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a b s t r a c t

Mycotoxins are a ubiquitous contaminant and are difficult to prevent or to diminish; it is, therefore,
important to establish the contributions of processing steps to eliminating mycotoxins in the production
of safer foods. The objective of this study was to investigate the effects of wheat cleaning, sorting, and
milling processes on Fusariummycotoxin distribution in two naturally contaminated wheat cultivars. The
study focused on evaluating the effects of first-stage processing methods, cleaning, and gravity separator,
on wheat mycotoxin content. The distribution of Fusarium mycotoxins was analyzed after two milling
processes. Firstly, a Laboratory Mill 3100 was used to obtain the whole milled wheat. Secondly, a pilot-
scale mill Quadrumat Senior was used to get wheat milled fractions (finished flour and bran). Wheat
samples (BRS Parrudo and BRS 374) were collected during the 2014 season that were highly vulnerable to
Fusarium outbreaks in Southern Brazil. Fusarium toxin (DON, 3-ADON, 15-ADON, NIV, and ZON) levels
were determined for all milled fractions via chromatography (UHPLC-MS/MS). The cleaning and sorting
methods employed post-harvest significantly reduced the mycotoxin content in wheat. The reduction of
mycotoxin was progressive through each processing method, and the gravity separator equipment
resulted in the lowest contamination levels in products intended for human consumption for both
cultivars. Through the milling process, the DON contamination in finished flour was significantly lower
than in milled wheat; however, there were no significant differences in contamination between the
milled wheat and bran. The cleaning and sorting methods for both wheat cultivars generated safer foods
when compared with unsorted wheat samples (BRS Parrudo and BRS 374).

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

Wheat is one of the most important staple grains in the world
and is mainly used in human food. The economic and social sig-
nificance of wheat is derived from its broad production and supe-
rior ability to generate diverse foods (McFall & Fowler, 2009).
Wheat trade is based on grading and classification standards, which
are focused on physical characteristics and, mostly, milling quality
parameters. Thus, foreign material, shriveled and broken grains,
damaged kernels, and other defects are important in determining
whether wheat grade meets official regulations.

The current wheat demand in Brazil is approximately
12.2 million tons per year, of which 410,000 tons are seeds, and
11.8 million tons are used for industrial milling in over 200
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operation mills (De Mori & Ignaczak, 2011). Wheat flour is used in
the following derivatives markets: baking (55.3%); pasta (14.1%);
biscuits (10.1%); household use (7.7%); and other segments (12.8%)
(De Mori& Ignaczak, 2011). Additionally, whole wheat flour is used
as a raw material for diverse products like breads, pasta, biscuits,
pizza dough, confectionery, and pastries. Whole wheat flour is
obtained by milling the whole wheat grain, including bran, germ,
and endosperm. White wheat flour is made from the endosperm
only.

Fusarium head blight (FHB), a disease caused by Fusarium gra-
minearum species complex is a major concern in wheat production
worldwide not only because of grain yield losses but also due to the
presence of dangerous mycotoxins in harvested grain (McMullen
et al., 2012). Deoxynivalenol (DON), a type-B trichothecene, is the
most significant mycotoxin of concern, not only because of its
widespread occurrence but also because of its high levels in wheat
grains. Wheat used for human consumption in Brazil may contain
one or more Fusarium mycotoxins, with deoxynivalenol (DON)
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Nomenclature

DON Deoxynivalenol
ZON Zearalenone
NIV Nivalenol
3-ADON 3-Acetyl-deoxynivalenol
15-ADON15-Acetyl-deoxynivalenol
FHB Fusarium Head Blight
FDK Fusarium damaged kernels
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being the most prevalent (Del Ponte et al., 2015). Nivalenol (NIV)
and Zearalenone (ZON) were also reported, although with lower
frequencies. Many factors influence mycotoxin accumulation dur-
ing the growth season, such as weather, crop rotation, tillage,
resistance of the cultivar and chemical control with fungicides.

Many countries have established maximum permitted levels for
the most prevalent Fusarium mycotoxins in cereals and cereal by-
products, for example, United States of America (Food and Drug
Administration, 2010), Canada (Health Canada, 2015), Europe
(Cheli, Battaglia, Gallo, & Dell'Orto, 2014) and Brazil (ANVISA, 2011;
2013). Most mycotoxins are inherently stable natural chemicals, but
cleaning, sorting, milling and different processing methods can
alter their concentrations (Scudamore, 2008). Therefore, experi-
mental evidence describing the effects of the different physical
processing stages is relevant and has a practical application for
wheat production.

