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As a side effect of food production, mycotoxins have always accompanied humanity, even if the
danger posed by these molecules has only recently been understood and new research has begun to
identify and study ways to reduce their presence in food.

This Special Issue of Toxins includes papers on new findings concerning well-known mycotoxins,
results of studies regarding emerging mycotoxins, such as alternaria and botryodiplodin, and new
techniques to reduce mycotoxin contamination in processed cereals.

Reliable data on the presence of mycotoxins in food is very important in the toxicological
evaluation of the risk associated with these toxic fungal compounds. Two papers cover this subject:
Quevedo-Garza et al. [1] analyze Mexican infant formula food for aflatoxin M1 and Zentai et al. [2]
determine the fumonisins in Hungarian maize-based food.

Fusarium spp., together with Aspergillus spp., are the most relevant fungi genus responsible for
mycotoxin production. Researchers have focused their attention on cereals, while neglecting other
crops. A paper from a Chinese group reports on the identification of the Fusarium species causing
sweet pepper fruit rot and on the kinds of mycotoxins produced by these microorganisms [3].

A new toxic molecule produced by a fungal parasite of soybean is the focus of two papers from
Abbas et al. who investigate the production of botryodiplodin [4] and its toxicity [5], while another
contribution [6] considers secalonic acids, which are the main ergot ergochromes in overall ergot toxicity.

We have observed not only the appearance of new or emerging mycotoxins, but also of new foods,
such as insects, that can also be contaminated by mycotoxins. On this topic, a paper in this Special
Issue studies the metabolism of aflatoxin B1 in the larvae of the black soldier fly (Hermetia illucens) [7].

The reduction of mycotoxin contamination can be obtained by intervening during the cultivation
or storage of products. Research carried out by Giorni et al. [8] tested the efficacy of the fungicide
azoxystrobin on fungal parasites of rice and obtained a strong reduction (−67%) of sterigmatocystin
while deoxynivalenol remained unaffected.

A clear reduction in Fusarium-produced toxins can be observed in the paper of Brodal et al. [9],
by sieving oat grains and removing broken kernels, which are more contaminated than intact ones.

The last research article of the Special Issue describes an analytical method for the detection
of 19 mycotoxins and three phytoestrogens in fish feed and fish meat [10]. The reduction of the risk
posed to human health by mycotoxins requires the development and validation of reliable methods to
monitor mycotoxins in feed and food.

The three reviews included in the Special Issue cover as many topics. Issues related to the use
of lactic acid bacteria as aflatoxin binders in developing countries are discussed in the review of
Ahlberg et al [11]. Kamle et al. [12] summarize the effect of fumonisin on human health and the
strategies to reduce the level of this toxin in food. A group of emerging mycotoxins, those produced
by Alternaria, is the focus of Crudo et al [13], who analyze “the most relevant data concerning the
occurrence and toxicity of mycotoxins produced by Alternaria spp., ( . . . .) alone or in combination
with other mycotoxins and bioactive food constituents”.

Toxins 2020, 12, 453; doi:10.3390/toxins12070453 www.mdpi.com/journal/toxins1
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In conclusion, all the contributions to this Special Issue expand our current knowledge and,
as Guest Editor, I am happy and proud to present this issue to the community of scientists involved in
research on mycotoxins.

All research and review articles proposing novelties and overviews, respectively, were successfully
and carefully selected for this Special Issue after rigorous revision by the expert peer reviewers. As the
Guest Editor, I would like to express my deep appreciation to all the selfless and fair reviewers.

Acknowledgments: The editor would like to thank all the authors who contributed to this Special Issue and
the reviewers for their evaluation work. The editor is also grateful to the MDPI management team for their
valuable support.
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Abstract: The occurrence of aflatoxin M1 (AFM1) in infant formulae commercialized in the
metropolitan area of Monterrey (Nuevo León, Mexico) was determined by using immunoaffinity
column clean-up followed by HPLC determination with fluorimetric detection. For this, 55 infant
formula powders were classified in two groups, starter (49 samples) and follow-on (6 samples)
formulae. Eleven of the evaluated samples (20%) presented values above the permissible limit set by
the European Union for infant formulae (25 ng/L), ranging from 40 to 450 ng/L. The estimated daily
intake (EDI) for AFM1 was determined employing the average body weight (bw) of the groups of
age in the ranges of 0–6 and 6–12 months, and 1–2 years. The results evidenced high intake values,
ranging from 1.56 to 14 ng/kg bw/day, depending on the group. Finally, with the EDI value, the
carcinogenic risk index was determined, presenting a high risk for all the evaluated groups. Based on
these results, it is a necessary extra effort by the regulatory agencies to reduce the AFM1 presence in
infant formulae consumed in Mexico.

Keywords: AMF1; infant formulae; estimated daily intake; carcinogenic risk index; Monterrey
(Mexico)

Key Contribution: Aflatoxin B1 can be metabolized by mammals to aflatoxin M1 (AFM1), a form that
retains potent carcinogenicity and which can be excreted into milk. There is scarce information on the
occurrence of AFM1 in milk and dairy products, and no data are available in Mexico concerning infant
formulae contamination by this mycotoxin. The results of the present study further demonstrate the
potential risk for the infant population associated with the AFM1 presence in the infant formulae
marketed in Monterrey (Mexico).

1. Introduction

Aflatoxins’ presence in food products is one of the major health concerns of the regulatory agencies
around the world. These toxins include around 20 metabolites produced by molds such as Aspergillus
flavus and A. parasiticus, which is the most important of the aflatoxin B1 (AFB1) and is normally found
in foods, especially those having high carbohydrate and/or fat contents [1]. Its occurrence has been
reported in numerous food and feedstuff, including cereals and cereal-derived products [2].

Toxins 2020, 12, 100; doi:10.3390/toxins12020100 www.mdpi.com/journal/toxins3
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Cattle feed with contaminated crops of AFB1 may lead to the formation of a hydroxylated
metabolite named aflatoxin M1 (AFM1), which is excreted in the milk of lactating animals and whose
name is due to the source detected [3]. Numerous researchers have reported a linear relationship
of about 0.3–6.2% between the amount of AFM1 detected in milk and AFB1 in feed consumed by
the animals [4]. Nevertheless, the percent of AFM1 excreted depends on various factors, including
concentration of AFB1 in feed, milk yield, stage of lactation and breed [5].

Even though AFM1, the main monohydroxylated derivate of AFB1, presents less carcinogenic and
mutagenic activity than AFB1, it exhibits a high level of genotoxic activity and certainly represents
a health risk because of its elevated possibility of accumulation and binding to DNA [6]. Based on
this, different health agencies such as the World Health Organization and the International Agency
for Research on Cancer (IARC) have published articles in which AFM1 is a strong genotoxic and
hepatotoxic agent [7]. Therefore, AFM1 has been evaluated as a possible human carcinogen agent, and
although until 2002 it was classified in the 2B Group, with a tolerable daily intake (TDI) of 2 ng/kg
bw [8], based on numerous scientific evidence that demonstrated carcinogenic and other (teratogenic,
genotoxic and immunosuppressive) effects, it was reclassified into the first group [7].

Hence, the elimination of risk sources represents a major assignment for government agencies
and food processors, not only for the contaminated products directly consumed by humans but
also in feeding cattle that consume contaminated crops, whose products can reach the human being.
Government regulations around the world concerning AFM1 limits differ from one other. The lowest
AFM1 concentration was approved by the European Union (EU) and the Codex Alimentarius, fixing a
maximum admissible level of 50 ng/L in fluid milk and dried or processed milk products [9,10]. On
the contrary, higher AFM1 concentrations (500 ng/L) are permitted in the United States of America
(USA) and some Latin American countries (such as Mexico and the MERCOSUR agreement), and
China allows a maximum limit of 62.5 ng/L [11–14]. However, because of the higher susceptibility of
infants to AFM1, the EU and the Codex Alimentarius fixed the maximum admissible level of 25 ng/L
for infant formulae, follow-on formulae and dietary foods for medical purposes intended specifically
for infants [9].

