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Subsistence farmers are exposed to a range of mycotoxins. This study applied novel urinary multi-myco-
toxin LC–MS/MS methods to determine multiple exposure biomarkers in the high oesophageal cancer
region, Transkei, South Africa. Fifty-three female participants donated part of their maize-based evening
meal and first void morning urine, which was analysed both with sample clean-up (single and multi-bio-
marker) and by a ‘dilute-and-shoot’ multi-biomarker method. Results were corrected for recovery with
LOD for not detected. A single biomarker method detected fumonisin B1 (FB1) (87% incidence; mean ± stan-
dard deviation 0.342 ± 0.466 ng/mg creatinine) and deoxynivalenol (100%; mean 20.4 ± 49.4 ng/mg creat-
inine) after hydrolysis with b-glucuronidase. The multi-biomarker ‘dilute-and-shoot’ method indicated
deoxynivalenol-15-glucuronide was predominantly present. A multi-biomarker method with b-glucuron-
idase and immunoaffinity clean-up determined zearalenone (100%; 0.529 ± 1.60 ng/mg creatinine), FB1

(96%; 1.52 ± 2.17 ng/mg creatinine), a-zearalenol (92%; 0.614 ± 1.91 ng/mg creatinine), deoxynivalenol
(87%; 11.3 ± 27.1 ng/mg creatinine), b-zearalenol (75%; 0.702 ± 2.95 ng/mg creatinine) and ochratoxin A
(98%; 0.041 ± 0.086 ng/mg creatinine). These demonstrate the value of multi-biomarker methods in
measuring exposures in populations exposed to multiple mycotoxins. This is the first finding of urinary
deoxynivalenol, zearalenone, their conjugates, ochratoxin A and zearalenols in Transkei.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The subsistence farming area of Centane, in the former Transkei
region of South Africa, is reliant on maize, both home-grown and
commercial, as a dietary staple (Burger et al., 2010) and has been
characterised as having a high oesophageal cancer incidence rate
(Somdyala et al., 2003). Daily maize consumption rates average
400–500 g/person/day, with the high consumers (90th percentile)
consuming over 700 g/day (Shephard et al., 2007a). Various studies
on the fungal and mycotoxin contamination of home-grown maize
in Centane have established a consistent pattern of Fusarium verti-
cillioides infection and fumonisin contamination (Rheeder et al.,
1992; Shephard et al., 2007a; Van der Westhuizen et al., 2008,
2010). These studies have shown that large variations in contami-
nation levels of individual maize samples collected in different
years can occur. Individual samples of maize intended for human
consumption in this area have been shown to be contaminated
with total fumonisins (sum of fumonisins B1 (FB1) and B2 (FB2))
ranging between 5 and 10,140 lg/kg (Shephard et al., 2007a).
Combined with the high maize consumption figures, the popula-
tion of Centane consuming home-grown maize are on average
exposed to a daily fumonisin intake of over 8 lg/kg body weight/
day (Shephard et al., 2007a), which is considerably above
the provisional maximum tolerable daily intake (PMTDI) of
2 lg/kg body weight/day set by the Joint FAO/WHO Expert Com-
mittee on Food Additives (JECFA) (Bolger et al., 2001). A number
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of other studies, although more limited in number, have shown
that maize harvested in Centane can also be contaminated with a
range of other Fusarium mycotoxins, namely deoxynivalenol
(DON), nivalenol (NIV), moniliformin, zearalenone (ZEA), beauveri-
cin and fusaproliferin, whereas aflatoxins, diacetoxyscirpenol and
T-2 toxin have not been detected in this high oesophageal cancer
area (Sewram et al., 1999; Sydenham et al., 1990).

In order to understand the health implications of mycotoxin
exposure, appropriate risk assessments are required, which in
turn require accurate exposure data. The probable daily intake
(PDI) is the product of mycotoxin contamination level and the
amount of food consumed. Effective measurement of these
parameters at an individual level remains a challenge. Frequently
the contamination levels in raw or processed cereal have been
used, yet this introduces wide sampling errors due to the heter-
ogeneous distribution of mycotoxins and fails to account for the
effects of processing and cooking, as well as inter-individual
variations in bioavailability, toxicokinetics and toxicodynamics.
Measurement of food intake is often undertaken by food fre-
quency questionnaires or 24-h dietary recalls, both of which
are subject to recall bias. The use of a suitable biomarker for
individual exposure would overcome many of these problems
(Paustenbach and Galbraith, 2006). Several biomarkers for afla-
toxin B1 (AFB1) have been shown to correlate with human expo-
sure (Kensler et al., 2011). These are the hydroxylated aflatoxin
(AFM1) in urine, the aflatoxin-N7-guanine adduct in urine and
the AFB1–albumin adduct in blood plasma. A number of putative
biomarkers for fumonisin exposure, including FB1 levels in hair
and faeces and disrupted sphingolipid metabolism as measured
by elevated urinary or blood sphinganine levels, have been
investigated, but failed to be validated (Shephard et al., 2007b).
More recently, FB1 in urine was shown to correlate with tortilla
consumption in a Mexican population (Gong et al., 2008). This
urinary biomarker was validated and shown to correlate with
fumonisin intake during an intervention study among subsis-
tence farmers in the Centane region (Van der Westhuizen
et al., 2011).

