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a b s t r a c t

Fumonisins are secondary metabolites produced primarily by fungi strains that belong to the genera
Fusarium and Alternaria, which have been shown to be highly prevalent in maize crops. Some authors
have documented the presence of hidden forms of fumonisins occurring in raw maize. This purpose of
this study was to determine the occurrence of free and hidden fumonisins in raw maize. The concen-
trations of fumonisins in 72 naturally contaminated maize samples were analyzed using liquid chro-
matography coupled to mass spectrometry. The performance parameters of the method to determine
free fumonisins forms (FB1 and FB2) and hydrolyzed fumonisins forms (HFB1 and HFB2) were evaluated
using the standards from the Commission of the European Communities (Commission, 2002). The
analytical methods employed fell within the established guidelines. The amount of total fumonisins
measured based on the hydrolyzed forms (HFB1 þ HFB2) was 1.5e3.8 times greater than the amount of
free fumonisins (FB1 þ FB2). The concentration of hidden fumonisins was calculated by subtracting the
levels of free fumonisins from the total fumonisin levels. The levels of hidden fumonisins were calculated
to be 0.5e2.0 times greater than the level of free fumonisins. A strong positive correlation (R ¼ 0.97) was
observed between free fumonisins (FB1 þ FB2) and. total fumonisins (HFB1 þ HFB2). Based on this cor-
relation, a predictive model was generated to estimate the total fumonisin level based on the measured/
reported free fumonisin concentration. These results show that the risk of exposure to fumonisins is
likely underestimated if only free fumonisins are considered. However, the predictive model could be a
novel approach to estimating the total amount of fumonisins in maize samples without needing to
perform expensive and time-consuming analytical methods.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Fumonisins are secondary metabolites formed in maize before
harvest by fungi strains in the genera Fusarium and Alternaria
(Bezuidenhout et al.,1988). Fusariumverticillioides and F. proliferatum
can produce fumonisins analogs grouped into serie B and C and are
the main sources of fumonisins in maize (Berthiller, Schuhmacher,
Adam, & Krska, 2009, Berthiller et al.,2013; Bezuidenhout et al.,
1988). The fumonisins analogs can be classified into four main
groups, A, B, C and P, all sterified by tricarballylic acid (TCA).
Fumonisins analogs grouped into serie X, are sterified by other
carboxillic acids such as cis-aconitic acid, oxalylsuccinic acid and
B2; HFB1, Hydrolyzed fumo-

llmann).
oxalylfumaric acid (Bart�ok, Sz�ecsi, Szekeres, Mesterh�azy, & Bart�ok,
2006). Fumonisin B1 (FB1) and Fumonisin B2 (FB2) are the most
abundant fumonisins in maize and therefore, they have been the
most studied (Shephard, Thiel, Stockenstrom, & Sydenham, 1996).

The chemical structure of fumonisins is characterized by a
polyhydroxy alkyl amine chain, diesterified with molecules of tri-
carballylic acid (Bezuidenhout et al., 1988; Dall'Asta, Galaverna,
et al., 2009). Fumonisins are structural analogs of sphingoid bases
and can inhibit the ceramide synthetase enzyme involved in the
biosynthesis of sphingolipids. This disrupts the normal metabolism
of these bases, which is recognized as themechanism for fumonisin
induced damage in animals and humans (Voss, Smith, & Haschek,
2007; Wang, Norred, Bacon, Riley, & Merrill, 1991).

FB1 causes different toxic responses in human and animals.
Studies have associated an increased risk of human esophageal
cancer with the consumption of maize contaminated with FB1
(Kim, Scott, & Lau, 2003; Rheeder et al., 1992) and DNA damage in
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human fibroblasts (Kim et al., 2003). Given that it has carcinogenic
effects, the International Agency for Research on Cancer (IARC) has
classified FB1 in group 2B, as a possible carcinogenic compound for
humans. FB1 has different effects in animals, like leucoencephalo-
malacea in horses, pulmonary edema in swine (Haschek,
Gumprecht, Smith, Tumbleson, & Constable, 2001; Voss et al.,
2007), and carcinogenic effects in several animal species (Muller,
Dekant, & Mally, 2012). It has also been reported to be detri-
mental to broiler's performance and physiological responses
(Broomhead, Ledoux, Bermudez, & Rottinghaus, 2002; Ledoux,
Brown, Weibking, & Rottinghaus, 1992; Rauber et al., 2013).