Another major problem concerning the presence of AFM1 in milk is the different dairy products
it’s included in (e.g., liquid milk, yogurt, cheese, milk powder, ice cream, regular cream, among others)
and the fact that the aflatoxin cannot be eliminated by regular heat treatments such as pasteurization
or ultra-high temperature processing [15]. Besides, one of the most important products manufactured
from milk are the infant formulae, in which there is significant risk of AFM1 intoxication because small
amounts of this toxin in the product may represent an important portion of aflatoxin intake [16].

Despite the danger associated to the AFM1 presence in milk, only a few articles are available
regarding the presence of this toxin in milk and dairy products in Mexico [17,18], and no studies have
been published regarding its presence in infant formulae or intake assessment for AFM1 in the country.
Based on this, the aim of this study was to evaluate the AFM1 occurrence in infant formulae and to
estimate the exposure of infant milk consumers to AFM1 by means of a sampling of the infant formulae
brands distributed in Monterrey (Nuevo León, Mexico).

2. Results and Discussion

2.1. Occurrence of AFM1 in Infant Formulae

Table 1 shows the results obtained from the analyzed samples, with 20% of them being positive
for the toxin in a range of 40 to 450 ng/L, and an average AFM1 concentration of 40 ± 99 ng/L for all
analyzed samples, which is higher than the limit established for AFM1 in infant formulae by the Codex
Alimentarius (25 ng/L) [11]. Nevertheless, when the infant formulae were evaluated separately (starter
and follow-on groups), it can be observed that the AFM1 values increased from one group to another.
In the starter formulae, the percentage of samples exceeding the AFM1 limit was 14%, remarkably
lower than the percentage of samples above the limit in the follow-on formulae (67%). Furthermore,

4



Toxins 2020, 12, 100

the media in the starter formulae (20 ± 67 ng/L) was below the EU or Codex Alimentarius AFM1 limit
(25 ng/L), compared to the follow-on formulae, with an average (180 ± 185 ng/L) exceeding the AFM1

limit. Although the AFM1 levels in starter formulae were significantly (p < 0.05) lower than those in
follow-on formulae, it is important to notice the small number of samples evaluated in the follow-on
formulae, compared to the infant formula evaluated in the starter group.

Table 1. Aflatoxin M1 presence in infant formulae.

Infant Formulae N Positive Samples
AFM1 (ng/L)

Range Mean ± SD

Total of samples 55 11 (20%) * 0.00–450 40 ± 99
Starter formula 49 7 (14%) 0.00–420 20 ± 67 b

Follow-on formula 6 4 (67%) 0.00–450 180 ± 185 a

* Value in parentheses indicates the samples percentage above the limit set by the Codex Alimentarius (25 ng/L)
with respect to the total. a,b Different online letters indicate significant mean differences among the different types of
infant formulae (p < 0.05).

Regarding legislation about AFM1 limits in infant formulae, most of the countries do not have an
established limit, which is the case of most of the Latin-American countries (including Mexico), which
tends to apply the limit established by the Codex Alimentarius or the EU regulation (25 ng/mL) [11,19].

The occurrence of AFM1 in infant formulae varies in different countries. Gomez-Arranz and
Navarro-Blasco [20] evaluated the presence of AFM1 in infant formulae in Spain, testing 69 samples
and detecting the presence of AFM1 in 26% of them. In this case, all the detected samples were below
the EU established limit. More recently, Akhtar et al. [21] determined the AFM1 presence in infant
formulae in Pakistan, evaluating 13 samples, in which 53.84% of the samples were positive to the toxin
presence and 30.76% exceeded the EU limit. Kanungo and Bhand [22] evaluated the AFM1 presence in
infant formulae in India, determining that in 72 evaluated samples, all of them were above the EU
permitted limit (25 ng/kg) and 75% of the samples exceeded the USA and Indian Food regulation limit
(500 ng/kg). Er et al. [4] published a study evaluating the AFM1 presence in infant formula in Turkey,
evaluating 84 samples with only one sample positive for the toxin. In this sense, Li et al. [14] detected
the presence of AFM1 in powder base for infant formulae in China, evaluating a total of 1207 samples,
with 56 samples being positive for the toxin without passing the Chinese limit (62.5 ng/kg). Awaisheh
et al. [23] determined the AFM1 content in infant formulae (120 samples; 48 starter and 72 follow-on
formulae) distributed in Jordan, with 58 positive samples for the toxin presence, with a media of 69
and 84 ng/kg for the starter and follow-on formulae, respectively.

2.2. Infant Formulae Daily Intake by Age Group

The present study is the first evaluation of the daily intake by Mexican minors, based on average
consumption and body weight (Table 2). The Mexican Standard NOM-031-SSA2-1999 [24] classifies
infants in two groups of infant formulae consumption: i) minor lactating (0–12 months), and ii) major
lactating (one to two years). The consumption in these groups is starter and follow-on formulae for the
first and the second year, respectively.

Based on the occurrence of AFM1 in infant formulae and the body weight of infants, the estimated
daily intake (EDI) for AFM1 was in a range of 1.56 to 14 ng/kg bw per day, which represents the
values estimated for one year-old infants when they are fed with starter or with follow-on formulae,
respectively. However, when major lactating groups gain weight and reduce the follow-on formula
intake (i.e., two years old), the EDI is reduced up to 4.28 ng/kg bw/day. Awaisheh et al. [23] have
evaluated the infant formulae consumed in Jordan, presenting an EDI of 1.57 and 1.55 ng/kg bw/day
for infants aged six and 12 months, respectively. On the other hand, Ismail et al. [25] reported an
EDI value of 4.1 ng/kg bw/day for children aged one to three years in Pakistan. It is considerable
the work developed by the food agencies seeking to reduce the presence of AFM1 in milk and infant
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formulae. In this sense, Oliveira et al. [26] published an article evaluating the presence of AFM1 in
infant formulae in Brazil with a daily intake of 22 ng/kg bw/day. In contrast, almost 20 years later,
Ishikawa et al. [27] determined the AFM1 presence in infant formulae in the same country, presenting
an important reduction in EDI values (0.078–0.306 ng/kg bw/day). Likewise, lower EDI values than the
present study were detected in infant formulae consumed in Spain (n = 69) (0.02–0.13 ng/kg bw/day) [4].
Further, Ruangwises et al. [28] evaluated AFM1 presence in milk powder distributed in Thailand (90
samples) showing EDI values of 0.16 ng/kg bw/day in milk consumed by infants up to three years.

Table 2. Estimated aflatoxin M1 daily intake by average body weight and carcinogenic risk index (CRI)
in children population based on the ENSANUT (2012).

Age
(years)

Average Body Weight
(bw) (kg)

Intake Type
Average Consumption

* CRI (2 ng/kg
bw/day)Infant Formula Intake

Range (L/day)
AFM1 Intake

(ng/kg bw/day)

0–0.5 3.55–7.3 Starter infant formula 0.78–0.93 4.39–2.55 Risk
0.5–1 7.3–10.8 Starter infant formula 0.93–0.84 2.55–1.56 Risk
1–2 10.8–13.03 Follow-on infant formula 0.84–0.31 14–4.28 Risk

* According to the Kuiper-Goodman equation [8].