DON is excreted in human urine both as the free mycotoxin and
its phase II metabolite, deoxynivalenol-glucuronide (DON-GlcA),
with most studies finding no detectable de-epoxydeoxynivalenol
(DOM-1), a metabolite produced by gut micro-organisms in vari-
ous animal species (Lattanzio et al., 2011; Meky et al., 2003; Turner
et al., 2008), although a recent study found that human faecal mic-
robiota in one of five volunteers were capable of metabolising DON
to DOM-1 (Gratz et al., 2013). A urinary DON biomarker was devel-
oped based on b-glucuronidase hydrolysis of DON-GlcA and subse-
quent determination of ‘total DON’ (sum of free DON and DON
released by hydrolysis) and correlated with both cereal consump-
tion and DON intake measured in UK adults (Turner et al., 2008,
2010a). Subsequently, a method for direct quantification of urinary
DON-GlcA was developed (Warth et al., 2011). Following re-opti-
misation of this method it was demonstrated that both
DON-3-GlcA and DON-15-GlcA are present in human urine and
that the latter predominated in a group of Austrian volunteers
(Warth et al., 2012a). Furthermore, a recent in vitro study revealed
that a third DON-GlcA can be produced by liver microsomes of hu-
man and certain animal species (Maul et al., 2012).

ZEA can be reduced by mammalian metabolism to its corre-
sponding hydroxy stereoisomeric analogues, a- and b-zearalenol
(a- and b-ZOL), and also forms a glucuronic acid conjugate prefer-
entially at the phenolic unhindered 14-hydroxyl group (Pfeiffer
et al., 2010; Riley et al., 2011). Although the excretion of ZEA and
its metabolites in urine has provided biomarkers of exposure for
animal studies, little information is available as regards the situa-
tion in humans (Baldwin et al., 2011). In a recent study analysing
urine samples obtained from Cameroonian volunteers, ZEA-GlcA
was determined in some samples with an exceptionally high max-
imum concentration of 31.0 lg/L (Warth et al., 2012b). Biomarkers
for ochratoxin A (OTA) have been sought in both blood and urine
(Duarte et al., 2011). OTA has a long half-life in blood of around
35 days due to its binding to plasma proteins. The relatively high
plasma levels are readily measured but show poor correlation with
individual OTA intakes, whereas levels in urine, although they are
much lower, may present a better correlation with intake (Gilbert
et al., 2001).

Recent advances in the application of high-performance liquid
chromatography–tandem mass spectrometry (LC–MS/MS) meth-
ods to multi-mycotoxin determination have been extended to
analysis of urine for multiple biomarkers of exposure. Ahn et al.
(2010) developed a method for FB1, FB2, AFM1 and OTA in urine
after sample clean-up on three separate immunoaffinity columns
(IACs), one for each mycotoxin. Solfrizzo et al. (2011) extended
the range of biomarkers and published a method for analysis of
FB1, AFM1, OTA, DON, DOM-1, and a- and b-ZOL in urine, based
on sample clean-up on a multi-antibody IAC and a hydrophilic–
lipophilic balance solid phase extraction (SPE) column connected
in tandem. The method permits measurement of even lower bio-
marker levels naturally occurring in human and animal urine.
Warth et al. (2012b) developed a multi-biomarker method based
on a ‘dilute-and-shoot’ approach which was validated analytically
for FB1, FB2, AFM1, OTA, DON, DON-3-GlcA, DOM-1, NIV, T-2 toxin,
HT-2 toxin, ZEA, ZEA-14-GlcA, and a- and b-ZOL. The method does
not require any sample preparation other than centrifugation and
dilution. Another method was developed based on sequential li-
quid–liquid extraction and strong anion exchange SPE to deter-
mine a similar set of mycotoxins and metabolites, but also
included citrinin, 4-hydroxy-OTA and the guanine adduct of AFB1

(Ediage et al., 2012). Most recently, a salting-out assisted liquid/li-
quid extraction method has been developed for multiple mycotox-
ins and metabolites in both pig and human urine (Song et al.,
2013).

Previous risk assessments in the Centane region have been per-
formed only for fumonisins (Burger et al., 2010; Shephard et al.,
2007a; Van der Westhuizen et al., 2010). These have relied on
exposure assessments using data on fumonisin contamination of
home-grown maize and estimates of the amount of maize con-
sumed by individuals. The aim of this study was to investigate
multiple mycotoxin exposure in this region by the application of
recent developments in the measurement of urinary biomarkers
of exposure based on LC–MS/MS methods, including single and
multi-biomarker methods with sample clean-up prior to analysis
and a multi-biomarker method based on a ‘dilute-and-shoot’ ap-
proach. In addition, samples of the participants’ evening maize-
based meal were analysed for aflatoxins, fumonisins, DON, ZEA
and OTA to compare with the biomarker measurements in morn-
ing first void urine.
2. Materials and methods

2.1. Participants

Fifty-four adult female participants (mean age 54 years, range 19–97 years)
were recruited from the villages of Gcina, NoBuswana, Qolora-by-the-Sea and Nont-
shinga in the Centane region of former Transkei region, Eastern Cape Province,
South Africa. Males in these villages are either absent (migrant workers) or uncoop-
erative. Informed consent was obtained in the local vernacular, isiXhosa. All partic-
ipants were apparently healthy (external clinical examination by professional
nursing sister and oral temperature) and had normal kidney function as assessed
by standard urinary dipstick for urinary blood, glucose, proteins, nitrites and leuco-
cytes. One participant failed to donate a morning urine sample. The study was ap-
proved by the Ethics Committee of the South African Medical Research Council.
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2.2. Sample collection