In the post-harvest, first-stage physical methods are used to sort
and clean the grains based on kernel uniformity, weight, size and
shape. The food processing steps can affect the mycotoxin levels
and distribution, but details of these effects remain unclear (Milani
& Maleki, 2014). The main factors that influence the effect of pro-
cessing are the initial condition of the grain (size distribution and
moisture content), the combine harvester settings, the type and
Fig. 1. Schematic flow diagram of grain cleaning, sorting a
extent of contamination and the cleaning/sorting methods (Cheli,
Pinotti, Rossi, & Dell'Orto, 2013; Edwards et al., 2011).

In post-harvested wheat, the most commonly used cleaning
process is based on the use of air and sieve. Usually, pre-cleaning
and cleaning processes are used in commercial wheat milling
processing. A gravity separator is mainly used for the selection of
the wheat seeds. In the milling process, mycotoxins tend to
concentrate in the outer fractions intended for animal feed (bran,
flour shorts screenings andmiddlings) and are reduced in the inner
fractions (flour or semolina) (Cheli et al., 2013).

Due to the high impact of FHB in wheat and its by-products,
understanding the factors that influence the distribution of myco-
toxins in the post-harvest processes is critically important to define
in advance the final quality of wheat lots, based on their initial
levels of contamination. The objective of this study was to evaluate
the effect of wheat cleaning, sorting and milling processes on
mycotoxin distribution in two wheat cultivars naturally contami-
nated with Fusarium mycotoxins.
2. Methodology

2.1. Sampling

Grain samples from the 2014 crop season of wheat cultivars BRS
Parrudo and BRS 374 were obtained from 30 to 5 ha commercial
fields, respectively. The geographical origin of these cultivars were
Passo Fundo, located in Rio Grande do Sul State (28�13030.200S
52�24031.900W) in the Southern region of Brazil. The post-harvest
processes were carried out at grain storage unit of Embrapa Prod-
ucts and Market, located in Passo Fundo/RS. The amount of the
initial uncleaned wheat was 52,100 kg (BRS Parrudo) and 5440 kg
(BRS 374). For each step (freshly harvested kernels, air screen
cleaning, and gravity separation), a 10 kg random sample was
extracted. In Fig. 1, the workflow of sampling selection is depicted.

The wheat cultivar BRS Parrudo is of bread-making quality,
short, responsive to nitrogen fertilization and moderately resistant
nd milling processes with sampling points identified.



Table 1
Wheat lots physicalechemical characteristics.

Wheat lots Cultivar Thousand kernel weight (g) Test weight Protein content (%) Moisture content (%)

Uncleaned BRS Parrudo 28.23 71.57 14.40 10.93
Cleaned BRS Parrudo 31.97 73.33 14.27 11.27
Gravity separator BRS Parrudo 33.67 76.42 14.43 11.13
Uncleaned BRS 374 27.83 70.52 12.93 9.63
Cleaned BRS 374 27.66 71.78 12.73 10.83
Gravity separator BRS 374 32.93 74.97 12.83 10.90
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to fungal diseases, including FHB (Caier~ao, Scheeren, Silva,& Castro,
2014). The wheat cultivar BRS 374 belongs to the soft wheat class is
short and is susceptible to FHB (Caier~ao et al., 2013).

Thousand kernel weight (TKW) corresponds to the weight of a
thousand units of grain, and it is classified as follows: very large
(over 55); large (46e54); medium (36e45); small (26e35) and very
small (15e25). Test weight is the mass of 100 L of wheat expressed
in kg/Hl and is classified as follows: extra heavy (up to 84); very
heavy (80e83); heavy (76e79); medium (72e75); light weight
(68e71); very light (64e67), and extra light (60e63).

The moisture and protein content were determined by Near
Infrared Reflectance Spectroscopy (NIR instrument FOSS XDS e

RCA, Hoganas, Sweden), for all samples. The yield of flour is the
amount of flour extracted per unit of wheat milled. The yields of
flour obtained from BRS Parrudo wheat in the milling process were
33.2%, 34.2% and 36.6%, respectively, for treatments 1 to 3. For BRS
374 the yields of flour were 37.1%, 40.4% and 42.13%, for uncleaned,
cleaned and gravity separator samples.

Table 1 summarizes the wheat cultivars physicalechemical
characteristics.

2.2. Cleaning and sorting

The three treatments applied in this study were characterized as
the following:

1 Uncleaned (raw harvested crop): the samples were manually
cleaned to discard large foreign materials, such as stones and
straws.