Comparing the results of AFM1 occurrence in infant formulae and in breast milk in Mexico, the
results are quite similar. Thereby, Cantú-Cornelio et al. [29] evaluated the presence of AFM1 in breast
milk of nursing mothers in central Mexico (112 samples), with an EDI value of 2.35 ng/kg bw/day,
comparable results to the values obtained in the present study. These results show the importance of
evaluating the presence of AFB1 in different products consumed by nursing mothers in order to reduce
the toxin that may be transformed into AFM1 and reach infants by breast milk.

Table 2 also presents the result of the carcinogenic risk index (CRI) for the evaluated population.
At this day, up to our knowledge, no CRI study evaluating the infant population of Mexico has been
published. The AFM1 ingestion obtained in this study was greater than the TDI value (2 ng/kg bw/day)
calculated by Kuiper-Goodman [8] dividing the TD50 by the safety factor 5000, indicating that there is
a potential high risk for liver cancer due to the consumption of infant formulae in Mexican consumers
groups studied.

3. Conclusions

The results of the current study have shown a high presence of AFM1 in infant formulae distributed
in the Monterrey (Mexico) metropolitan area. From fifty-five samples evaluated, 20% exhibited a toxin
content above the EU and Codex Alimentarius limit (25 ng/L), presenting a range of 40–450 ng/L.
Further, in classifying the samples by the type of infant formulae and infant age for consumption
(starter formula for minor infants up to one year, and follow-on formula for major infants between
one and two years), different levels of AFM1 were obtained (20 ng/L for starter and 180 ng/L for
follow-on formulae). Besides, based on the average body weight of the evaluated groups, the EDI
value was calculated, with values in the range of 1.56–14 ng/kg bw/day. Finally, with the EDI data,
the CRI was determined, obtaining a result of risk in all the evaluated groups. Based on these results,
an important effort should be carried out by the regulatory agencies and milk producers in order to
reduce AFM1 levels in milk in general, and, in particular, in batches that will be employed for infant
formulae elaboration because of the high cancer risk associated with AFM1 presence and the infant
consumers’ vulnerability.

4. Materials and Methods

4.1. Sample Collection

Fifty-five infant formula samples from drug stores and supermarkets sold in Monterrey (Nuevo
León, Mexico) were obtained. From these, 49 were starter formulae (0–12 months) and 6 were
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follow-on formulae (1–2 years). Among the starter formulae, 6 were pre-term formulae (formulated
for prematurely born, regurgitation episodes by immature esophageal sphincter, or low birth weight
infants), 11 were hypoallergenic formulae (specialized formula based on casein, whey or soy protein
hydrolysates) and 9 were lactose free formulae (designed for lactose intolerant infants based on lactose
hydrolysis by β-galactosidase or formulated from soy protein isolates).

All formulae were supplied as powder milks. Infant formula containers (cans or bags) were stored
in dark at room temperature until analyses were performed.

4.2. Sample Preparation

Powder-based formula samples were suspended in deionized warm water according to the
manufacturer instructions. The method used for sample preparation and AFM1 determination was
that specified by the method ISO 14,501 [30]. Suspended infant formula samples were centrifuged
at 4200 × g for 15 min to separate and remove the milk fat. Aliquots of skimmed milk (50 mL) were
filtered (Whatman no. 4 filter paper) and slowly passed (1–2 drops/s) through an immunoaffinity
column (AflaM1 HPLC, VICAM, Milford, MA, USA) fitted on a vacuum manifold, and washed twice
with 10 mL of distilled water. Thereafter, the AFM1 was eluted with 4 mL of acetonitrile, allowing a
time contact of at least 60 s. The eluate was collected in amber vials, the solvent was evaporated in
a water bath at 40 ◦C with nitrogen, and the residue reconstituted in water:acetonitrile (67:33) and
filtered by Millipore filters (0.45 μm) in amber vials.

4.3. HPLC Analysis

The HPLC analysis was carried out in a Varian HPLC model 9012 (Agilent Technologies, Santa
Clara, CA, USA) connected with a fluorescence detector Varian ProStar (Agilent Technologies Santa,
Clara, CA, USA). The separation column was a Phenomenex C18 with 4.5 × 250 mm and 5 μm of
particle size (Phenomenex, Torrance, CA, USA). Water and acetonitrile mixture were used as a mobile
phase in a proportion of 67:33 (v/v), at a flow rate of 1 mL/min, and an injection volume of 100 μL.
Fluorometric detection was achieved at 360 nm excitation and 440 nm emission wavelength.

To assess the performance of the analytical method, linearity, limits of detection (LOD) and
quantification (LOQ), recovery and precision (repeatability) were studied. Linearity was evaluated
using standard calibration curves that were constructed by plotting the peak area versus the analyte
concentration. The calibration curves were established using eight levels of concentrations from LOQ
to 100 times LOQ. The regression curve obtained was y = 287.78 x + 75.10 giving appropriate value
for the linearity (R2 = 0.998). LOD (2 ng/L) and LOQ (5 ng/L) were calculated as the sample blank
value plus 3 and 10 times its standard deviation, respectively. In order to determine the recovery,
reconstituted milk was added with 3 levels of AFM1 concentrations (50, 100 and 200 ng/L). The obtained
values of recovery were between 83% and 104%. The precision (15.18%) was calculated as repeatability
by means of triplicates in each of the levels analyzed in the recovery assay.

4.4. Determination of AFM1 Exposure in the Population

The determination of the exposure level or estimated daily intake (EDI) in the population of
Monterrey to the AFM1 due to the consumption of infant formulae was carried out by combining data
on the average daily consumption of milk by groups of age, with the average concentration of AFM1

found in this work, as well as the average body weight (bw) of the population by age groups. For this,
Equation (1) was applied:

Estimated AFM1 daily intake
(

ng
kg bw

/day
)
=

Milk intake (L) ×AFM1
(ng

L

)
Body weight (kg)

(1)
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where: Milk intake is the average amount of milk that the infant population ingests daily, expressed in
liters. AFM1 is the average concentration of AFM1 contained in the analyzed samples, expressed in
ng/L. Body weight is the bw average in the population by age groups in kilograms.

The data corresponding to the daily milk consumption by age groups was obtained from the
National Survey of Health and Nutrition of Mexico (ENSANUT) [31], in the section corresponding to
Nuevo León State.

In order to obtain the daily intake of AFM1 in the infant population, it was necessary to separate
the population, as indicated by Mexican Standard NOM-031-SSA2-1999 [24] in: (1) minor lactating
(newborn up to 6 months), at this stage of the infant’s life, their diet is only based on breast milk
or infant formulae for initiation; (2) minor lactating (from 6 to 12 months), at this stage, ablactation
occurs, and the starter infant formulae and dairy infant formulae containing cereals and honey are
taken as the infant diet at this stage of life; (3) major lactating (from 12 to 24 months), at this stage the
dairy intake is determined by the follow-on formulae and those containing cereals and honey. From
the ENSANUT [31] survey, the average weights of the infant population (minor and major lactating)
were obtained.

Likewise, the CRI was estimated based on the proposal of Kuiper-Goodman [8], which estimates
the TDI of AFM1 by dividing the TD50 (threshold dose by body weight; 10,380 ng/kg bw per day for
AFM1) by the safety factor 5000, to give an estimated value of 2 ng/kg bw per day. A CRI of AFM1

higher than 2 ng/kg bw indicates liver cancer risk to consumers [8,32].

4.5. Statistical Analysis

All infant formulae were analyzed in duplicates. Collected data were statistically evaluated
using the nonparametric Wilcoxon rank sum test with continuity correction of R Core Team (Vienna,
Austria) [33]. AFM1 concentrations were expressed as mean ± standard deviation in order to show the
occurrence of the toxin in infant formulae.

