction n

Mycotoxin
level

(�g/kg)a % Population above the PMTDI of 2 �g/kg bw/day for FBT

SPECIAL EC FS GP KZN LP MP NK NW WC

Experimental 5 338.4 12.7 16.2 16.0 18.2 17.0 16.3 11.0 12.1 7.0
Commercial 9 67.1 0.0 0.0 0.8 0.4 0.6 2.6 0.0 0.3 0.0
SUPER
Experimental 5 61.0 0.0 0.0 0.7 0.4 0.6 2.4 0.0 0.3 0.0
Commercial 9 1.6 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0

% Population above the PMTDI of 1 �g/kg bw/day for DON
SPECIAL EC FS GP KZN LP MP NK NW WC
Experimental 5 127.8 6.0 8.8 9.0 9.1 8.6 9.5 4.8 6.2 3.3
Commercial 9 18.7 0.0 0.0 0.4 0.2 0.4 1.5 0.0 0.2 0.0
SUPER
Experimental 5 27.2 0.0 0.0 0.6 0.3 0.5 2.1 0.0 0.3 0.0
Commercial 9 5.8 0.0 0.0 0.1 0.1 0.1 0.5 0.0 0.1 0.0

% Population above the PMTDI of 0.5 �g/kg bw/day for ZEA
SPECIAL EC FS GP KZN LP MP NK NW WC
Experimental 5 31.0 0.4 0.9 2.0 1.2 1.4 4.2 0.2 1.0 0.2
Commercial 9 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
SUPER
Experimental 5 8.6 0.0 0.0 0.4 0.2 0.3 1.3 0.0 0.2 0.0
Commercial 9 0.6 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0

aMean mycotoxin levels as published by Burger et al. (2013) as summarized in Table 1. n = number of samples.

DISCUSSION

The development and implementation of food safety parame-
ters within a specific population requires valid risk assessment
based on the estimation of the level of exposure, which requires
accurate determination of food consumption data and the con-
tamination levels in the specific food commodities. The process
of exposure assessment is considered as a critical phase in risk
assessment and relies on utilizing an appropriate model (FAO
and WHO, 2006, Fryer et al., 2006). The choice of an appropri-
ate model is by the aim of the assessment (screening, setting
of standards or first-time exposure assessment), the food com-
modity affected, population characteristics (age, gender, cultural
diversity, etc.), time frame of the exposure (acute or chronic),
the study data available (accuracy and format), the scope of the
problem (toxin characteristics), and resources (Fryer et al., 2006;
Lambe, 2002, Parmar et al., 1997). The MYCORAM, developed in
the current study, defined the percentage of people at risk of ex-
posure using the full heterogeneity of the data such as maize
intakes, body mass, population characteristics, the relevant tol-
erably daily intake, and mycotoxin levels. This model, based on
data obtained from South African maize consumers, can then be
used to determine MTLs in a specific food commodity to safe-
guard the affected population. The model could be further re-
fined to develop MTLs for specific subgroups depending on their
specific maize consumption profiles.

In most developed countries, national food consumption sur-
veys provide detailed information to assess the level of expo-
sure to a specific food contaminant. Food consumption data
can also be formatted to provide information on specific food
items consumed such as maize, e.g., cornflakes, ingredients (i.e.,
maize meal), or the raw agricultural commodity (Boon et al.,

2009; Møller and Ireland 2008). As regular national dietary sur-
veys and expensive dietary recording methods are lacking in
South Africa, food frequency questionnaires are valuable and
normally used to assess habitual intakes. However, dietary as-
sessment methods are never without their inherent limitations
when assessing exposure as the human diet is known for its
complexities due to varied food choices and differences in the
consumption patterns among individuals. Along with variability
in dietary patterns, uncertainties regarding contaminant analy-
ses, and sampling methodologies also exist (Hart et al., 2003).
Most often, the association between intake of food contami-
nants, such as mycotoxins, is compromised due to the use of
inadequate dietary assessment methods that are not validated
or culturally specific (Kroes et al., 2002; Petersen, 2003). It is in-
evitable, therefore, that the process of risk assessment will differ
within and between countries due to the approach followed, his-
tory, economy, cultural diversity, policy, and infrastructure avail-
able.