2 Cleaned (Air screen cleaner e Kepler Webber, model: LC 160-1,
Panambi/RSe Brazil): the samples were obtained after the stage
of air and sieve, which discarded screenings (shriveled, broken
and damaged kernels). The adjustments of the sieves were as
follows: 1st 6 mm round; 2nd 1.75 mm oblong; 3rd 5 mm
round; and 4th 2 mm oblong.

3 Gravity separator (SILOMAX, model: SDS 60, Rolândia/PR e

Brazil): the selection was based on kernel size and density such
that the Fusarium damaged kernels (FDK) were segregated from
sound kernels by their lower relative density.

After these processing stages, wheat samples were milled, and
the fractions were analyzed for mycotoxin content. First, the
reduction of Fusarium mycotoxins due to cleaning and sorting was
determined (whole milled wheat samples). Then, the effect of
milling on the distribution of mycotoxins in the fractions (finished
flour and bran), was analyzed.

2.3. Milling

Wheat samples (1000 g) were milled in the Laboratory Mill
3100® (Perten, Sweden) to obtain the milled whole wheat fraction.
The same set of samples, composed of 5000 g, were conditioned to
14%moisture content (weight andmoisture content measured) and
milled using a pilot-scale mill Quadrumat Senior® (Brabender,
Germany) with a standard setting for wheat (AACC, 2000). This mill
simulates the industrial milling process and recovers approxi-
mately 98% of wheat fractions. The mill produced the following
fractions: one breaking flour, one reduction flour and two outer
layer fractions (bran and shorts).

The following fractions were collected for mycotoxin analysis:
finished flour (reduction and breaking flour) and bran (shorts and
bran). Each fraction was weighed and mixed before the separation
of 200 g for mycotoxin analysis. All the collected sets of samples
were sent for mycotoxin quantification at a reference laboratory
(Samitec, Santa Maria/RS).

2.4. Mycotoxin analysis

DON and its acetylated derivatives (15-ADON and 3-ADON),
nivalenol and ZON contents were determined by ultra high-
performance liquid chromatography-tandem with triple quadru-
pole mass spectrometry (UHPLC-MS/MS). The extraction, clarifi-
cation and derivatization methodology is fully automatized,
developed and validated in-house using the method described in
Varga et al. (2012). The laboratory presents the following limits of
quantification and recovery: for DON, 200 mg kg�1 and 80%; for 15-
ADON, 3-ADON and NIV, 100 mg kg�1 and 91%, 87% and 74%,
respectively; finally, for ZON, the limits of quantification/recovery
were 20 mg kg�1/85%.

2.5. Statistical analysis

The response variable, DON content, was compared with bulked
samples collected prior to any cleaning, after cleaning and after
sorting methods. This study followed a sequential designwith fixed
endpoints. The data were subjected to an analysis of variance
procedure using a particular contrast matrix to test pairwise
equality of means. Statistical analysis was performed using the
computing environment R, a free software environment for sta-
tistical computing and graphics (R Core Team, 2015). The data of the
both cultivars were treated together in the ANOVA test.

Results regarding DON levels in milled wheat and in milling
fractions were reported as the mean of three repetitions. The
parameter Distribution Factor, previously published in Cheli et al.
(2010), was adopted to express the overall reduction or increase
in DON content in eachmilled fraction compared to their respective
contents measured in milled wheat. This parameter was expressed
as a percentage and it was calculated as the ratio between myco-
toxin content in processed fractions and its content in unprocessed
whole wheat.

3. Results

In our study, the mycotoxins DON and ZON were present in the
samples obtained from the wheat cultivars BRS Parrudo and BRS
374. However, ZON was only detected in samples from freshly
harvested wheat for both cultivars. The DON acetylated derivatives
(15-ADON and 3-ADON) and nivalenol were not detected in any
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sample. In the statistical analysis, only DON contamination values
were used as a response variable (Table 2).

In freshly harvested grains obtained from both wheat cultivars,
DON was detected in all wheat milling fractions. In the milled
wheat fraction, DON contamination mean values decreased from
2038.33 to 515.33 mg kg�1 (BRS Parrudo) and from 4079.60 to
454.00 mg kg�1 (BRS 374) after cleaning and sorting methods
(Fig. 2). The DON distribution in the different fractions sampled
along the post-harvest processes were reported in Fig. 2. Therefore,
from the obtained data a mean reduction of DON contamination of
57%, was observed in finished flour for both cultivars; and an in-
crease of DON levels of 117% was registered in bran, for cultivars
BRS 374 and BRS Parrudo.

