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Abstract

Soy products are a main component of animal feed. Because mycotoxins may harm
farm animals, undermining productivity and health, a mycological and toxigenic
screening was carried out on 36 batches sold for feed use, collected in 2008, 2009 and
2010 in Italy. The investigated mycoflora of a subset of soy seed (n=6) suggested that
Aspergillus spp. and Fusarium spp. frequently colonize soy seeds. Aflatoxins,
fumonisins and deoxynivalenol were detected in 88.9%, 72.2% and 30.6% of samples,
respectively. Co-occurrence of at least two toxins was observed in 72% of cases. The
molecular analysis of the Fusarium spp. population identified Fusarium verticillioides as
potential producers of fumonisins, but no known deoxynivalenol producers were
detected. It is suggested that the widespread presence of toxins can be due to non-
optimal storing conditions of the feed. Moreover, our results suggest that mycotoxin
thresholds should be adapted to consider the frequent case of toxin co-occurrence. This

approach would better reflect the real toxigenic risk of feedstuffs.
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1. Introduction

Mycotoxins are secondary metabolites produced by several fungi mainly belonging to
the genera Fusarium, Aspergillus and Penicillium. Their global occurrence is considered
to be a major risk factor, affecting human and animal health. It is estimated that up to
25% of the world’s crop production is contaminated to some extent by mycotoxins
(Diekman and Green, 1992; Fink-Gremmels and Georgiou, 1996; D’'Mello et al., 1999;
Placinta et al., 1999; Larsen et al., 2004; Schollenberger et al., 2007). Mycotoxin
contamination may occur in the field before harvest, during harvesting, or during storage
and processing. Environmental factors such as substrate composition, humidity and
temperature govern the mycotoxin production and thus the degree of contamination of
feed and food commodities. According to their various chemical structure, mycotoxins
have a wide spectrum of toxicological effects. The nature and intensity of these effects
is related to the dose and duration of exposure (Fink-Gremmels, 1999). A major
concern is chronic low-dose contamination that may even remain undetected, but may
result in reduced weight gain, reduced reproduction and increased susceptibility to
infections (Kuiper-Goodman, 1995).

A large number of predominant mycotoxins are produced by the Fusarium fungi,
probably constituting the most prevalent toxin-producing fungi found on cereals in the
northern temperate regions of Europe, America and Asia (Creppy, 2002). There is
compelling evidence for the implication of fusariotoxins in livestock disorders in different
parts of the world. Outbreaks of fusariotoxicoses have been reported for Europe, Asia,

New Zealand and South America. Moreover, chronic intake of these mycotoxins is



reported on a regular and more widespread basis due to continuing global
contamination of cereal grains and animal feed (D'Mello et al., 1999).

The most important fusariotoxins with respect to animal health and productivity are
deoxynivalenol (DON) and fumonisins (FBs) (Placinta et al., 1999). Co-occurrence of
Fusarium mycotoxins (Cote et al., 1985) has also become an important issue, with
complex and indeterminate implications on animal health and welfare (Placinta et al.,
1999).

Exposure to these mycotoxins has been positively linked with a number of specific
syndromes in farm livestock (Caloni and Cortinovis, 2010). In spite of enhanced
awareness of the debilitating effects of these mycotoxins and chronic exposure of farm
animals to DON, the risk of exposure to fusariotoxins has not diminished in the past
years, presenting a continuous hazard in continental Europe, Canada and the USA
(D'Mello et al., 1999).

DON, also known as vomitoxin due to its emetic effects in pigs, is produced principally
by Fusarium graminearum and Fusarium culmorum and is considered to be a major
cause of economic losses due to reduced growth performance. DON exposure is
generally associated with feed refusal, depressed feed intake, and possibly impaired
immune function in many animal species (Morgavi and Riley, 2007). The European
Commission (EC) has published guidance levels for DON in products intended for
animal feed. These guidance values for DON are 8 mg kg in cereals and cereal
products, 12 mg kg? in maize by-products and 5 mg kg in complementary and
complete feeding stuffs with the exception of feeding stuffs for pigs (0.9 mg kg), calves

(<4 months) and lambs (2 mg kg™*) (EC, 2006).