Participants were requested to cook their traditional porridge using home-
grown maize for their evening meal and to set aside a small representative portion
for collection the following morning. They also collected their morning first void ur-
ine for biomarker analysis. Dietary 24-h recall questionnaires were recorded to
determine maize intake. Linked with standard culture-specific recipes for this pop-
ulation, these data allowed calculation of maize intake both in terms cooked food
and raw maize. The food and urine samples were immediately frozen (�20 �C)
and dispatched on dry ice to the laboratories of the co-authors. Although requested
to cook traditional porridge, some participants cooked a traditional whole kernel
dish or samp (a broken kernel dish). All these were analysed, initially as non-dried
(wet) samples (at IFA-Tulln) and then as freeze dried samples (at ISPA).
2.3. Analyses at ISPA

Urinary biomarkers (DON, AFM1, FB1, a-ZOL, b-ZOL, ZEA and OTA) were deter-
mined as previously described (Solfrizzo et al., 2011) with chromatographic modi-
fications. Briefly, samples (6 mL) were incubated with b-glucuronidase/sulphatase
(37 �C for 18 h), diluted with water (6 mL) and cleaned-up on a Myco6in1� IAC (Vi-
cam, Watertown, MA, USA) and OASIS� HLB (Waters, Milford, MA, USA) SPE column
connected in tandem. After sample application, the two columns were separated,
the IAC was washed with water (4 mL) and eluted with methanol (3 mL) and water
(2 mL). The OASIS column was washed with methanol/water (20:80, 1 mL) and
DON that had passed through the IAC and collected on the SPE was eluted with
methanol/water (40:60, 1 mL). The separate eluates from the two columns were
combined, dried down and reconstituted in methanol/water (20:80, 200 lL) with
0.5% acetic acid. Analysis of 10 lL purified sample extract was performed on a
Waters UPLC (Milford, MA, USA) interfaced with an AB Sciex API 5000 MS/MS (Ap-
plied Biosystems, Foster City, CA, USA). Separation was achieved on a Waters Acqui-
ty BEH phenyl column (150 � 2.1 mm, 1.7 lm) at 40 �C using a 5 min linear
gradient from 20% to 80% methanol/water overall containing 0.5% acetic acid
with the latter mobile phase composition maintained for 5 min at a flow rate of
0.25 mL/min. Each sample was analysed twice, in positive (for AFM1, FB1 and
OTA) and negative electrospray ionisation mode (for DON, ZEA, and a- and
b-ZOL), respectively. With this column and mobile phase DOM-1 could not be de-
tected in purified sample extracts at levels <3.3 ng/mL in urine due to a strong
ion suppression effect. MS/MS conditions have been described previously (Solfrizzo
et al., 2011). The biomarkers were quantified using matrix-matched standards and
results were corrected for recovery.

Maize-based food samples were freeze dried (subsequently referred to as ‘dried
food’), mixed and analysed for FB1, FB2, DON, T-2 toxin, HT-2 toxin, OTA, ZEA, AFB1,
AFB2, AFG1 and AFG2 as previously described (Lattanzio et al., 2007), with modifica-
tions as reported below. Briefly, the sample (20 g) was extracted twice, firstly with
phosphate buffered saline (PBS, 100 mL) for 60 min, then, after centrifugation,
70 mL of PBS extract were collected. Then 70 mL methanol were added to the
remaining solid for the second extraction, centrifugation, and collection of sample
extract that was diluted 1:10 with PBS. Aliquots of the two extracts were filtered
through a glass microfiber filter and separately applied to a Vicam Myco6in1�

IAC, which was washed with water (10 mL) and eluted with methanol (3 mL) and
water (2 mL). The eluate was dried down and reconstituted in methanol/water
(20:80, 200 lL) containing 1 mM ammonium acetate and 0.5% acetic acid. Analysis
of 10 lL of purified sample extract was performed on a Waters UPLC interfaced with
an AB Sciex API 5000 MS/MS, as described above. Calibration was achieved with
matrix-matched standards and results were corrected for recovery.
2.4. Analyses at University of Leeds

Urinary FB1 was separately determined using a tailor-made single target meth-
od as previously described (Gong et al., 2008). Briefly, a stable-isotope internal stan-
dard (d6-FB1) was added to diluted urine, which was cleaned-up on a Waters Oasis
MAX� SPE cartridge. After washing with ammonium hydroxide (5%, 2 mL) and
methanol (2 mL), the mycotoxin and internal standard were eluted with 2% formic
acid in methanol (2 mL). The eluate was dried down and reconstituted in methanol/
water (1:1, 200 lL). Analysis was performed on a Waters LC-Quattro Micro MS sys-
tem using a Phenomenex (Torrance, CA, USA) C18 (150 � 4.6 mm, 5 lm) reversed-
phase column and an acetonitrile/water/formic acid gradient as mobile phase
pumped at a flow rate of 1 mL/min. MS/MS conditions have been described previ-
ously (Gong et al., 2008). Results were based on standard calibration with added
internal standard, which compensated for both recovery losses and matrix effects.