Author Contributions: Research concept, design and supervision: P.A.Q.-G. and A.-J.T.; HPLC method validation:
P.A.Q.-G. and R.S.-G.; AFM1 analysis in infant formulae: P.A.Q.-G. and E.G.R.-P.; writing and correcting of the
manuscript: P.A.Q.-G.; A.-J.T.; R.S.-G.; E.G.R.-P.; G.G.A.-E. All authors have read and agreed to the published
version of the manuscript.

Funding: The authors appreciate the funding provided by the Universidad Autónoma de Nuevo León, Monterrey,
México, through the PAICYT – UANL program, and by the CIRTTA of Universitat Autònoma de Barcelona,
Bellaterra, Spain, for this study.

Acknowledgments: The authors are very grateful to Jesús Piedrafita (UAB, Spain) for his support in
statistical analysis.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AFB1 Aflatoxin B1
AFM1 Aflatoxin M1
bw Body weight
CRI Carcinogenic risk index
EDI Estimated daily intake
EU European Union
HPLC High Performance Liquid Chromatography
TDI Tolerable daily intake
USA United States of America

References

1. Prandini, A.; Tansini, G.; Sigolo, S.; Filippi, L.; Laporta, M.; Piva, G. On the occurrence of aflatoxin M1 in
milk and dairy products. Food Chem. Toxicol. 2009, 47, 984–991. [CrossRef] [PubMed]

8



Toxins 2020, 12, 100

2. European Food Safety Authority. Aflatoxins (sum of B1, B2, G1 and G2) in cereals and cereal-derived
food products [Internet]. Supporting Publication, EN–406. Available online: http://www.efsa.europa.eu/en/
supporting/pub/406e.htm. (accessed on 15 January 2015).
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Abstract: Fumonisins are toxic secondary metabolites produced mainly by Fusarium verticillioides and
Fusarium proliferatum. Their toxicity was evaluated, and health-based guidance values established on
the basis of both Joint FAO/WHO Expert Committee on Food Additives (JECFA) and European Food
Safety Authority (EFSA) recommendations. This study presents the results of fumonisin analyses in
different maize- and rice-based food products in Hungary and the potential health risk arising from
their dietary intake. In total, 326 samples were measured in 2017 and 2018 to determine fumonisins
B1 and B2 levels. Three-day dietary record data were collected from 4992 consumers, in 2009.
For each food category, the average concentration values were multiplied by the relevant individual
consumption data, and the results were compared to the reference values. With respect to the
maximum limits, one maize flour, two maize grits, and two samples of other maize-based, snack-like
products had total fumonisin content minimally exceeding the EU regulatory limit. The mean daily
intake for all maize-product consumers was 0.045–0.120 μg/kg bw/day. The high intake (95 percentile)
ranged between 0.182 and 0.396 μg/kg bw/day, well below the 1 μg/kg bw/day tolerable daily intake
(TDI) established by EFSA. While the intake calculations resulted in comforting results, maize-based
products may indeed be contaminated by fumonisins. Therefore, frequent monitoring of fumonisins’
levels and evaluation of their intakes using the best available data are recommended.

Keywords: fumonisin; human exposure; maize products

Key Contribution: Fumonisin intake of Hungarian consumers from maize-based products is below
the health-based guidance values. Maize-based products may be contaminated by fumonisins

1. Introduction

Fumonisins are secondary metabolites produced mainly by Fusarium verticillioides and Fusarium
proliferatum [1]. Maize and maize-based products are most commonly contaminated by fumonisins,
but fumonisins can be detected in several other cereal grains, such as rice, wheat, barley, rye, and
oat [2,3]. More than 15 fumonisin homologues have been described, including fumonisin A, B, C,
and P, and, among them, fumonisin B1 (FB1), FB2, and FB3 are the most frequent naturally occurring
fumonisins [1,4]. FB1 typically accounts for 70%–80% of the total fumonisin produced, while FB2

usually makes up 15%–25% and FB3 3%–8% when cultured on maize, rice, or in liquid medium [1].
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Among fumonisins, FB1 is the most toxic compound and has been shown to promote tumour
growth in rats as well as equine leukoencephalomalacia [5] and porcine pulmonary oedema [6].
It was classified by the International Agency for Research on Cancer (IARC) in Group 2B (possibly
carcinogenic in humans) [7]. FB1 also causes chronic liver and kidney toxicity when administered in
repeated doses to rodents.

Fumonisin B toxins, as structural analogues of sphingoid bases, inhibit ceramide synthases,
causing the disruption of the sphingolipid metabolism and leading to sphinganine (and sphingosine)
accumulation in cells and tissues [8]. Toxicity studies have mainly focused on the effects of FB1, but
FB2–4 appear to have similar toxicological profiles. Acute toxicity is not relevant for fumonisins.

The Scientific Committee on Food (SCF) as well as the European Food Safety Authority (EFSA) in
Europe and the Joint FAO/WHO Expert Committee on Food Additives (JECFA) evaluated the dietary
risk of fumonisin intakes [9–15].

The SCF established a tolerable daily intake (TDI) of 2 μg/kg bw/day for FB1 in 2000, based on an
overall level of no observed adverse effect (NOAEL) of 0.2 mg/kg bw for liver and kidney in rodents [9].
This TDI was expanded into group TDI in relation to the total amounts of fumonisin B1, B2, and
B3, alone or in combination [10]. JECFA published a risk assessment on FB1, FB2, FB3 in 2001 [11].
The assessment was essentially based on FB1 data, and the other toxins were considered as having
similar toxicological profiles. A group provisional maximum tolerable daily intake (PMTDI) of 2 μg/kg
bw/day per day was allocated based on a NOAEL of 0.2 mg FB1/kg bw per day for renal toxicity in a
subchronic and a chronic rat study [11]. The PMTDI established by JECFA was retained in 2011 and in
2016 as well [12,13].

EFSA discussed food safety issues of mycotoxins, including fumonisins, in several documents.
The chemical structure of mycotoxins can be altered by the defense reaction of plants, rendering them
extractable conjugated and/or non-extractable bound mycotoxins or mycotoxin metabolites. Since
these modified toxins are usually not detected during the analysis of mycotoxins, they are commonly
termed “masked” or “bound”. EFSA issued a scientific opinion in 2014 regarding certain modified
mycotoxins in food and feed [14].

More recently, EFSA published a scientific opinion on the appropriateness to set a group
health-based guidance value for fumonisins and their modified forms in 2018 [15]. For the establishment
of the TDI, the benchmark dose lower confidence limit (BMDL10) of 0.1 mg/kg bw per day for induction
of megalocytic hepatocytes in mice was used. Taking into account an uncertainty factor (UF) of 100 for
intra- and interspecies variability, the TDI was established at 1.0 μg FB1/kg bw per day. FB2, FB3, and
FB4 were included in the TDI, based on structural similarity and the limited available data indicating
similar mode of action (MoA) and toxic potencies.

In Europe, Commission Regulation (EC) No 1881/2006, setting the maximum levels for certain
contaminants in foodstuffs, established the maximum limits for fumonisins (sum of B1 and B2) in
different commodities, including unprocessed maize, maize intended for direct human consumption,
maize-based foods for direct human consumption, maize-based breakfast cereals, maize-based snacks,
processed maize-based foods and baby foods for infants and young children, different milling fractions
of maize, and other maize milling products not used for direct human consumption. Table 1 presents
the specified maximum limits by commodities.

This article presents the results of fumonisin analyses in different maize- and rice-based food
products in Hungary and, consequently, the potential health risk arising from their dietary intake.
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Table 1. Maximum limits (μg/kg) for fumonisins established by Commission Regulation (EC) No
1881/2006.