South African commercial maize is known to contain low lev-
els of mycotoxins compared to home-grown maize cultivated
in rural subsistence farming areas (Burger et al., 2010; Shep-
hard et al., 2005, 2007). However, no regulation exists in South
Africa for FB, DON, and ZEA, the major mycotoxins occurring
in maize, and grain-based companies have to comply with in-
ternational trading legislation. In the current study, the use
of standardized methods to estimate maize intake, especially
raw/uncooked maize as well as accurate mycotoxin analyses re-
sulted in a valid and reliable outcome to define the risk of myco-
toxin exposure. When considering the consumption of commer-
cial maize, consumers are not directly exposed to the raw food
commodity but to the various products obtained from maize
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TABLE 6. Evaluation of the MYCORAM Utilizing Experimental SPECIAL and SUPER Milling Fractions Obtained from Two Selected Samples
Reflecting Contamination Levels of Subsistent Maize, Stratified by Province

Maize milling
fraction

Mycotoxin
level

(�g/kg)a % Population above the PMTDI of 2 �g/kg bw/day for FBT

SPECIAL EC FS GP KZN LP MP NK NW WC

Maize 1 [H] 1161.0 63.0 64.7 62.0 69.3 78.2 68.8 68.6 58.9 52.0
Maize 2 [L] 107.0 0.1 0.3 1.4 0.8 1.1 4.0 0.1 0.6 0.1
SUPER
Maize 1 [H] 221.0 3.2 5.8 6.2 5.3 5.2 6.7 2.3 3.8 1.8
Maize 2 [L] 20.0 0.0 0.0 0.2 0.1 0.2 0.8 0.0 0.1 0.0

% Population above the PMTDI of 1 �g/kg bw/day for DON
SPECIAL EC FS GP KZN LP MP NK NW WC
Maize 2 [H] 240.0 24.2 28.8 27.1 33.8 30.9 27.8 21.3 22.1 13.4
Maize 1 [L] 195.0 16.9 20.8 19.8 23.9 22.0 20.5 14.7 15.7 9.4
SUPER
Maize 2 [H] 67.0 0.0 0.0 1.6 0.8 1.2 5.2 0.0 0.6 0.0
Maize 1 [L] 28.0 0.0 0.0 0.7 0.3 0.5 2.2 0.0 0.3 0.0

% Population above the PMTDI of 0.5 �g/kg bw/day for ZEA
SPECIAL EC FS GP KZN LP MP NK NW WC
Maize 2 [H] 81.0 11.6 14.9 14.5 16.7 15.4 15.1 9.8 11.1 6.4
Maize 1 [L] 44.0 1.2 3.0 3.7 2.4 2.6 4.7 0.6 1.8 0.6
SUPER
Maize 2 [H] 18.0 0.0 0.0 0.8 0.4 0.7 2.8 0.0 0.3 0.0
Maize 1 [L] 13.0 0.0 0.0 0.6 0.3 0.5 2.0 0.0 0.2 0.0

Note. Maize 1 [H] contains high FBT and Maize 1[L]: low DON and ZEA levels whereas Maize 2 [H] contains high DON and ZEA and Maize 2 [L] has low FBT levels and

levels.
aMean mycotoxin levels as published by Burger et al. (2013) as summarized in Table 1.

TABLE 7. Prediction of Maximum Tolerated Levels Using the MYCORAM Stratified by Ethnicity

Ethnic group Mycotoxin
Maximum tolerated levels
(�g/kg)

Percentage (%) equal or above the
PMTDIa

Asian/Indian FBT 228 0.9
DON 114
ZEA 57

Black African FBT 180 0.9
DON 90
ZEA 45

Colored FBT 190 0.9
DON 95
ZEA 47

White FBT 210 0.9
DON 104
ZEA 51

aPMTDI for FBT, 2 �g/kg bw/day; DON, 1 �g/kg bw/day, and for ZEA, 0.5 �g/kg bw/day.

milling. The low mycotoxin levels of two dry milled fractions rel-
evant to human consumption (the SPECIAL and SUPER milling
fraction) are due to the effective removal of maize kernel con-
stituents vulnerable to fungal colonization and mycotoxin con-
tamination (Burger et al., 2013). The SPECIAL maize milling frac-
tion or maize flour contains maize kernel surface layers known
to be more vulnerable to fungal penetration as compared with
the SUPER milling fraction consisting of coarse grits, mainly de-
rived from the endosperm, and containing far lower levels of my-
cotoxins (Burger et al., 2013; Castells et al., 2008; Scudamore and
Patel, 2009). The mycotoxin levels associated with these milling

fractions resulted in PDIs well below the respective mycotoxin
PMTDI for each of the mycotoxins. As expected specific popula-
tion groups with high maize intakes, such as men and the black
African group reflected higher PDIs. However, due to the large
variation in the maize consumption profiles, the risk of expo-
sure of some individuals toward the higher end of consumption
is masked when considering the mean values within a subgroup
or subpopulation.

To address this, demographic distinct MYCORAM was devel-
oped to predict the percentage of consumers that will be at risk
considering the respective PMTDIs of FBT, DON, and ZEA. There-
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FIG. 1. MYCORAM for FBT DON and ZEA. Percentages of the South African maize
consumers stratified by Province (A) and ethnicity (B) equal or above the respec-
tive mycotoxin PMTDIs. The number of lines represent the different Provinces
(nine in total) and ethnic groups (four in total). Each line represents the per-

centage equal to or exceeding the PMTDI of the three mycotoxins—the �g/kg
contamination (x-axis) differs for each mycotoxin.

fore, the percentage of consumers exposed above the PMTDI
for the specific MYCORAM will depend on the maize intakes
and body weights, including the specific subgroup or popula-
tion size and gender characteristics. During the consumer sur-
vey, the sampling methodology was based on ethnic distribution
according to the 2001 Census Household data and did not in-
clude gender distribution resulting in an under-representation
of men. Therefore, the percentage of men at risk, normally con-
suming more maize may be masked within the respective MY-
CORAM.