A urinary biomarker for total DON was determined as previously described
(Turner et al., 2008). Briefly, samples were spiked with a stable-isotope internal
standard (13C-DON) and treated with b-glucuronidase (37 �C for 18 h), after which
they were diluted and cleaned-up on a Vicam DONtest IAC. After elution with meth-
anol (4 mL), the eluate was evaporated to dryness and reconstituted in water/eth-
anol (90:10, 250 lL). Analytical conditions were similar to those for FB1 above,
except for a methanol/water gradient as mobile phase. As above, results were based
on standard calibration with added internal standard.
Urinary creatinine, which was used to normalise the urinary biomarker deter-
minations, was determined according to the standard alkaline-picrate method,
modified for a 96-well plate format (Varley, 1967).

2.5. Analyses at IFA-Tulln

Urine samples were analysed for the biomarkers FB1, FB2, AFM1, OTA, DON,
DON-3-GlcA, DON-15-GlcA, DOM-1, NIV, T-2 toxin, HT-2 toxin, ZEA, ZEA-14-GlcA,
and a- and b-ZOL using a ‘dilute-and-shoot’ method without prior b-glucuronidase
treatment as previously described (Warth et al., 2012b). Briefly, urine (1 mL) was
centrifuged (5600g, 3 min) and diluted 1:10 with acetonitrile/water (10:90) before
direct injection (5 lL) into an AB Sciex 5500 QTrap LC–MS/MS. For FB1 determina-
tion, samples were rerun with a dilution ratio of 1:1 to enhance detection limits.
Chromatographic separation was achieved on a Waters Atlantis T3 column
(150 � 3.0 mm, 3 lm) eluted with a gradient of water/acetonitrile acidified with
0.1% acetic acid at a flow of 600 lL/min. Results were corrected for apparent recov-
ery based on relative responses of liquid standards and spiked samples.

Maize-based food samples were analysed as received in the laboratory (subse-
quently referred to as non-dried or wet or ‘as cooked’ food), as previously described
(Sulyok et al., 2006, 2007) and applied for various African food samples (Abia et al.,
2013). Briefly, a portion of food was extracted with acetonitrile/water/acetic acid
(79:20:1) and after centrifugation, an aliquot of extract was diluted with an equal
volume of acetonitrile/water/acetic acid (20:79:1) and an aliquot (5 lL) directly in-
jected into the LC–MS/MS consisting of an Agilent (Waldbronn, Germany) 1290
HPLC and an AB Sciex 5500 QTrap MS/MS. Chromatographic separation was per-
formed on a Phenomenex Gemini C18 column (150 � 4.6 mm, 5 lm) eluted with
a gradient of methanol/water containing both ammonium acetate and acetic acid.
Results were corrected for apparent recovery.

2.6. Statistical analysis

Analytical data were subjected to natural log transformation prior to statistical
analysis using the STATA version 11 software package (StataCorp, College Station,
TX, USA). Presentation of the results in the figures is based on untransformed data.
3. Results

The results of LC–MS/MS analysis of urine for relevant biomark-
ers, normalised for creatinine excretion, performed at University of
Leeds and at ISPA, as well as method performance parameters, are
shown in Table 1. Means were calculated by assuming the LOD le-
vel for samples in which no relevant biomarker could be found. The
results of the ‘dilute-and-shoot’ method for urinary biomarkers as
performed at IFA-Tulln are given in Table 2. Of the 15 mycotoxins
and metabolites detectable by this method, only FB1, DON, DON-3-
GlcA, DON-15-GlcA and NIV were detected in multiple samples,
whereas ZEA (<1.3 lg/L), a-ZOL (<1.7 lg/L) and ZEA-14-GlcA
(8.8 lg/L) were found in one sample.

Analyses of maize-based food samples, both as non-dried (wet)
and as freeze dried samples, are reported in Table 3. The multi-
mycotoxin method performed at IFA-Tulln recorded 27 mycotoxins
and fungal secondary metabolites, but for the purpose of this bio-
marker study, only FB1, FB2, DON and ZEA are reported. No OTA
was found in the non-dried food (LOD 0.5 lg/kg). Further results
will be reported elsewhere. Neither method detected any AFB1

(LOD 0.6 lg/kg). Participants were requested to cook traditional
porridge for their evening meal during the study. However, many
chose rather to cook one of two other traditional meals, namely
samp (broken kernels) or a whole kernel dish. As porridge prepara-
tion involves grinding the dry maize kernels and mixing during
cooking, it produces a more homogeneous sample for analysis,
whereas whole kernel dishes can have larger sampling variability.
Consequently, the analytical results for porridge are separately gi-
ven in Table 4.

Maize-based food intake data collected from participants as
consumption of ‘as cooked’ food were converted to dried maize in-
take using standard recipes and conversion factors. These different
food intake data were combined with both non-dried and dried
food analyses, respectively, to yield probable daily intakes (PDIs)
of FB1. These were calculated as the product of the respective food
contamination and food intake, normalised with participant body



Table 1
Urinary biomarkers determined by LC–MS/MS, normalised with urinary creatinine, conducted by University of Leeds and ISPA. Samples with no biomarker detected were
assigned a level of the corresponding LOD. Values in parentheses are ng/mL.