Hidden fumonisins were long believed to occur only after food
processing (Berthiller et al., 2009; Falavina, Cirlini, Galaverna, &
Dall'Asta, 2012). However, Dall'Asta, Falavigna, Galaverna,
Dossena, and Marchelli (2010) showed that hidden fumonisins
can also be found in unprocessed maize. The exact chemical re-
actions, which are responsible for the occurrence of naturally hid-
den forms, are still unknown (Berthiller et al., 2009, 2013; Dall'Erta
et al., 2013). Hidden fumonisins cannot be directly analyzed and
have to be released from the matrix by a sample treatment that
converts them into extractable forms (Berthiller, Sulyok, Krska, &
Schuhmacher, 2007; Galaverna, Dall'Asta, Mangia, Dossena, &
Marchelli, 2009; Seefelder, Knecht, & Humpf, 2003).

Understanding that there are hidden fumonisins in raw maize
suggests that the total content of fumonisins might be under-
estimated if the sample is inappropriately prepared before under-
taking a chromatographic analysis. Several authors have reported
the use of an alkaline hydrolysis step to prepare food samples to
determine the total content of fumonisins (Dall'Asta, Galaverna,
Aureli, Dossena, & Marchelli, 2008; Kim et al., 2003; Park, Scott,
Lau, & Lewis, 2004). The unesterified polyols obtained from FB1
and FB2 after the alkaline hydrolysis are called hydrolyzed FB1
(HFB1) and hydrolyzed FB2 (HFB2), respectively (Galaverna et al.,
2009; Park et al., 2004). Hidden fumonisins are indirectly
measured as the difference between total fumonisins estimated by
the hydrolyzed forms and free forms (Park et al., 2004). In 2011, the
Brazilian Health Surveillance Agency (ANVISA), proposed a
maximum tolerated level (MTL) for FB1 þ FB2 of 2500 mg/kg for
maize flour, maize cream, fub�a, flakes, canjica, and canjiquinha, and
2000 mg/kg for maize starch and maize based products (Brasil,
2011). Starting in 2014, ANVISA proposed an MTL for raw maize
intended for further processing of 5000 mg/kg. All of these regula-
tions are recent and none of them address hidden fumonisins. The
aim of this study was to determine the total concentration of
fumonisins based on the levels of HFB1 and HFB2, free FB1 and FB2,
and hidden fumonisins in raw maize samples. Moreover, it was
propose the use of a correlation equation as a predictive model to
estimate the concentration of total fumonisins in samples that have
already been analyzed.

2. Material and methods

2.1. Chemicals and Certified Reference Material

Purified FB1 and FB2 standards were purchased from Sigma-
eAldrich (S~ao Paulo, Brazil). Potassium hydroxide, formic acid, and
all solvents used (LC Grade), were purchased from J.T.Baker (S~ao
Paulo, Brazil). Ultra-purewater was obtained from aMilli-Q System
(Millipore, USA). Maize flour contaminated with FB1 (591 mg/kg)
and FB2 (305 mg/kg) was provided by the Food Analysis Perfor-
mance Assessment Scheme (FAPAS) (Certified Reference Material
(CRM) number 2287) and used to evaluate the accuracy of the FB1
and FB2 measured and the sum of FB1 and FB2. HFB1 and HFB2
standards were prepared by alkaline hydrolysis following the
technique described by Dall'Asta et al. (2008).
2.2. Samples

Seventy-two naturally contaminated maize samples were
collected from different locations in the state of Rio Grande do Sul,
Brazil, between 2012 and 2013. Samples were automatically
collected following the sampling protocol published by Mallmann
et al. (2013). At the laboratory, samples were ground in a ZM 200
ultra-centrifugal mill (Retsch, Germany) and partitioned with a PT
100 sample divider (Retsch, Germany). The analysis of free FB1 and
FB2, and HFB1 and HFB2 were performed in duplicate.