FBs are a group of mycotoxins produced primarily by Fusarium verticillioides and
Fusarium poliferatum. The known forms are FB1, FB2 and FBs, of which in particular FB1
is considered the most common and harmful (Chaytor et al., 2011a). FBs are likely
involved in the incidence of many diseases such as leukoencephalomalacia in horses
and lung edema in pigs, and they are also suspected to be a cause of esophageal
tumors in certain human populations (Richard, 2007; Caloni and Cortinovis, 2010).
Regulatory authorities have established guidance levels for FBs (total including FB1,
FB2 and FB3) in animal feed. These guidance values, concerning complementary and
complete feeding stuffs, are 5 mg kg for horses, rabbit, pigs and pet animals, 10 mg
kgt for fish, 20 mg kg for poultry, calves (<4 months) and lambs and 50 mg kg for
adult ruminants (>4 months) and mink (EC, 2006).

Animal exposure to a mixture of several mycotoxins from commercial feed, derived not
only from Fusarium but also from Aspergillus, has been reported (Binder et al., 2007).
However, the occurrence of single-mycotoxin contamination seems to be rare
(Bracarense et al., 2011). Generally, data on possible interactions between mycotoxins
upon ingestion are poor and often outdated. In the gastrointestinal tract of piglets for
example, four different interactions at different levels of the intestine were reported for
the combined effects of DON and FBa1: synergistic, additive, less-than-additive and
antagonistic effects (Bracarense et al., 2011). An experimental interaction between
aflatoxins (AFs) and DON was reported in broiler chickens, and additive toxicity was
demonstrated on broiler performance and health (Huff et al., 1986).

AFs, a group of mycotoxins able to infect a wide range of crops, are produced by

several different species of Aspergillus, including A. flavus, A. parasiticus, A. nomius, A.



pseudotamarii, A. flavus being the most common. Four different forms of AFs have
been identified, including AFB1, AFB2, AFG1, AFG2 (Chaytor et al., 2011a). AFs cause
liver injury in a wide variety of animal species, and may have effects on production
aspects (eggs, milk and weight gains) and on the immune system. AFs are also
carcinogenic, teratogenic and mutagenic, with AFB1 being the most toxic (Richard,
2007). The limits of AFB1 established by the European Community concerning complete
feeding stuffs, are 20 ug kg for cattle, sheep and goats, 5 ug kg for dairy animals, 10
ug kgt for calves and lambs and 20 pg kg for pigs and poultry (FAO, 2004).

The study of mycological composition of feed may help guiding the detection of toxins
(Pasquali et al., 2010) despite the impossibility to predict the amount of toxins produced,
given the fact that mycotoxin production is linked to different environmental factors such
as climate (Schmidt-Heydt et al., 2011). Few studies have so far focused on the
potential contamination of soy by multiple types of mycotoxins (Jaji¢ et al., 2008). The
aim of this work was to assess the mycotoxigenic risk of soy samples used for animal
feed by a combined study of the mycological composition of soy samples and their toxin

content with special attention to potential co-occurrence of fusariotoxins.

2. Material and Methods

2.1 Sampling and mycological analysis

Feed samples were obtained during 2008-2010 (Supplementary Tables 1). Fifty seeds

were randomly selected, surface sterilized in 0.37% NaOCI (VWR Prolabo, Briar



France) and immersed in 0.1% ‘Tween 20’ (Acros New Jersey, USA) for 10 min before
being dried on sterile filter paper in a laminar flow hood.

In the case of soy flour, 10 g were used and mixed with 1, 10, or 100 ml of water. 1 ml
of each dilution was then used for plating. From the original batch of isolates (Table 1),
a liquid suspension of the soy seed or flour was plated on 20 potato dextrose agar
(PDA) Petri dishes and left at 24 °C for up to 7 days. Colonies were screened according
to their phenotype on PDA. Genus or order attribution was carried out according to
standard taxonomic procedures as described by Nelson et al. (1994) for Fusarium spp.,
Frisvad and Samson (2007) for Penicillium spp., and Bennett (2010) for Aspergillus spp.
The procedure of Fusarium selection carried out for the seed batches listed in Table 2
followed the protocol described by Giraud et al. (2010). After 6-12 days, Fusarium
resembling colonies were transferred to PDA (Merck Darmstadt Germany) and
incubated at 22 + 2 °C for 6 days. Single-colonies were then produced by washing off
spores with sterile deionized distilled water and by serial dilutions on PDA plates.