University of Leeds ISPA

FB1 DON FB1 DON a-ZOL b-ZOL ZEA OTA AFM1

Recovery (%) n.a.a n.a. 61 77 72 83 98 61 95
% Positive 87 100 96 87 92 75 100 98 0
Mean ± SDb

(ng/mg
creat)

0.342 ± 0.466
(0.185 ± 0.236)c

20.4 ± 49.4
(9.9 ± 15.1)

1.52 ± 2.17
(0.841 ± 1.06)

11.3 ± 27.1
(4.94 ± 7.60)

0.614 ± 1.91
(0.247 ± 0.590)

0.702 ± 2.95
(0.244 ± 0.820)

0.529 ± 1.60
(0.204 ± 0.456)

0.041 ± 0.086
(0.024 ± 0.058)

–

Median (ng/
mg creat)

0.176 (0.103)c 8.95 (4.97) 0.689 (0.398) 5.97 (3.07) 0.063 (0.030) 0.161 (0.085) 0.118 (0.076) 0.024 (0.013) –

Maximum
(ng/mg
creat)

2.27 (1.30)c 353 (99.2) 9.99 (4.94) 190 (53.4) 13.2 (3.72) 21.1 (5.94) 11.2 (3.15) 0.629 (0.432) –

Minimum (ng/
mg creat)b

0.007 (0.01)c 0.445 (0.3) 0.026 (0.04) 0.312 (0.45) 0.006 (0.009) 0.010 (0.016) 0.012 (0.012) 0.001 (0.002) –

LOD (ng/mL) 0.01 0.25 0.04 0.45 0.009 0.016 0.002 0.002 0.01
LOQ (ng/mL) 0.02 0.50 0.12 1.51 0.029 0.054 0.007 0.007 0.02

a Not applicable – results are corrected by use of labelled internal standard.
b Not detected samples (minima) were assigned a value of LOD for calculation.
c ng/mL.
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weight as measured during sample collection. Mean PDI for FB1

(based on dried food analysis at ISPA) was 1.07 lg/kg body
weight/day, increasing to 1.50 lg/kg body weight/day for the
sum of FB1 and FB2. Based on natural logarithm transformed data,
a statistically significant correlation (r = 0.302; p = 0.031) was
found between FB1 in urine normalised with creatinine and PDI
for FB1 based on the analyses of urine and dried food at ISPA
(Fig. 1). Examination of the data showed three results with excep-
tionally high urinary levels of FB1 (see Fig. 1). Removal of the data
points from these ‘high excreters’ improved the correlation coeffi-
cient to 0.423 (p = 0.003). A similar comparison using the data from
porridge consumers only, showed a correlation coefficient of 0.603
(p = 0.005) between FB1 in urine and PDI for FB1 based on dried
food analyses (Fig. 2). Similarly, if the FB1 in urine (ISPA data) is
compared with PDI for FB1 calculated from non-dried food intake
data and non-dried food analysis at IFA-Tulln, a correlation coeffi-
cient of r = 0.730 (p = 0.0003) is obtained (Fig. 3). DON, OTA and
ZEA were all detected in maize-based food, but contamination lev-
els were low and intake could not be significantly correlated with
urinary levels.
4. Discussion

The urinary biomarker analyses by all three laboratories using
different analytical methods confirmed that this population of sub-
sistence farmers consuming home-grown maize is exposed simul-
taneously to a wide range of mycotoxins. As expected from the
widespread and frequently high fumonisin contamination of
home-grown maize in the Centane region, there was a high inci-
dence (up to 96%) of FB1 in urine. Given its relatively high LOD, a
lower incidence of 51% was recorded at IFA-Tulln, with approxi-
mately half of these having levels < LOQ. ISPA, using a tandem
clean-up procedure, reported higher mean and median values for
FB1 in urine than the University of Leeds, using a SPE clean-up
method. However, a previous method comparison between these
laboratories based on spiked urine samples at levels of 4 ng/mL
and 8 ng/mL indicated reasonable comparison (Solfrizzo et al., in
press). However, the levels of FB1 determined in the current sam-
ples are up to an order of magnitude lower than the comparison
study and the two methods correlated poorly (r = 0.166; not signif-
icant p = 0.245), suggesting interlaboratory differences in analysis
of FB1 in urine can be high at these naturally observed levels. Given
the low levels of FB1 in urine, a ‘dilute-and-shoot’ method needs
extreme sensitivity to provide full analytical results comparable
in LOD to the other methods used here, which are based on sample
purification and concentration. This is demonstrated by the fact
that although 51% of samples were determined as positive by the
‘dilute-and-shoot’ method, only half of these could be quantified
above the LOQ. For this reason, the results in Table 3 are not pro-
vided with means as too many samples would have had to be as-
signed values.

The concentration of FB1 in urine in this study compares with
values previously reported in this and other communities (Table 5).
The levels reported in a previous intervention study (samples also
analysed at University of Leeds by the same method) conducted
in this same community lie intermediate between the values found
by the two laboratories in this present study (Van der Westhuizen
et al., 2011). As the mean PDI for total fumonisin in the current
study (1.50 lg/kg body weight/day) was less than the PDI mea-
sured in the intervention phase of the above study (2.91 lg/kg body
weight/day), a lower urinary level would be expected, as shown in
the data sets from University of Leeds (Table 5). Lower values were
found in various maize consumption groups in Mexico (Gong et al.,
2008), whereas a study in China reported similar levels in a low
oesophageal cancer area, but much higher levels in a high oesoph-
ageal cancer area (Xu et al., 2010).