The cleaning methods assisted by sieving, high air pressure and
gravity separator were all efficient in removing Fusarium damaged
grains and foreign material. The relative amount of discarded grain
was 28.02% and 32.91%, respectively, for BRS Parrudo and BRS 374.
It was not possible to obtain an accurate mass balance for each step
of the cleaning/sorting equipment due to that continuous pro-
cessing of the samples post-harvest.

As a whole, the removal of Fusarium damaged kernels by
cleaning had a significant (P < 0.001) effect in reducing DON
contamination (Table 2). Passing freshly harvested grains through
Table 2
Analysis of variance (ANOVA).

Source of variability DF F-value Pr(>F)a

Treatment 2 34.936 3.69e-09***
Air screen cleaner vs uncleaned 1 38.304 3.89e-07***
Air screen cleaner vs gravity separator 1 31.567 2.25e-06***
Wheat by product 2 5.538 0.00800**
Wheat bran vs milled wheat 1 0.836 0.36674
Wheat flour vs milled wheat 1 10.241 0.00287**
Treatment: product 4 1.485 0.22699

a Significance levels: ‘***’ <0.001, ‘**’ 0.01, ‘*’ 0.05, ‘.’ 0.1 and ‘ ’ 1 not significant.

Fig. 2. Effects of cleaning, sorting and milling processes on deoxynivalenol levels in millin
represent the distribution factors (%), in milled wheat and in milling fractions.
an air screen cleaner reduced DON contamination significantly
(P < 0.001) in BRS Parrudo and BRS 374 cultivars. In addition, a
further significant (P < 0.001) reduction was observed after the
gravity separation for both cultivars (Table 2).

DON contamination levels varied significantly (P < 0.01) among
wheat byproducts such as milled wheat, wheat bran and wheat
flour (Table 2). There was a significant difference in DON contam-
ination values between wheat flour and milled wheat; however,
wheat bran and milled wheat DON levels did not differ statistically
(Table 2).

4. Discussion

In the Brazilian state of Rio Grande do Sul, the 2014 wheat
growing season (MayeOctober) was negatively affected by factors
associated with extreme weather conditions, which undoubtedly
contributed to reduced grain yield and quality. The frequent num-
ber of days with excessive moisture associated with warmer tem-
peratures at the heading stage of wheat crop development favored
fungal diseases such as Fusarium Head Blight. As a result, surveys
carried out on freshly harvested wheat crop revealed a widespread
contamination of mycotoxins.

The most efficient strategy for controlling FHB in wheat is
through the development of resistant cultivars (Kenzhebayeva
et al., 2014). Cultivating commercially available cultivars that
were moderately susceptible to mycotoxins decreased the DON
content to 24 ± 7% compared with susceptible cultivars (Beyer, Klix,
Klink, & Verreet, 2006). Hence, careful selection of cultivar is
currently the most efficient agronomic method to decrease DON
contamination levels in wheat. In our study, the FHB susceptible
cultivar (BRS 374) accumulated twice as much DON as the moder-
ately resistant cultivar (BRS Parrudo) in the milled wheat fraction.
The Fusarium susceptibility period (flowering time) was similar
for both cultivars BRS Parrudo (September 25) and BRS 374
(September 29).
g fractions from BRS 374 and BRS Parrudo wheat cultivars. Numbers above the bars
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In the post-harvest, the physical processes of sorting, cleaning,
aeration, debranning and milling determine the separation of my-
cotoxins in wheat fractions. In our study, cleaning and sorting
significantly reduced mycotoxins in wheat and its by-products. In
the Brazilian wheat trade, cereals usually undergo a pre-cleaning
stage after harvest and prior to storage in cooperatives or by pri-
mary collectors. Sometimes, prior to the milling process, wheat lots
are cleaned again at the commercial mills.

The cleaning method contributed to mean DON reduction of
approximately 500 mg kg�1 in milled wheat samples in the BRS
Parrudo cultivar (Fig. 2). This reduction was greater in the BRS 374
cultivar, where the mean DON content decreased by more than
3000 mg kg�1 in milled wheat samples (Fig. 2). For the BRS 374
cultivar, the cleaning method was the most efficient process for
mycotoxin reduction. Only in the uncleaned samples did the DON
content exceed Brazil's acceptable limit for human consumption
(ANVISA, 2011).