2.6 Fumonisins Sum of B1 and B2

2.6.1 Unprocessed maize, with the exception of unprocessed
maize intended to be processed by wet-milling 4000

2.6.2
Maize intended for direct human consumption,

maize-based foods for direct human consumption, with
the exception of foodstuffs listed in 2.6.3 and 2.6.4

1000

2.6.3 Maize-based breakfast cereals and maize-based snacks 800

2.6.4 Processed maize-based foods and baby foods for infants
and young children 200

2.6.5

Milling fractions of maize with particle size >500 μm,
falling within CN code 1103 13 or 1103 20 40, and other
maize milling products with particle size >500 μm not
used for direct human consumption, falling within CN

code 1904 10 10

1400

2.6.6

Milling fractions of maize with particle size ≤500 μm,
falling within CN code 1102 20, and other maize milling
products with particle size ≤500 μm not used for direct
human consumption, falling within CN code 1904 10 10

2000

2. Results and Discussion

2.1. An Overview of the Measured Fumonisin Content

Altogether, 326 samples were measured for fumonisins B1 and B2 mycotoxins levels. The types of
samples were from the food categories of maize flour, maize grits, corn flakes, canned maize, other
maize-based, snack-like products, white and brown rice, and other rice-based products. The limit of
detection (LOD) and the limit of quantification (LOQ) for FB1 were 0.031 and 0.093 mg/kg, while those
for FB2 were 0.051 and 0.154 mg/kg.

In total, 70 and 256 samples were analyzed in 2017 and 2018, respectively, and were considered
together in our assessment.

We measured 64 maize flour samples, of which 33 (51.6%) had detectable FB1 content, and
6 (9.4%) had detectable FB2 content. The highest FB1 value was 1.46 mg/kg. The average FB1 and FB2

concentrations were 0.17–0.20 mg/kg for FB1 and 0.05–0.10 mg/kg for FB2. In no instance was FB2

detected if FB1 was undetected. Only in six cases, both FB1 and FB2 were detected at a measurable
level (above LOQ), while FB2 was never detected alone.

Then, 62 maize grits were analyzed; 26 samples (41.9%) presented detectable FB1, and 4 (6.5%)
detectable FB2. The highest concentrations found were 1.96 mg/kg for FB1 and 0.58 mg/kg for FB2.
The average FB1 content was 0.13–0.16 mg/kg, while the average FB2 content was 0.03–0.08 mg/kg.
Four samples contained both FB1 and FB2 above the LOQ.

Altogether, 8 of the 64 corn flakes samples (12.5%) had measurable FB1 content, whereas FB2 was
not detectable in any of them. The average fumonisin B1 content ranged between 0.03 and 0.07 mg/kg,
and the highest measured value was 0.46 mg/kg.

Only one of the 18 canned maize samples contained measurable FB1, but none of them contained
FB2. The relevant FB1 concentration was 0.20 mg/kg.

Fumonisin B1 was measured in 20% of the other maize-based, snack-like products (17 of the
85 samples), and FB2 in only 2 samples. The average FB1 content ranged between 0.07 and 0.10 mg/kg,
with a maximum content of 1.1 mg/kg.

Regarding white rice and brown rice samples and other rice-based products, FB1 and FB2 contents
were in all cases below the LOQ. These commodities were therefore not included in our further
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risk assessment. The most important parameters of the analysis results for each food categories are
summarized in Tables 2 and 3.

Table 2. Classification of the samples analyzed in this study in relation to fumonisins’ limit of detection
(LOD), limit of quantification (LOQ) *, and the regulatory limit.

Fumonisin B1 Fumonisin B2

Commodity
Category

Nr <LOD LOD-LOQ >LOQ <LOD LOD-LOQ >LOQ

Samples Over
the Regulatory

Limit
(Regarding FB1

+ FB2 Content)

Maize flour 64 12 19 33 48 10 6 1 (1.6%)

Maize grits 62 18 18 26 51 7 4 2 (3.2%)

Corn flakes 64 37 19 8 63 1 0 0

Canned maize 18 17 0 1 17 1 0 0

Maize-based,
snack-like
products

85 48 20 17 78 5 2 2 (2.4%)

Brown rice 10 9 1 0 10 0 0 0

White rice 16 14 2 0 16 0 0 0

Rice-based
products 7 7 0 0 7 0 0 0

* LOD and LOQ for FB1: 0.031 and 0.093 mg/kg, LOD and LOQ for FB2: 0.051 and 0.154 mg/kg. Nr: number
of samples.

Table 3. Descriptive statistics of the results obtained for in the different maize-based food categories.

Fumonisin B1 (mg/kg) Fumonisin B2 (mg/kg)

Commodity
Category

Nr
Mean
(LB)*

Mean
(UB)*

P95 (LB) Max
Mean
(LB)

Mean
(UB)

P95 (LB) Max

Maize flour 64 0.17 0.20 0.66 1.46 0.05 0.10 0.32 0.73

Maize grits 62 0.13 0.16 0.50 1.96 0.03 0.08 0.12 0.58

Corn flakes 64 0.03 0.07 0.12 0.46 na na Na na

Canned maize 18 0.01 0.04 0.03 0.20 na na Na na

Maize-based,
snack-like
products

85 0.07 0.10 0.36 1.10 0.01 ** 0.06 ** 0.05 ** 0.17 **

All maize
samples
analyzed

293 0.09 0.12 0.46 1.96 0.02 0.07 0.05 0.73

* Method of mean calculation: Results below the LOD and between LOD and LOQ were taken into account in two
ways. In the lower-bound (LB) scenario, 0 and LOD were inserted for values below LOD and between LOD and
LOQ, respectively. In the upper-bound (UB) scenario, LOD and LOQ were inserted for values below LOD and
between LOD and LOQ, respectively. ** There were only two measured values for the concerned food category and
mycotoxin; na: not applicable. Nr: number of samples.

Considering these results in light of the current maximum limits, one maize flour, two maize grits,
and two samples of the other maize-based, snack-like products (mexicorn and a maize wafer) had total
fumonisin contents minimally exceeding the regulatory limit (the sum was calculated according to the
upper-bound (UB) scenario in case of a non-detectable value of FB2).

Our results were also compared with fumonisin contents measured and published in the previous
decades in Hungary. Fazekas et al. [16] measured considerably high fumonisin concentrations in
maize collected during storage and harvesting in 1993 and 1994. Of the moldy maize samples collected
in the period of storage, 70.8% contained fumonisin B1 (0.05–19.8 mg/kg; average concentration:
2.6 mg/kg). Fumonisin B1 content measured in maize ears more or less affected by molds (affected
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sample), collected in the period of harvesting, ranged between 0.095 and 52.4 mg/kg, with an average
content of 6.64 mg/kg in 70% of the samples. Of the “average samples”, 30% were contaminated with
fumonisin B1 (0.06–5.1 mg/kg; average: 1.52 mg/kg). Fumonisin concentrations were determined by
high-performance liquid chromatography methods.

Tóth et al. [17] investigated Aspergillus and Penicillium species and their mycotoxins in maize
in Hungary in two consecutive years after harvest. Mycotoxin concentrations were measured with
HPLC–MS technique. Fumonisins (B1 + B2) were observed in quantities exceeding the EU limit in
some samples collected in different regions (4.66 mg/kg; 10.15 mg/kg; 5.13 mg/kg; 7.55 mg/kg) in 2010.

The IARC report cites contamination data in maize for Europe, including Hungary. Fumonisin B1

was detected in 248 out of 714 maize samples, at a concentration range of 0.007–250 mg/kg [7]. Similarly,
the WHO series of Environmental Health Criteria dealt with fumonisin B1 in 2000 [18]. The report
specifically cites the results of the Hungarian authors Fazekas et al. [19], measuring 0.05–75.10 mg/kg
fumonisin B1 in 56 out of 92 maize samples.