The maize-based food consumed by participants at their even-
ing meal was analysed both as non-dried and dried samples by
IFA-Tulln and ISPA, respectively. As would be expected, levels in
the dried samples (expressed in terms of dry mass) were consid-
erably higher than those determined in porridge or kernel dishes,
which were expressed in terms of wet mass, including the water
contained in the cooked dish. It has been shown that the tradi-
tional grinding of maize kernels and the porridge cooking process
reduces fumonisin by 11% on a dry weight basis and that har-
vested and stored home-grown maize has a moisture content of
10% (Shephard et al., 2012). Taking these two figures into ac-
count, it may be estimated that the fumonisin levels in the har-
vested home-grown maize kernels used for this particular meal
would have been about 25% higher than the levels currently ana-
lysed in the dried food. Such fumonisin levels compare closely
with the mean levels previously calculated in stored home-grown
maize of 820 lg/kg for FB1 and 321 lg/kg for FB2 used as long
term means for an exposure assessment in this community
(Shephard et al., 2007a). The mean fumonisin levels in the dried
porridge samples (Table 4) are similar to those for the combined
samples (Table 3).



Table 2
Urinary biomarkers determined by ‘dilute-and-shoot’ LC–MS/MS method at IFA-Tulln. Values in parentheses are ng/mL.

FB1 DON DON-3-GlcA DON-15-GlcA NIV

% Positive 51 13 26 55 17
Maximum (ng/mg creat) 2.59 (3.2)a 21.3 (14) <LOQ (<20) 109 (47) 4.16 (3.7)
LOD (ng/mL) 0.1 4 6 3 1
LOQ (ng/mL) 0.3 13 20 11 3

a ng/mL.

Table 3
Contamination levels of maize-based food (both porridge and kernel dishes (n = 54)) consumed as evening meal by participants determined by LC–MS/MS. Non-dried food was
analysed by multi-mycotoxin ‘dilute-and-shoot’ method at IFA-Tulln and dried food was analysed by multi-mycotoxin method with multi-antibody IAC clean-up at ISPA.

FB1 (lg/kg) FB2 (lg/kg) DON (lg/kg) ZEA (lg/kg) OTA (lg/kg)

Non-dried food
% Positive 92 98 72 100 0
Meana 280 74.9 3.40 2.35 –
Mediana 79.8 16.0 2.11 0.99 –
Minimuma 4.7 1.43 0.78 0.72 –
Maximuma 1953 510 32.8 28.5 –
LOD 4 1.4 0.3 0.3 0.5

Dried foodc

% Positive 100 100 46.3 100 98.1
Meana 632 263 21.5 11.5 0.21
Mediana 220 107 0.9 1.5 0.19
Minimuma 1.9 21.8 0.2 0.2 0.11
Maximuma 4235 2235 285 239 0.44
LOD 0.8 0.1 0.2 0.01 0.1

a Data shown for positive samples.

Table 4
Contamination levels of porridge (n = 22) consumed as evening meal by participants determined by LC–MS/MS. Non-dried food was analysed by multi-mycotoxin ‘dilute-and-
shoot’ method at IFA-Tulln and dried food was analysed by multi-mycotoxin method with multi-antibody IAC clean-up at ISPA.

FB1 (lg/kg) FB2 (lg/kg) DON (lg/kg) ZEA (lg/kg) OTA (lg/kg)

Non-dried food
% Positive 95 100 90 100 0
Meana 267 71.3 4.78 3.28 –
Mediana 37.2 16.4 2.98 1.01 –
Minimuma 5.98 1.61 0.89 0.72 –
Maximuma 1953 510 32.8 28.5 –
LOD 4 1.4 0.3 0.3 0.5

Dried food
% Positive 100 100 77 100 95
Meana 872 379 31.2 21.0 0.26
Mediana 568 232 1.34 1.81 0.24
Minimuma 14.3 56.6 0.25 0.44 0.14
Maximuma 4235 2235 285 239 0.44
LOD 0.8 0.1 0.2 0.01 0.1

a
Data shown for positive samples.
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The statistically significant correlation of the urinary FB1 bio-
marker and FB1 PDI (calculated from dried food intake – Fig. 1)
confirms previous work validating this as a biomarker for
fumonisin exposure (Van der Westhuizen et al., 2011). The
reason for three participants having excretion levels above
8 ng/mg creatinine is not clear, especially given their modest re-
ported fumonisin exposure. There was no indication at recruit-
ment of what might be the reason. However, removal of these
data points improves the correlation significance, as does the
calculation of PDI using only the porridge sample analyses as
being less prone to sampling errors (Fig. 2). The highest correla-
tion coefficient (r = 0.730; p = 0.0003) was found by combining
the urinary FB1 analyses at ISPA with non-dried food analyses
at IFA-Tulln and dietary data collected from the participants
(Fig. 3, based on non-dried or wet food intake). Of the total in-
take of FB1, it is estimated that only 0.5–0.8% was found in the
urine samples collected. This is similar to the 0.5% excretion rate
among volunteers in the USA (Riley et al., 2012a), but marginally
lower than the estimated average of 1% in a cohort in Guatamala
(Riley et al., 2012a,b) and higher than the 0.075% obtained in a
previous study in this population (Van der Westhuizen et al.,
2011). Studies in a variety of animal species have shown that
excretion of orally consumed FB1 is generally low, typically less
than 2% (Shephard et al., 2007b). In particular, vervet monkeys
dosed with FB1 by gavage have shown excretion rates of be-
tween 0.25% and 1.5% (Shephard et al., 1994, 1995).