Previous studies reported that cleaning processes are highly
variable in reducingmycotoxin content. Cheli et al. (2013) reviewed
the effect of physical and mechanical processes and reported that
the concentration of mycotoxins in cleaned wheat can vary from 7
to 63% for DON, from 7 to 100% for NIV and from 7 to 40% for ZON,
when compared with uncleaned wheat. Edwards et al. (2011) re-
ported a significant mycotoxin content reduction of 7% in cleaned
wheat comparedwithwholewheat. Considering the initial levels in
uncleaned wheat grain, reductions of DON contamination by 30%,
66% and 63% were observed in cleaned wheat, peeled wheat and
semolina, respectively (Brera et al., 2013). A vigorous cleaning
method resulted in a 50% reduction of DON in wheat in a breakfast
cereal industry, although this varied considerably between con-
signments (Scudamore& Patel, 2008). The cleaning of wheat grains
resulted in a decrease in DON to 20e30% (w/w) of the original raw
matter content (Kostelanska et al., 2011).

Our study shows that the gravity separator was the most
effective physical method to decrease DON contamination in
finished flour in BRS Parrudo cultivar (Fig. 2). The main application
of gravity separator is to select quality wheat seeds. The benefit that
gravity separation has to human health is also relevant, precisely
when processing wheat with high mycotoxin contamination, as
was found during the 2014 season. This sorting process is partic-
ularly useful when the goal is to produce whole wheat by-products,
and should therefore not be ignored. Whole wheat by-products are
enhanced nutritional and functional human foods that are mainly
comprised of milled wheat. Baby foods are another stringent
market where the levels of wheat mycotoxins must remain low
(<200 mg kg�1 for DON) and could benefit from employing this
sorting method.

In our study, the milled wheat and bran fractions presented
similar levels of DON and ZON. The finished flour fraction exhibited
the lowest DON levels and differed statistically from the other
fractions in all treatments (uncleaned, cleaned and gravity sepa-
rator). ZON concentration was slightly lower in finished flour but
did not appear to have a significant difference among the other
wheat fractions (milled wheat and bran) (data not shown).

Pinson-Gadais et al. (2007) reported that the penetration of toxi-
genic Fusarium spp. into the interior of durum wheat kernels were
demonstrated for the Nefer variety, indicating that none of the tissue
structures within the wheat kernel acted as an effective barrier to
fungal invasion. Moreover, after inoculation with toxigenic Fusarium
strains, semolina was shown to allow high yields of trichothecenes
whilebranwas found to containbiochemical inhibitors thatwereable
to reduce significantly trichothecene production.

Tibola, Fernandes, Guarienti, and Nicolau (2015) reported that
the DON concentration was significantly higher in bran compared
with milled wheat and finished flour, with DON levels lower than
1000 mg kg�1. For the higher levels of DON contamination obtained
by artificial contamination, the finished flour presented lower
levels of DON comparedwithmilledwheat, although this reduction
was inadequate to meet the current Brazilian regulation limits for
human consumption (1750 mg kg�1). Edwards et al. (2011) obtained
a DON reduction of 22% in flour and an increase of 162% in bran
during the 2005 crop season compared with cleaned wheat
(1208.6 mg kg�1) using a pilot-scale mill. In Japan, the relative
concentration of DON in semolina was 60% and 180% in bran in
comparison to the initial levels for whole milled wheat. In addition,
levels were uncorrelatedwith the time throughout the four years of
the experiment (Nishio et al., 2010).

Similar to our results for the BRS Parrudo cultivar, Kostelanska
et al. (2011) reported a 62% reduction in DON mycotoxin in
finished flour and 60% in bran fractions compared with unpro-
cessed wheat. Cheli et al. (2010) obtained significantly higher DON
concentrations in bran (104.42 mg kg�1) than in semolina
(41.20 mg kg�1) in conventional wheat milling process, in accor-
dance with our results for the BRS 374 cultivar.

This study contributes to the field's development of the wheat
production chain to best comply with current and future legislation
levels about reducing the exposure of consumers to mycotoxin
contamination. However, the reduction of Fusarium mycotoxins
cannot always rely on initial post-harvest processing stages
because latent infections do not always affect the grain quality and
appearance. More studies should be performed with other cultivars
and different levels of fungal infection.

5. Conclusion

Cleaning and sorting methods contributed to a reduction in the
mycotoxin content of industrial wheat by-products. Cleaning and
gravity separator methods were effective in the reduction of
deoxynivalenol in both wheat cultivars (BRS Parrudo and BRS 374).

The milling fractions intended for human consumption
presented lowermycotoxin levels comparedwithmilledwheat and
bran fractions.
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