Comparing our results with those of the above reports, fumonisin contamination in Hungary in
recent years seems to be lower than that measured in previous decades. However, our measurements
focused on processed food products (targeting the end consumer), which obviously have lower
fumonisin contents than unprocessed maize samples.

2.2. Correlation between FB1 and FB2 Levels

FB2 content was always lower than FB1 content in our samples and was detected only in those
samples also containing FB1. The relationship between fumonisin B1 and B2 contents was further
analyzed, to understand whether a possible correlation coefficient could be set up.

The commodity groups of at least one sample containing measurable quantities of FB1 and FB2

together were maize flour (six samples), maize grits (four samples), and the other maize-based snacks
(two samples). The correlation coefficient calculated for the maize flour commodity group based on
the numerical concentrations was 0.95, indicating a strong correlation.

Taking into account all 35 samples where, beside FB1, FB2 was also detected but not measurable
(i.e., between LOD and LOQ), the correlation coefficients were 0.79 and 0.77 in the lower-bound (LB)
and UB scenarios, respectively. Considering only the pooled maize flour and maize grits samples
(26 samples), the correlation coefficient values were 0.86 and 0.82 in the LB and UB scenarios, respectively.

These results suggest a possible correlation between the levels of fumonisins B1 and B2; however,
a higher number of samples with measured fumonisin B1 and B2 concentrations would be necessary to
draw further conclusions.

2.3. Risk Assessment

The resulting intake values—both mean and high percentile—were well below the reference values
established by EFSA and JECFA. Table 4 presents the calculated population mean and 95 percentile
intakes for the five commodity groups (maize flour, maize grits, corn flakes, canned maize, and other
maize-based, snack-like products) concerned.

Table 4. Calculated mean and 95 percentile (P) for fumonisin intakes (μg/kg bw/day). The percentage
of European Food Safety Authority (EFSA) tolerable daily intake (TDI) is included in brackets.

Intake Level
All Consumers
(LB Scenario)

All Consumers
(UB Scenario)

Children (LB
Scenario)

Children (UB
Scenario)

Mean intake 0.045 (4.5%) 0.120 (12.0%) 0.056 (5.6%) 0.167 (16.7%)

95P intake 0.182 (18.2%) 0.396 (39.6%) 0.244 (24.4%) 0.537 (53.7%)
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The mean daily intake for all maize-product consumers based on the LB and UB scenarios was
0.045–0.120 μg/kg bw/day. In addition, the high intake (95 percentile) ranged between 0.182 and
0.396 μg/kg bw/day, well below 1 μg/kg bw/day.

Regarding children (aged 0–18 years), the mean intake was 0.056–0.167 μg/kg bw/day, and the
high intake (95 percentile) was 0.244–0.537 μg/kg bw/day.

Figure 1 presents the relative and cumulative frequencies of the resulting distributions of total
fumonisin intakes for both total consumer population and children. The figure shows that most intakes
cumulated below 0.5 μg/kg bw/day.

 
Figure 1. Relative and cumulative frequencies of total fumonisin intakes derived from
maize-based products.

The results were compared to those of the exposure assessment conducted by EFSA in 2014
on the occasion of a derogation request for the maximum levels of several mycotoxins, including
fumonisins [20]. On the basis of French contamination data of 2013, the mean exposure levels in
children groups ranged between 0.17 and 1.52 μg/kg bw/day in the LB scenario and between 0.47 and
2.11 μg/kg bw/day in the UB scenario. The high (95 percentile) exposure levels ranged between 0.54 and
3.44 μg/kg bw/day and between 1.09 and 4.39 μg/kg bw/day in the LB and UB scenarios, respectively.
In adult groups, the mean exposure levels were between 0.03 and 0.81 μg/kg bw/day in the LB scenario
and between 0.15 and 1.19 μg/kg bw/day in the UB scenario. The 95th percentile, however, ranged
between 0.08 and 1.76 μg/kg bw/day in the LB scenario and between 0.31 and 2.30 μg/kg bw/day in the
UB scenario.

Our present results are in the same range or—especially in the case of children—considerably
lower than reported results (Table 5).

Although the estimated mean and high intakes remained below both the JECFA and the EFSA
reference values in all scenarios, it is worth noting that the maximum and some high values (over the
95 percentile) exceeded the 1 μg/kg bw TDI set by EFSA in 2018. In the case of all consumers, these
high values amounted to 0.97% of the population, whereas in the case of children, they amounted to
2.36%. The maximum estimated intake value was 1.81 μg/kg bw. These specific high values were
predominantly children’s intake values, derived mainly from the consumption of canned and sweet
maize and other maize-based snack-like products.

Considering that these intake results are based on the actually registered consumptions,
representing only 4.8% of the total population and 7.6% of children consumers, the consequent
health risk is probably negligible.
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Table 5. Summary of estimated intakes (μg/kg bw/day) in comparison with EFSA estimations and
health-based guidance values.

Comparison with
EFSA Results and
Reference Intakes

Children’s Mean
Exposure

Children’s High
Exposure

Adults’ Mean
Exposure *

Adults’ High
Exposure *

LB
Scenario

UB
Scenario

LB
Scenario

UB
Scenario

LB
Scenario

UB
Scenario

LB
Scenario

UB
Scenario

Our results 0.056 0.167 0.244 0.537 0.045 0.120 0.182 0.396

EFSA 2014 0.17–1.52 0.47–2.11 0.54–3.44 1.09–4.39 0.03–0.81 0.15–1.19 0.08–1.76 0.31–2.30

% of JECFA
PMTDI 2.8 8.4 12.2 26.9 2.2 6.0 9.1 19.8

% of EFSA TDI 5.6 16.7 24.4 53.7 4.5 12.0 18.2 39.6

* All (adult + children) consumers included in our calculations. JECFA: Joint FAO/WHO Expert Committee on Food
Additives, PMTDI: provisional maximum tolerable daily intake.

2.4. Commodity Contributions

The contributions of different commodities to the summed intake estimated from all maize-based
foods are presented in Table 6.

Table 6. Contribution of different commodities to total fumonisin intake from maize-based products.

Scenario
Average Intake

and %
Contribution

Maize
Flour

Maize
Grits *

Corn
Flakes

Canned
Maize

Maize-Based,
Snack-Like

Products

All
Maize-Based

Products

Total population
(LB scenario)

average intake of
FB (μg/kg bw/day) 0.013 0.001 0.007 0.005 0.019 0.045

% contribution 29.1% 2.1% 15.1% 10.4% 43.3% 100%

Total population
(UB scenario)

average intake of
FB (μg/kg bw/day) 0.018 0.001 0.027 0.033 0.041 0.120

% contribution 14.8% 1.2% 22.3% 27.4% 34.3% 100%

Children (LB
scenario)

average intake of
FB (μg/kg bw/day) 0.005 0 0.011 0.006 0.034 0.056

% contribution 8.2% 0.0% 20.2% 11.2% 60.4% 100%

Children (UB
scenario)

average intake of
FB (μg/kg bw/day) 0.006 0 0.045 0.044 0.072 0.167

% contribution 3.7% 0.0% 26.8% 26.5% 43.0% 100%

* Data are shown, but conclusions cannot be made due to extremely low registered consumption.

Considering the LB scenarios, maize-based, snack-like products contributed the most to the
fumonisin intake of the total (all consumers) population (43.3%), followed by maize flour (29.1%) and
corn flakes (15.1%). In the case of children, the main contributors in the LB scenario were, similarly,
maize-based, snack-like products (60.4%), corn flakes (20.2%), and canned maize (11.2%) (see Figure 2).