Although the fumonisin levels in maize were similar to previ-
ously determined levels, the mean PDI for total fumonisin (FB1 + -
FB2) was 1.50 lg/kg bw/day and only 21% of this group had a PDI
greater than the 2 lg/kg bw/day set as a PMTDI by the JECFA



Fig. 2. The relationship between FB1 in urine (ISPA data) and FB1 probable daily
intake (PDI) based on dried food analysis (ISPA data) for porridge eaters only. Maize
consumption expressed in terms of dry maize. Correlation coefficient (r) is for
natural logarithm transformed data, one ‘high excreter’ outlier excluded (not
shown, see Fig. 1).

Fig. 3. The relationship between FB1 in urine (ISPA data) and FB1 probable daily
intake (PDI) based on non-dried food analysis (IFA-Tulln data) for porridge eaters
only. Maize consumption expressed in terms of non-dried food. Correlation
coefficient (r) is for natural logarithm transformed data.

Fig. 1. The relationship between FB1 in urine (ISPA data) and FB1 probable daily
intake (PDI) based on dried food analysis (ISPA data) and maize consumption
expressed in terms of dry maize. Correlation coefficient (r) is for natural logarithm
transformed data. Removal of the three ‘high excreters’ gives r = 0.423, p = 0.003.
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(Bolger et al., 2001). This is lower than previous measurements in
which mean adult female exposures for consumption of home
grown maize in the Centane region were 8.15 lg/kg bw/day (Shep-
hard et al., 2007a) and 6.7 lg/kg bw/day (Burger et al., 2010),
depending on measurement methodology. The lower mean PDI
in the current study is due to the lower reported maize intakes
among the participants, who reported a mean dry maize
intake of 117 g/day in contrast to previously reported intakes of
428 g/day and 420 g/day in the above studies, respectively.

The incidence of DON in urine determined by the laboratories
using b-glucuronidase to hydrolyse the glucuronides was high,
up to a maximum of 100%, indicating widespread exposure to this
Fusarium mycotoxin. Although levels determined by the single bio-
marker method (University of Leeds) were higher than those of the
multi-biomarker method (ISPA), a significant correlation was
found (r = 0.936; p = 0.0001). In contrast, the results from IFA-Tulln
using the ‘dilute-and-shoot’ method without hydrolysis, showed
both a low incidence and level for the mycotoxin itself, but higher
incidences for the 3- and 15-glucuronides. In particular, the latter
occurred in 55% of samples with a maximum level of 109 ng/mg
creatinine in comparison with 26% positive and a maximum < LOQ
(20 lg/L) for the 3-glucuronide, indicating that the 15-glucuronide
is the favoured human metabolic detoxification product. This re-
sult advances our understanding of toxicokinetic patterns for
DON after human ingestion and demonstrates the advantage of ‘di-
lute-and-shoot’ methods over more targeted approaches using
specific clean-up methods. This is a similar finding to that observed
in an Austrian cohort of volunteers in which 75% of glucuronides
were identified as the 15-glucuronide (Warth et al., 2012a). A
low incidence of NIV was also detected by the ‘dilute-and-shoot’
method. None of the LC–MS/MS methods detected any de-epoxy
metabolite (DOM-1), a detoxification metabolic product of gut bac-
teria widely found in ruminants. Low levels of DOM-1 were previ-
ously found in twenty-six of seventy-six (34%) male farmers in
Normandy, France (Turner et al., 2010b), two of sixty-nine (3%)
of pregnant women in Egypt (Piekkola et al., 2012) and one of
thirty-four (3%) UK volunteers (Turner et al., 2011a), but it has
not been detected in other studies of DON urinary biomarkers
(Hepworth et al., 2012; Lattanzio et al., 2011; Turner et al.,
2011b, 2012), suggesting that the ability to detoxify by this route
may not be widely available in humans, although a recent report
has shown human faecal microbiota are capable in some instances
of the conversion of DON to DOM-1 (Gratz et al., 2013). Surpris-
ingly, given the high incidence and relative levels of total urinary
DON, the analysis of the food samples yielded modest levels of con-
tamination, with median contamination levels of positive samples
all less than 3 lg/kg (Tables 3 and 4). Consequently, PDI’s for DON
calculated only on the positive food samples, were 1.0 lg/day and
2.6 lg/day based on non-dried and dried food analyses, respec-
tively. The data summarised in Table 6, which compares urinary
DON biomarker data and PDI values from various studies in the
UK, show a disconnect between the results of the present study
and those of others, suggesting an alternative additional source
of DON in this population. Clearly this requires further investiga-
tion, especially as the population also eats locally baked wheat
bread, which may act as an additional source of DON exposure.
This result highlights the advantage of using biomarkers for expo-
sure assessment.

The food analyses indicated low levels of contamination of the
maize-based meals with ZEA and OTA. For OTA, although the
measurements are at the analytical limit of the method, the mean
urinary levels (0.041 ng/mg creatinine or 0.024 ng/mL) were com-
parable with those of previous studies in healthy populations
(Duarte et al., 2011). In particular, a UK study on fifty healthy
volunteers showed OTA levels between <0.01 and 0.058 ng/mL
(Gilbert et al., 2001). The low levels in urine and maize could not
be significantly correlated (p > 0.05). All food samples were
contaminated with ZEA, but at low levels with medians below



Table 5
Urinary levels of FB1 in various populations.