Spores produced were stored at -80 °C until further use.

2.2 Mycotoxin analysis

Mycotoxin content in the soy samples (Table 3) was determined by ELISA. Samples
were analyzed for the presence of FBs, total AFs and DON using commercially
available quantitative ELISA assay kits. The Fumonisin ELISA Assay (Helica
Biosystems, Inc., Fullerton, California, USA) was used for detection of FBs. AF analysis
was carried out using the MycoMonitor™ Total Aflatoxin Assay (Helica Biosystems).

The measurement of DON was performed with the MycoMonitor™ Deoxynivalenol



Assay (Helica Biosystems). Mycotoxin extraction was achieved by mixing 20 g of the
samples with 40 ml of 90% methanol (VWR International, Milan, Italy) for FBs, 100 ml of
70% methanol for AFs and 100 ml of deionized water from a Milli-Q system (Millipore,
Bedford, MA, USA) for DON. The extract was then filtered through filter paper
(Whatman No.1 - Whatman Inc., Clifton, NJ, USA) and the filtrate was used directly for
AF ELISA analysis, while for FB and DON detection the filtrate was diluted with
deionized water (1:20 and 1:10, respectively). The ELISA procedure was performed
according to the manufacturer’s instructions. The optical density (OD) was measured at
450 nm by an ELISA reader (Labsystems Multiskan Plus, Labsystems, Helsinki,
Finland). A calibration curve using OD values was constructed from five standard
concentrations between 0.1-6 mg kg for FBs, 1-20 ug kg for AFs and 0.5-10 mg kg
for DON. The mycotoxin concentrations in the samples were measured by interpolation

from the corresponding calibration curves.

2.3 Molecular analysis

Fungal cultures from specified seed lots (Table 2) were grown for 5 days in PDB
(Sigma) and DNA was extracted according to the protocol described by Giraud et al.
(2010). The identity of the strains isolated was confirmed by sequencing of the
elongation factor 1a (EF-1a), using primers and PCR conditions as described by Dubos
et al. (2011). The sequences were then blasted using both the Fusarium database
(http://isolate.fusariumdb.org/blast.php) and the NCBI (National Center for
Biotechnology Information) blast tool

(http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Web&PAGE_TYPE=BlastHome), in order



to determine the species. Sequences of EF-1a were analyzed using the CLC main

workbench 6.01 software (CLC BIO, Aarhus, DK).

3. Results

3.1 Fungal characterization

Morphological observations on PDA plates were carried out on an original batch of seed
lots from 2008 (Table 1) in order to guide the potential search for dangerous toxins that
are regulated at the European level. The identification on PDA plates of colonies
resembling Aspergillus and Fusarium species suggested testing for AFs, DON and FBs.

In addition, other potentially mycotoxigenic fungi were identified, such as Pennicilium

spp.

3.2 Mycotoxin contamination

FBs were detected in 30.6% of the samples with an average concentration of 0.4 mg kg-
1. the maximum level recorded was 2.5 mg kg (Table 3). AFs occurred in 88.9% of the
samples at levels ranging from 0.8 to 5.9 ug kg*. The mean AF concentration in the
positive samples was 3 pg kg*. DON was detected at concentrations of up to 6.4 mg kg-
1. 72.2% of the samples were positive for this mycotoxin. Co-occurrence of FBs, AFs
and DON was found in 8.3% of the samples analyzed. The most frequent mycotoxin

combination was FBs+DON (22.2%) followed by FBs+AFs (11%) (Fig. 1).

3.3 Molecular identification



To precisely determine which species of Fusarium were obtained from the isolation
procedure on PDA, monoconidial strains were produced. The partial EF-1a sequences
were obtained from the 19 Fusarium isolates obtained from 4 feed batches. Sequences
were deposited at the NCBI gene bank with accession numbers as specified in Table 2.
All the strains were classified as Fusarium verticillioides, member of the Gibberella
fujikuroi species complex (O’Donnell et al. 1998). No Fusarium species known to be
able to produce DON could be isolated. On the contrary, FBs producers (Gibberella

fujikuroi species complex) were isolated.