 
Figure 2. Contribution of food commodities to total fumonisin intake from maize-based products.
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2.5. Uncertainty Considerations

It should be mentioned that this assessment focused only on the intake of fumonisins B1 and B2

from five different maize-based commodity types. Other types and the modified or masked forms of
fumonisins were not analyzed. Total fumonisin intake of the population could be somewhat higher,
if all relevant (including also non-maize-based) commodity types were considered. However, given
that maize is the focal commodity in relation to fumonisin contamination, the contribution of other
food products to total fumonisin intake is considered low.

The effect of household food processing on fumonisin content (relevant only for maize flour and
grit) was not taken into account in our calculations. While the change of fumonisin content as a result
of processing operations was studied by several authors [21–25], and heating was reported to lead to
some losses of the toxin, the results from different studies are variable [13]. Our approach might have
led to a slight overestimation of exposure, taking into account that the effect of heating would lower
the calculated intakes; however, this would not change our conclusions, considering that our results
do not indicate serious health concern.

The fact that we took into account only those consumption days for which actual consumptions
were registered also adds uncertainty. Given that maize-based commodities are non-staple commodities
in Hungary, consumed only occasionally by the majority of the population, averaging the occasionally
registered consumption values would be misleading. Similarly, including the zero-consumptions in
our assessment would “dilute” the results.

However, it needs to be mentioned that current trends indicate an increase in gluten-free foods
consumption, which is not strictly linked to the number of consumers intolerant to gluten. Regular
consumers striving for healthy diets may as well choose maize-based foods. These facts highlight the
importance of focusing more attention on these kinds of food products, considering that they also tend
to be the focal commodities most highly contaminated with fumonisins.

As the consumption data were collected in 2009, certain changes might have occurred since
then. In the case newer/more recent consumption data are published, repeating these evaluations
would be of great value. In this regard, the consumption of different maize-based products could
be studied in more detail. In our calculations, we linked the concentration data of an aggregated
“maize-based, snack-like products” group to the consumption of an aggregated maize-based products
group, including popped maize or extruded corn flakes. These calculations, however, could be refined
by separately studying the consumptions of these specific products. Our measurement results indicate
a relatively high contamination rate in this kind of commodity category.

3. Conclusions

Our calculations based on recent fumonisin analyses in maize-based foods and consumption data
from a Hungarian survey produced comforting results. The calculated fumonisin intakes of the total
population and of children consumers were well below the reference values established by JECFA and
EFSA. The values were also in the same range or lower than the European exposure rates estimated by
EFSA in 2014.

However, the recent trend of increasing the consumption of alternative, “healthy” foods, including
maize-based commodities, needs to be monitored. Our results suggest that maize-based products may
indeed be contaminated by fumonisins. Therefore, monitoring of fumonisins’ levels and the frequent
re-evaluation of their dietary intakes with the best available data are recommended.

4. Materials and Methods

4.1. Sampling

Maize-based products were purchased from the Hungarian market in three metropolitan regions,
i.e., Kaposvár (n = 276), Budapest (n = 29), and other cities, e.g., Debrecen, Keszthely, Székesfehérvár
(n = 21). Commercial products were collected from supermarkets, retail shops, and pharmacies. A total
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amount of 326 samples purchased in 15 months (from August 2017 to November 2018) included maize
flour (64), maize grits (62), corn flakes (64), canned maize (18), and other maize-based, snack-like
products (85, extruded corn bread, tortilla chips, popcorn, nacho, maize chips, etc.). Beside these,
16 white and 10 brown rice and 7 rice-based products were also sampled. All information about the
samples (i.e., producer, distributor, country of origin) was obtained from the products’ labels and
recorded. Samples were randomly selected, collecting as many as possible leader and minor brands
available on the market.

4.2. Laboratory Analysis

4.2.1. Chemicals

Fumonisin B1 (FB1) and B2 (FB2) were purchased from Merck-Sigma Aldrich (St. Louis, LO, USA).
HPLC–MS-grade acetonitrile and water were purchased from Carl Roth GmbH (Karlsruhe, Germany),
HPLC–MS-grade acetic acid was purchased from Merck (Darmstadt, Germany).

4.2.2. Sample Preparation

Dry solid samples were ground using an ETA® Vital Blend II blender (ETA a.s., Praha, Czech
Republic). Then, 5 g of sample was vortexed for 1 min with 20 mL of acetonitrile/water (50:50) on
a VELP ZX-3 desktop vortex (Velp, Usmate, Italy) and 0.1% acetic acid and extracted for 60 min at
420 rotations/min speed on a horizontal desktop shaker (Edmund Bühler SM30A model, Bodelshausen,
Germany). The supernatant of the extracted sample was centrifuged for 10 min at 14,000 rpm, and
4 ◦C. Aliquots of 10 μL internal standard solutions (13C-FB1, 6 μg/mL) were added to 970 μL aliquots
of the supernatant of the centrifuged sample. The mixture was analyzed with LC–MS.

4.2.3. High-Performance Liquid Chromatography

Liquid chromatography and mass spectrometry (LC–MS) analysis were performed with a
Shimadzu Prominence UFLC separation system equipped with an LC–MS-2020 single quadrupole
(ultra-fast) liquid chromatographer–mass spectrometer (Shimadzu, Kyoto, Japan) with electrospray
source. Optimized mass spectra were obtained with an interface voltage of 4.5 kV and a detector
voltage of 1.05 kV in negative mode and 1.25 kV in positive mode. Samples were analyzed on a
Phenomenex Kinetex 2.6 μm XB-C18 100 Å column (100 mm × 2.1 mm, Phenomenex, Torrance, CA,
USA). The column temperature was set to 40 ◦C; the flow rate was 0.3 mL/minute. Gradient elution
was performed using LC–MS-grade water (Carl Roth GmbH, Karlsruhe, Germany) (eluent A) and
acetonitrile (Carl Roth GmbH, Karlsruhe, Germany) (eluent B), both acidified with 0.1% acetic acid
(Merck, Darmstadt, Germany). Then, 5 μL of each samples were analyzed with the gradient: (0 min)
5% B, (3 min) 60% B, (8 min) 95% B, followed by a holding time of 3 min at 95% eluent B and 2.5 min
column re-equilibration with eluent 5% B. FB1 (diluted from 10 mg/L) standard solutions were used as
references. MS parameters: source block temperature 90 ◦C; desolvation temperature 250 ◦C; heat
block temperature 200 ◦C; drying gas flow 15.0 L/minute. Detection was performed using selected
ion-monitoring (SIM) mode.

Detection (LOD) and quantification (LOQ) limits were 31 and 93 μg/kg for FB1 and 51 and
154 μg/kg for FB2.

For the calculation of LOD and LOQ, nine calibration points (0.1 μg/kg; 0.5 μg/kg; 1 μg/kg;
5 μg/kg; 10 μg/kg; 50 μg/kg; 100 μg/kg; 500 μg/kg; 1000 μg/kg) were measured, and the LOD and
LOQ were calculated using the STHIBAYX function in Microsoft® Excel (Version 2013, Microsoft
Corporation, Redmond, WA, USA). The slope of the calibration curve was determined using the nine
calibration points.

LOD = (Peak area 1, Peak area 2, . . . .; Concentration 1, Concentration 2, . . . .)· 3,3333
Slope of calibration curve
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LOQ = (Peak area 1, Peak area 2, . . . .; Concentration 1, Concentration 2, . . . .)· 10
Slope of calibration curve

Ms Excel 2010 was used for the evaluation of the results.

4.3. Analysis of the Measurements and Correlation between FB1 and FB2 Concentrations

Main descriptive statistics (mean, maximum, 95th percentile) of the measured fumonisin
contamination of the analyzed commodities were used. The measurement results were also
characterized regarding the number of non-detected/not measurable values and the samples with
fumonisin content exceeding the regulatory limit.