2.3. Analysis of free fumonisins (FB1 and FB2)

Ten grams of maize sample was ground through a 2.0 mm
screen and extracted with 50 mL water/acetonitrile (1:1, v/v) for
5 min in a high-speed blender. The extract was then filtered. An
aliquot of 20 mL was diluted in a 1% formic acid acetonitrile/water
solution (1:1, v/v) before liquid chromatography-mass spectrom-
etry (LC-MS/MS) analysis.

2.4. Analysis of hydrolyzed forms (HFB1 and HFB2) and total
fumonisins (HFB1 þ HFB2)

Ten grams ofmaize samplewere ground through a 2.0mmscreen
and submitted to alkaline hydrolysiswith 100mL of KOH2Mat room
temperature for 10 min in a high-speed blender. After blending,
100mL of acetonitrile was added and stirred for 30min in a shaker at
80 rpm. An aliquot of 15 mL was dried under nitrogen flow and
resuspended in 1.5 mL of 1% formic acid acetonitrile/water solution
(1:1, v/v). After resuspension, the sample was filtered with a 0.45 mm
filter and analyzed by LC-MS/MS. The concentration of total fumo-
nisins was determined based on the analysis of the hydrolyzed forms
after alkaline hydrolysis preparation (Dall'Asta et al., 2008). The
content of hidden fumonisins was estimated based on the difference
between total and free fumonisins (Kim et al. 2003; Park et al. 2004).

2.5. Liquid chromatography-mass spectrometry method (LC-MS/
MS)

Free and hydrolyzed fumonisins were determined using the
HPLC Agilent 1200 (Agilent Technologies Inc., USA) equipped with
an API5000 triple quadruple mass spectrometer with an electro-
spray source (AB Sciex, Canada). The LC column was a Zorbax® C18,
150� 4.6 mm, 5 mm (Agilent Technologies Inc., USA) columnwith a
C18 pre-column cartridge, run under a flow rate of 0.8 mL/min, at a
column temperature of 40 �C, and an injection volume of 5 mL. A
gradient elution was performed using water (eluent A) and aceto-
nitrile (eluent B) both acidified with 1% formic acid: 0e3.5 min
isocratic step 35% B; 3.5e6min to 70% B; 6e8min isocratic step 70%
B; a re-equilibration step at 35% B for 2 min to return to the initial
condition. The MS source dependent parameters were: curtain gas
(CUR) 20 L/min; collision-activated dissociation gas (CAD) was set
to medium; source temperature 650 �C, dry gas 1 (GS1) 50 L/min,
dry gas 2 (GS2) 45 L/min, and the spray voltage was set to 5500 V.
Detection was performed in positive mode (ESIþ) using a multiple
reaction monitoring (MRM) mode, by monitoring two transitions
for each analyte, the primary transition was used for quantification
and the second transition was used for confirmation (Table 1).

2.6. Method performance parameters

Performance parameters were evaluated using the standards
from the Commission of the European Communities (Commission,
2002). For the free forms, the amounts of spiked fumonisins in a
sample were determined as described in Section 2.3. For the bound



Table 1
Retention time and compound dependent parameters for LC-ESI-MS/MS analysis of free and hydrolyzed fumonisins.

Compound Retention time (min) Precursor ion (m/z)[MþH]þ Declustering potential (V) Product ions (m/z)a Collision energy (V)a Cell exit potential (V)a

FB1 3.5 722.5 160 334.4/704.4 57/43 18/20
FB2 7.1 706.5 160 336.4/688.4 51/41 18/20
HFB1 2.7 406.5 140 334.5/370.5 33/30 21/21
HFB2 6.8 390.5 140 318.5/354.5 32/26 25/28

a Numerical values are given in the order quantifier/qualifier ion.
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forms, the spiked samples underwent the alkaline hydrolysis pro-
cedure and then the hydrolyzed forms were determined. For all of
the compounds linearity and calibration curves were evaluated
based on the calibration curve at six concentration levels ranging
from 125 to 10,000 mg/kg. The method accuracy, defined as percent
recovery (%), and precision, defined as percent of coefficient of
variation, were evaluated using experiments to measure the re-
covery of fumonisins spiked into blank maize samples at three
different concentrations (125; 2000 and 10,000 mg/kg) that covered
the linear range, seven samples per level, on three different days by
two different analysts. Detection limits (LODs) and quantification
limits (LOQs) were estimated by spiking the blank maize samples
with each analyte (FB1, FB2, HFB1, and HFB2). The LOD and LOQwere
calculated at a signal to noise ratio of 3:1 and 10:1 respectively. A
simple correlation was used to assess the relationship between the
levels of free and total fumonisins obtained from themaize samples
and a predictive equation was proposed. The predictive equation
was applied to results obtained from raw maize samples analyzed
for free FB1 and FB2 over the last four years (2010e2013) at the
Laborat�orio de An�alises Micotoxicol�ogicas located at Universidade
Federal de Santa Maria (LAMIC/UFSM). The number of samples
analyzed by year was 3,790, 4,965, 3,643, and 2285 respectively.