4. Discussion

Soy material can be contaminated by various mycotoxins, but systematic investigations
of toxigenicity in soy are lacking. Because soy is a widely used component of animal
feeds, but also employed for human consumption, we explored the level of
contamination of mycotoxins present in soy samples used for animal feed by combining
mycotoxin measures and mycological determination of colonizing fungi.

Fusarium species were reported to infect soybean (Broders et al., 2007; Harrington et
al., 2000), and contamination of soy by fusariotoxins such as DON was shown in Brazil
(Martinelli et al., 2004). In this work, it is suggested that species from the Gibberella
fujikuroi complex are probably the main cause of FB accumulation. Surprisingly, no
DON producers have been identified, despite our attempts of isolation. The results can
be explained by the presence of unknown fungal strains able to produce DON that
cannot be isolated with traditional methods or more likely by the presence of some

chemicals that cross react in the ELISA test. Further studies are warranted to elucidate
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which of the two hypothesis is closer to truth. The most frequently found toxin in soy
was AF, which is produced by Aspergillus spp. Indeed a large set of isolates obtained
from soy were classified as belonging to the latter genus. This result differs from a
previous survey by Escobar and Reguero (2002) in Cuba who found less than 5% of the
soybean contaminated by AFs. This may suggest that conditions used for storing soy
products for animal feed in Italy are conductive of toxin synthesis and accumulation.
The overall levels of mycotoxin contamination observed were not extremely high, and all
concentrations were below the EU guidance levels. Nonetheless, the co-occurrence of
different toxins may be a cause of concern that requires further attention.

Soy contamination may have occurred in the storage facilities, because it was not
possible to obtain isolates from the inside of the intact soy seeds. However, it was not
possible nor the aim of this study to establish whether Fusarium contamination occurred
in the field or during storage. This can indeed be the case, given the fact that, often,
different cereals are stocked in the same location. The importance of correct storage of
grains in order to diminish the risk of cross-contamination and toxin diffusion is
fundamental to preserve healthy feed.

Combinations of AFs and DON were shown to be extremely toxic and to have an impact
on feed intake (Chaytor et al., 2011b), therefore attention towards mycotoxin co-
occurrence should be increased. To conclude, the work represents the first description
of soy material used as animal feed contaminated by multiple mycotoxins. As reported
for corn (Rocha et al., 2009) and other crops (Beg et al., 2006), co-occurrence of toxins
produced by a diverse set of fungal species can be frequent. Soy material used for

animal feed showed relatively low levels of contamination but large screening

11



campaigns for detecting the co-occurrence of mycotoxins that could enhance overall

toxicity due to synergistic effects (Gutleb et al., 2002) are warranted.
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Table 1.

Seed lot ID of soy feed samples obtained from Italy in 2008-2010, and number of strains
obtained for each fungal group from 20 plates for each seed lot.

Seed Black Other . Fusarium Penicillium Microdochiu  Other
lot ID as illi Aspergillus spp. . m . fungi
pergilh spp. pp Spp Spp ung
S01 - - - - - 3
S02 - 5 - 3 - -
S03 2 6 - - 1 2
S04 - - - - - -
S05 5 23 - - - 5
S06 3 2 6 1 - -
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Table 2.

Isolate ID, seed lot from where the strain was obtained, NCBI temporary deposited
sequence number and species attribution.

NCBI sequence

Isolate ID Seed lot number Species

S06 1 S06 JQ354942 Fusarium verticillioides
S06_2 S06 JQ354947 Fusarium verticillioides
S06_3 S06 JQ354954 Fusarium verticillioides
S06_4 S06 JQ354943 Fusarium verticillioides
S06_5 S06 JQ354955 Fusarium verticillioides
S06_6 S06 JQ354949 Fusarium verticillioides
S07_1 S07 JQ354945 Fusarium verticillioides
S07_2 S07 JQ354958 Fusarium verticillioides
S07_3 S07 JQ354959 Fusarium verticillioides
S07_4 S07 JQ354950 Fusarium verticillioides
S08 1 S08 JQ354951 Fusarium verticillioides
S08 2 S08 JQ354944 Fusarium verticillioides
S08_3 S08 JQ354946 Fusarium verticillioides
S08 6 S08 JQ354952 Fusarium verticillioides
S09 1 S09 JQ354956 Fusarium verticillioides
S09 2 S09 JQ354960 Fusarium verticillioides
S09_3 S09 JQ354957 Fusarium verticillioides
S09 4 S09 JQ354948 Fusarium verticillioides
S09 5 S09 JQ354953 Fusarium verticillioides
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Table 3.