Evaluation of the MYCORAM stratified by Provinces, using ex-
perimental and commercial milling fractions, the SPECIAL frac-
tions with higher mycotoxin levels affected a larger percentage
(5–8-fold) of consumers above the limit compared with the SU-
PER fractions. The highest percentage of consumers above the
limit for FBT, DON, and ZEA were those residing in the MP, LP,
GP, and KZN. The latter Provinces are known to have larger pop-
ulation sizes and therefore more consumers distributed across
the different maize intake categories, whereas the NC had the
smallest sample size.

Utilizing mycotoxin levels from two different experimental
SPECIAL and SUPER fractions (Maize 1 and Maize 2), a higher per-
centage of the population is exposed above the limit for the three
mycotoxins. The FB level in the experimental SPECIAL fraction
(Maize 1 [H], 1161 �g/kg) was similar to the level reported in
home-grown maize (1142 �g/kg) (Shephard et al., 2007). Simi-
larly, the experimental SPECIAL fraction with the higher DON
and ZEA (Maize 2 [H]) also showed higher percentages above the
PMTDI across the nine Provinces. This milling fraction repre-
sents a “worst case scenario” relevant to human consumption

and is also aligned with situations prevailing in rural subsis-
tence communities. Regarding the DON level, a recent report
by Shephard et al. (2010) showed similar levels (262.0 �g/kg) in
South African commercial maize meal which favorable com-
pared with the level in the SPECIAL milling fraction (240.0 �g/kg)
of the high DON/ZEA maize sample. The FB exposure levels are
in agreement with a study conducted among rural people living
in the EC, where both home-grown and commercial maize are
consumed in large quantities indicating a larger number of the
study population with exposure above the PMTDI (Burger et al.,
2010).

Based on these MYCORAM analyses, a MTL for each of the
different mycotoxins can be projected for the South African
population consuming maize and/or processed maize products
such as maize meal. Total fumonisin levels of between 50 and
100, 20 and 50 for DON, and 20 and 30 �g/kg for ZEA, provides
MTLs that is attainable in the milling industry while lowering
the risk (�1%) of maize consumers residing in five of the nine
Provinces. These predicted MTLs may still render certain South
African maize consumers at risk with between 1.2 and 4.1% of
the maize consumers in the four remaining Provinces (GP, KZN,
LP, and MP) exposed above the relative PMTDIs, depending on
the mycotoxin. In contrast, much lower levels of mycotoxins are
required in order to ensure that the percentage of consumers at
risk is �1% across the nine Provinces. The MTLs based on eth-
nicity, although realistic from an industry perspective, however,
global harmonization and international trade may be unrealis-
tic. In this regard, the lowest MTLs for the most vulnerable pop-
ulation (the black Africans) need to be considered.

Maize consumption remains an important part of the South
African diet and ranges from the staple diets in some areas to
maize-based snacks and side-dishes in more urban areas. The
inclusion of more urban maize consumers, known to consume
less maize or maize products in the present survey, is likely to af-
fect the MYCORAM risk profile in a specific Province. Consump-
tion of good quality commercial maize becomes evident; how-
ever, the unvaried diet of many South Africans consuming high
levels of maize may increase the risk even at low levels of my-
cotoxin contamination. Food safety, being both an integral part
as well as a contributor to food security remains a challenge in
the context of changing socioeconomic realities that hinders ba-
sic food sufficiency and access. The MYCORAM provides the op-
portunity to identify populations groups of different ethnicity
that will be at risk as the use of individual data during risk as-
sessment is known to be more accurate than utilizing national
averages (Kroes et al., 2002). This is especially applicable to the
current population where the risk of exposure of vulnerable sub-
groups, is masked due to the inherent diversity in the maize in-
take of the population. The model is, therefore, far more sen-
sitive approach to assess risk and address the large variation
in the exposure data often encountered during epidemiologi-
cal surveys. It provides an innovative and interactive way to as-
sess the risk of exposure in maize consumers encompassing the
three mycotoxins. In addition, it could also be useful in setting
international standards for inferring risk in specific subpopula-
tions or groups consuming maize. This could be of relevance for
population groups consuming traditional diets such as polenta
in Northern Italy; tortillas in Mexico, and people with gluten-free
diet, e.g., celiac disease, dermatitis herpetiformis, or an allergy
to wheat (Bolger et al., 2001; De Nijs et al., 1998; Pascale et al.,
1995). Currently, very little is known about the risk of exposure
among vulnerable subgroups such as children and the predicted
risk is expected to be far greater than the South African adult
population.
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