Population Urinary FB1 biomarker (ng/mg creatinine) Reference

Centane, Former Transkei
University of Leeds data 0.157 (Geometric mean) This study
ISPA data 0.674 (Geometric mean) This study
Intervention study Van der Westhuizen et al. (2011)
Baseline phase 0.470 (Geometric mean)
Intervention phase 0.276 (Geometric mean)

China
Huaian County (High OCa area) 3.91 (Median) Xu et al. (2010)
Fusui County (Low OC area) 0.39 (Median)

Guatamala
Chimaltenango and Escuintla 0.096–0.240 ng/mL (Medians) Riley et al. (2012b)

Mexico
Low maize consumption 0.044 (Geometric mean) Gong et al. (2008)
Medium maize consumption 0.092 (Geometric mean)
High maize consumption 0.134 (Geometric mean)

a Oesophageal cancer.

Table 6
Mean urinary levels of total DON and probable daily intakes (PDI) in various population groups.

Population Urinary DON biomarkera (ng/mg creatinine) PDI (lg/day)

United Kingdom
Turner et al. (2008) 8.9 (7.5 ng/mL) 19.1b

Turner et al. (2010a) 10.1 (11.6 ng/mL)c 10.6d

Hepworth et al. (2012)
South Asian 15.2 13.7d

Non-south Asian 8.6 8.4d

Iran
Turner et al. (2012) 1.5 (1.3 ng/mL) –

Maximum 7.1 (6.5 ng/mL) 8.3e

Transkeif

University of Leeds data 9.7 (9.9 ng/mL) 1.0/2.6g

ISPA data 5.2 (4.94 ng/mL) 1.0/2.6g

a Geometric means.
b Calculated from mean urinary DON level. Based on estimated DON intake of 319 ng/kg bw/day for 60 kg individual and 50% transfer of ingested DON to urine.
c From individuals on a normal diet.
d Calculated from mean DON contamination level and mean amount of food consumed.
e Calculated from urinary DON level. Based on average study participant body weight (69.4 kg), daily urine excretion of 1.5 L and 72% transfer of ingested DON to urine.
f This study. Based on mean DON levels measured in maize food consumed as evening meal.
g Based on mean DON levels in non-dried/dried food in positive food samples.
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3 lg/kg. Urinary incidences of ZEA and its stereoisomeric metabo-
lites, a- and b-ZOL, were also high, although their levels were all
below 5.9 ng/mL. a- and b-ZOL are products of phase I metabolism,
with a-ZOL having an oestrogenic activity greater than that of the
parent mycotoxin, the degree of which depends on the assay sys-
tem (Fink-Gremmels and Malekinejad, 2007). Thus the use of a bio-
marker for this important metabolite as opposed to ZEA food
intake data is extremely valuable. Little previous comparable hu-
man data has been published as most studies have been restricted
to animals. Limited data based on analysis of free ZEA, and a- and
b-ZOL in urine of New Jersey (USA) girls (without measurement of
conjugates), also showed considerable metabolic conversion of
ZEA, although uncorrected (for specific gravity) values in the US
study were higher than those in this Transkei study (which in-
cluded hydrolysis of conjugates)(Bandera et al., 2011). Mean levels
for ZEA, and a- and b-ZOL in the latter were 1.82, 0.63 and 0.35 ng/
mL, respectively as compared with 0.204, 0.247 and 0.244 ng/mL in
the present study, respectively. A small study sample of 10 healthy
volunteers in Italy did not detect a- and b-ZOL (LOD 0.8 and 2.2 ng/
mL, respectively) due to limited instrumental sensitivity (Solfrizzo
et al., 2011), whereas analysis of another small group (n = 9) in Bel-
gium suggested values for ZEA and b-ZOL could be as high as
10.8 ng/mg creatinine (12.6 ng/mL) and 20 ng/mg creatinine
(24.8 ng/mL) in this group, respectively (Ediage et al., 2012). Based
on the dried food analysis, PDI for ZEA was 0.019 lg/kg bw/day,
which is well within the 0.5 lg/kg bw/day PMTDI established by
JECFA, suggesting that exposure to ZEA is not a concern (Eriksen
et al., 2000). Further studies in more exposed populations would
be needed to characterise these results and establish whether uri-
nary ZEA in humans is a reliable biomarker as the relative extent of
either biliary or urinary excretion in humans is uncertain (Eriksen
et al., 2000; Fink-Gremmels and Malekinejad, 2007). The aflatoxin
urinary biomarker AFM1 was not detected in any urine sample, nor
were any aflatoxins found in the food samples. This confirms pre-
vious observations regarding the normal absence of Aspergillus fla-
vus in the maize grown in this region and the consequent absence
of aflatoxin exposure in this population of subsistence farmers.
5. Conclusions

The following conclusions can be drawn from this study:

– These multi-biomarker analytical methods have shown
their value in identifying and measuring multiple myco-
toxin exposure, especially in communities where it is diffi-
cult to collect food samples and food consumption data.
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– This is the first finding of urinary DON, ZEA, a-ZOL, b-ZOL
and OTA in the Transkei population and the first advanced
understanding of toxicokinetic patterns by direct determi-
nation of conjugation and hydroxylation products of DON
and ZEA.

– Frequent co-exposures were determined for the first time
in South Africa.

– Correlation with food intake data helps to gain further
knowledge to validate novel biomarkers of exposure in
the future.

– These results enable better exposure assessment and they
will provide the basis on which the efficacy of possible
intervention strategies to reduce mycotoxin exposure in
these communities can be measured.

– The application of the new exposure assessment methods
will facilitate epidemiological studies on the health impli-
cations of mycotoxin exposure in these communities.
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