Occurrence of fumonisins, aflatoxins and deoxynivalenol in 36 soy feed samples.

Mycotoxins Positive samples (%) Concentrations

average + SD (mg kg') range (mg kg™?)
Fumonisins 30.6 0.40+ 0.70 0.1-25
Aflatoxins 88.9 3.0:103%+ 1.36:10°3 0.8:103-5.9-103
Deoxynivalenol 72.2 2.60+1.37 0.8-6.4
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Supplementary Table 1

Soy feed samples, year of isolation and toxin levels as detected by ELISA in samples
collected between 2008-2010 in Italy.

Seed lot Date Raw material DON Fumonisins Aflatoxins
ID mg kg™ mg kg™ Hg kg
S062 15/10/2008 Soyflour 2.1 NDP 3.9
So72 30/10/2008 Soyflour 3.8 ND ND
S082 13/11/2008 Soyflour 3.8 0.16 1.4
S092 04/12/2008 Soybean 2.7 2.5 0.8
S10 27/02/2009 Soybean ND 0.2 1.4
S11 11/03/2009 Soybean ND ND 1.7
S12 11/03/2009 Soyflour 0.8 ND 5.8
S13 27/03/2009 Soyflour 3.1 ND 1.5
S14 22/04/2009 Soyflour ND 0.2 1.5
S15 22/04/2009 Soybean ND ND ND
S16 13/05/2009 Soyflour ND ND 3.9
S17 13/05/2009 Soyflour 2.7 ND 2.5
S18 27/05/2009 Soybean 1.1 ND 3.2
S19 12/06/2009 Soybean ND ND 3.5
S20 26/06/2009 Soyflour 3.6 ND 4.4
S21 25/09/2009 Soybean ND ND ND
S22 25/09/2009 Soyflour 6.4 ND 3.7
S23 12/11/2009 Soybean ND ND ND
S24 10/12/2009 Soybean 15 ND 4.6
S25 10/12/2009 Soybean 2.9 0.2 3.1
S26 14/01/2010 Soybean ND ND 2.9
S27 14/01/2010 Soyflour 2.6 ND 5.9
S28 14/01/2010 Soybean 2.8 0.1 3.1
S29 27/01/2010 Soybean ND ND 1.1
S30 16/02/2010 Soybean 2.1 0.1 2.9
S31 01/03/2010 Soybean 2.4 0.2 1.3
S32 11/03/2010 Soybean 1.6 ND 2.8
S33 29/03/2010 Soybean 2.8 ND 3.1
S34 29/03/2010 Soybean 4.0 0.5 3.6
S35 20/04/2010 Soybean 1.0 ND 2.6
S36 20/05/2010 Soyflour 0.9 ND 2.9
S37 21/06/2010 Soybean 1.0 ND 2.5
S38 21/06/2010 Soyflour 3.6 0.3 4.9
S39 30/06/2010 Soyflour 1.6 ND 1.9
S40 30/06/2010 Soyflour 5.1 ND 5.1
S41 21/07/2010 Soyflour 1.2 0.1 1.8

aseed lots used for specific characterization of Fusarium population (see Table 2).
® ND = not detected
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Figure 1

Co-occurrence of fumonisins (FBs), aflatoxins (AFs) and deoxynivalenol (DON) in soy
feed samples (n=36) collected in Italy between 2008-2010.
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Highlights
» A mycological and toxigenic screening was carried out on soy samples for feed

use

» Aspergillus spp. and Fusarium spp. were found to frequently colonize soy
» Aflatoxin was the most common mycotoxin detected

» No DON producers were isolated despite DON occurrence
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