2.7. Statistical analysis

The results of the total free fumonisins and total fumonisins
after hydrolysis were compared by Tukey's test (P � 0.05) within
samples. The data were also submitted to simple correlation anal-
ysis to verify the association between free and total fumonisins. A
predictive equation was proposed to estimate the total amount of
fumonisins based on the amount of free (FB1þ FB2) fumonisins.
Statistical analysis was performed using the Statgraphics Centurion
computer statistical program (Statgraphics Centurion 15.2.14,
Manugistics Inc., Rockville, MD, USA).

3. Results and discussion

3.1. Method performance parameters

The accuracy of the technique used to measure fumonisins was
evaluated using recovery experiments (purified analytes in blank
maize) and the CRM sample. For the recovery experiments the
intra-day precision for FB1, FB2, HFB1, and HFB2 were 98.8, 99.2,
91.2, and 93.2, respectively. According to the commission decision
2002/657/EC for experiments adding purified standards to samples
at levels >10 mg/kg, the recovery range established must be be-
tween 80% and 110%. Thus, ourmeasured recovery rates fall into the
appropriate range. The results for the CRM of maize were reported
as z-scores. For the sample results to be considered in agreement
with the established reference compound, the scores had to be
between �2.0 and 2.0. For the reference maize sample, the z-scores
for FB1 (0.4), FB2 (0.3), and FB1 þ FB2 (0.4) were within this range.
The precision of the method was evaluated using the percent co-
efficient of variation (CV(%)). The inter-day precision results for FB1,
FB2, HFB1, and HFB2 were 1.6, 2.5, 6.4, and 7.2, respectively. The
commission (2002) states that the CV(%) must be below the level
calculated by the Horwitz equation. For the fumonisin levels used
in this study, the CV(%) recommended is 21.8 (125 mg/kg), 14.4
(2000 mg/kg), and 11.3 (10,000 mg/kg). All of the results from the
recovery experiment were in accordance with this standard. The
detection limits and quantification limits were 10/125, 20/125, 35/
125, and 40/125 mg/kg for FB1, FB2, HFB1, and HFB2 respectively.

3.2. Analysis of free and hidden fumonisins in maize samples

In all of the samples analyzed the concentration of total fumo-
nisins was higher than free fumonisins. The concentration of total
fumonisins was calculated based on the sum of HFB1 and HFB2 The
levels of total fumonisins (HFB1 þ HFB2) and total free fumonisins
(FB1 þ FB2) measured in each maize sample were compared using
the Tukey's test and in all cases, they were significantly different
(P� 0.05). The increase in the concentration of fumonisins is due to
the release of hidden forms during the hydrolysis procedure. Six
samples (8%) were thought to be free of fumonisins; however
following hydrolysis, the concentration of total fumonisins was
greater than zero. This is interesting because FB1 has low
bioavailability and absorption at gastrointestinal level, and this may
explain the occurrence of toxic effects even when feed contami-
nated with low doses is consumed (Marasas, Miller, Riley, &
Visconti, 2000; Shier, 2000). The presence of hidden fumonisins,
even in maize samples that lack free fumonisins, could support the
hypothesis that fumonisins associated with carbohydrates and
proteins (like the hidden fumonisins) can be preferentially absor-
bed, and then return to the free form and cause toxic effects
(Dall'Asta et al., 2008).

The ranges of concentrations of total fumonisins (HFB1 þ HFB2)
found in this study were 1.5e3.8 times the concentration of free
FB1 þ FB2. Hidden fumonisins were also present in all analyzed
samples at a range of concentrations between 0.5 and 2.0 times the
concentration of free fumonisins. When the measured amount of
total free fumonisins (FB1 þ FB2) was compared with the MTL
allowed by ANVISA (5000 mg/kg), 19 samples (26%) exceeded the
suggested regulations. However, if the total concentration of
fumonisins, including the hidden fumonisins was considered, the
number of samples that exceeded the suggested regulations
increased to 56 samples (78%). This represented a 52% increase in
the number of samples that were not recommended for con-
sumption. The established MLT is based on concerns regarding the
toxicological effects caused by mycotoxins in humans and animals.
A newMLT should be considered if the presence of hidden forms of
fumonisins can be estimated for regulatory purposes (Berthiller
et al., 2009; Wagacha & Muthomi, 2008).

Based on the results of free fumonisins (FB1 þ FB2) and total
fumonisins (HFB1 þ HFB2) obtained from the 72 samples in this
study, a correlation equation was established to predict the total
concentration of fumonisins in samples based on the results on the
free fumonisins analysis (Fig. 1). Analysis of the free forms of FB1
and FB2 is routinely performed in many laboratories, it is higher
throughput, cheaper, and less time consuming than analyzing the
hydrolyzed forms (Dall'Asta, Mangia, et al., 2009; Kim et al., 2003;



Fig. 1. Correlation between the concentration of free (FB1 þ FB2) and total
(HFB1 þ HFB2) fumonisins based on the determination of hydrolyzed forms in
raw maize samples. The equation for this correlation was: Total
fumonisins¼ (0.8583 þ 0.5615*Free fumonisins)̂ 2; R ¼ 0.97.

Fig. 2. The relationship between contamination by free fumonisins and the estimated
total fumonisins in maize samples from the LAMIC/UFSM database. * Average
contamination of free fumonisins (FB1 þ FB2) ** Estimated total fumonisin concen-
tration. The concentration of total fumonisin for each year was estimated using the
correlation equation in Fig. 1.
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Sulyok, Krska, & Schuhmacher, 2007). Given that six samples that
had no free fumonisins (FB1 þ FB2) had measurable levels of HFB1
and HFB2 after the hydrolysis step, the equation was developed
using the conditions that free fumonisins (FB1 þ FB2) ¼ 0 and total
fumonisins (HFB1 þ HFB2) � 0. Consistent with the findings from
Dall'Asta et al. (2010), who proposed a linear correlation model to
predict the total amount of fumonisins, our study found a strong
positive correlation between the amount of free fumonisins forms
and the amount of total fumonisins our study found a strong pos-
itive correlation between the amount of free fumonisins forms and
the amount of total fumonisins (R ¼ 0.97 and P ¼ 0.00). The final
correlation equation was: Total fumonisins¼ (0.8583 þ 0.5615*Free
fumonisins)̂ 2.
3.3. Retrospectively estimating the total fumonisin concentration in
maize samples from 2010 to 2013

The correlation equation was applied to data regarding fumo-
nisin contamination in maize stocks retrieved from the LAMIC/
UFSM database. The average contamination from free fumonisins
over the previous four years (2010e2013) was used to estimate the
average concentration of total fumonisins contamination by year
(Fig. 2). In 2010, the amount of total fumonisins was estimated to be
2.4 times the amount of free fumonisins. The total level of fumo-
nisin contamination estimated decreased in 2011 (2.02-times) and
2012 (1.94-times) compared to the concentration of free fumoni-
sins. However, in 2013, an increase for total fumonisins from 2012
was observed from 1.94-times to 2.02-times the amount of free
fumonisins. These results indicated that the occurrence of hidden
fumonisins was directly proportional to the occurrence of free
fumonisin.
4. Conclusion

The performance parameters of the analytical methods used to
quantify FB1, FB2, HFB1, and HFB2 met the standards in commission,
(2002). The amount of hidden fumonisins occurring in raw maize
samples was strongly correlated with the amount of free fumoni-
sins. Thus, if only measure the level of free fumonisins, it can expect
to underestimate the overall risk of fumonisin exposure. While
most of the samples analyzed did not exceed the limits for
fumonisins in Brazil, this did not account for the hidden forms of
fumonisins that were not considered in regulatory limits.
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