To take into account the uncertainty derived from the non-detected (<LOD) and detected but not
measurable values (<LOQ), two scenarios were considered. First, to account for the worst-case option,
assuming the highest possible concentration of these non-numerical values, LOD was inserted for
values <LOD, and LOQ was inserted for values <LOQ, for both fumonisin B1 and B2 results. This
was termed the upper-bound scenario. To illustrate with numbers, 0.031 mg/kg and 0.051 mg/kg were
substituted for values of FB1 and FB2 <LOD, respectively, and 0.093 mg/kg and 0.154 mg/kg were
substituted for values of FB1 and FB2 <LOQ, respectively.

To account for an optimistic scenario, assuming the lowest possible concentration, values <LOD
were replaced with 0, and values <LOQ were replaced with the relevant LOD. This scenario was
termed the lower-bound scenario. To illustrate with numbers, 0 was inserted for values of both
fumonisins <LOD, and 0.031 mg/kg and 0.051 mg/kg were inserted for values of FB1 and FB2 <LOQ,
respectively. Obviously, in the case of values >LOQ, the measured numerical values were used directly
in all scenarios.

The possible correlation between fumonisin B1 and B2 contents in the samples was also analyzed,
calculating the correlation coefficients. Besides considering only the corresponding numerical values
of FB1 and FB2, we also analyzed a larger sample set, including those samples for which a numerical
FB1 value was accompanied by a detected but not measurable (i.e., between LOD and LOQ) FB2 result.
Lower- and upper-bound scenarios were calculated for these sample results as well.

4.4. Food Consumption Data

Consumption data were obtained from a survey carried out jointly by the Hungarian Food Safety
Office (HFSO) and the Hungarian Central Statistical Office in 2009. Three-day dietary record data were
collected from 4992 consumers, providing overall 14,976 daily food consumption data, including those
of 934 children (aged below 18).

Relevant consumptions of maize products were recorded specifically for maize flour, maize grits,
corn flakes, sweet maize, canned maize, frozen maize, extruded corn flakes, popped maize (with and
without oil), and cheese-flavored popped maize. These products, and consequently their consumptions,
were linked to the analyzed products, in order to perform intake calculations based on the concentration
and consumption data of these specific commodities. Table 7 presents the commodities analyzed in
relation to those consumed.

Table 7. Linking of analyzed values to consumed maize commodity categories by commodity name.

Commodities with
Analyzed Fumonisin

Content

Commodities Present in
the Food Consumption

Database

Number of
Consumption Days
(Out of 14,976 Data)

Number of Consumption
Days, Children (Out of

2802 Data)

Maize flour maize flour 54 5
Maize grits maize grits 4 0
Corn flakes corn flakes 399 137

Canned maize canned maize, sweet
maize, frozen maize 176 45

Maize-based, snack-like
products

maize popped, extruded
corn flakes, cheese

flavored popped maize
102 34
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The maize-based, snack-like products measured mainly consisted of different types of snacks
produced from maize, including nacho, tacoshells, corn flips, tortilla chips, extruded maize snack,
etc. Although they had different compositions, they were dealt with in one aggregated commodity
group called maize-based, snack-like products, as their compositions were not specified in the
consumption data.

The effect of processing was not taken into account for two reasons. First, the effect of milling
was not relevant, as the analytical measurements and consumptions were both recorded for milled
maize products, enabling a direct linkage between them. On the other hand, the effect of heating was
relevant for maize flour and maize grits; however, further studies would be necessary to conclude on
the quantitative effect of heating, based on the literature.

We considered only the consumption days for which consumption of the selected foods was
reported. Given that maize-based products are not consumed daily, including those individuals
who did not report any consumption of these foods would unrealistically dilute our data. The main
statistical parameters of the consumption data are summarized in Table 8.

4.5. Risk Assessment Approach

Risk assessment was performed by semi-probabilistic means, by considering the consumption
values as a distribution, since there were exact individual food consumption data available.
The concentration values of FB1 and FB2 were summed in each sample and considered accordingly in
further calculations.

For each food commodity category, the average concentration was calculated for both the LB
and the UB scenarios. These values were then multiplied by the relevant individual consumption
data one-by-one, resulting in the relevant calculated fumonisin intake values for each individual
consumption of each commodity.

The daily individual intakes calculated from each commodity category were then summed for
each individual, resulting in the summed individual daily fumonisin intake from all the selected
foods. The resulting distribution of individual total daily fumonisin intakes could then be further
studied on a population level. Average and high (95 percentile) values were calculated to determine
the fumonisin intake of average and high consumers. These calculations were also applied for the
children population of consumers. Finally, the resulting values were compared to the reference values
established by JECFA [11] and EFSA [15].

To estimate the commodity contributions to the summed intake estimated from the analyzed
commodities, the population average intake from each commodity was calculated separately and then
compared to the average summed intake, resulting in the proportion of contribution of each commodity.
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Abstract: Apart from causing serious yield losses, various kinds of mycotoxins may be accumulated
in plant tissues infected by Fusarium strains. Fusarium mycotoxin contamination is one of the
most important concerns in the food safety field nowadays. However, limited information on the
causal agents, etiology, and mycotoxin production of this disease is available on pepper in China.
This research was conducted to identify the Fusarium species causing pepper fruit rot and analyze
their toxigenic potential in China. Forty-two Fusarium strains obtained from diseased pepper from
six provinces were identified as F. equiseti (27 strains), F. solani (10 strains), F. fujikuroi (five strains).
This is the first report of F. equiseti, F. solani and F. fujikuroi associated with pepper fruit rot in China,
which revealed that the population structure of Fusarium species in this study was quite different
from those surveyed in other countries, such as Canada and Belgium. The mycotoxin production
capabilities were assessed using a well-established liquid chromatography mass spectrometry method.
Out of the thirty-six target mycotoxins, fumonisins B1 and B2, fusaric acid, beauvericin, moniliformin,
and nivalenol were detected in pepper tissues. Furthermore, some mycotoxins were found in
non-colonized parts of sweet pepper fruit, implying migration from colonized to non-colonized
parts of pepper tissues, which implied the risk of mycotoxin contamination in non-infected parts of
food products.

Keywords: Fusarium species; mycotoxin; toxigenic profile; mycotoxin migration; sweet pepper;
fungal disease

Key Contribution: Fusarium species on sweet pepper in China is different from those in Canada and
Belgium, and F. equiseti, F. solani, and F. fujikuroi were first reported causing pepper fruit rot in China.
Toxigenic potential of Fusairum strains were analyzed in inoculated pepper fruit and diffusions of FA
(fusaric acid), FB1 (fumonisin B1), FB2 (fumonisin B2), and MON (moniliformin) from lesions into
the surrounding sound tissues were observed. This is the first report about the migration of FA and
MON in sweet peppers.

Toxins 2019, 11, 690; doi:10.3390/toxins11120690 www.mdpi.com/journal/toxins25
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1. Introduction

Sweet pepper or bell pepper (Capsicum annuum L.) is highly appreciated in the fresh vegetable
markets worldwide due to its unique taste, aromas, and the multiple culinary uses. It represents one
of the most important vegetables for the high content of phytochemicals, such as ascorbic acid and
soluble phenols [1,2], having potential positive effects on human health. For example, ascorbic acid is
an essential dietary nutrient in the human body with its vital biological function as an antioxidant.
Sweet pepper is an economically important vegetable crop and widely used for direct consumption
and manufacturing of sauce worldwide, where the global production reached 34.6 million tons of
fresh fruit and 3.5 million tons of dried pods [3]. China is the largest producer and exporter of
sweet pepper in the world, with a total fresh pepper production per year of almost 23 million tons.
Sweet pepper is often grown in commercial greenhouses, which is favorable for the growth and
survival of phytopathogenic fungi and the infection of pepper plants [4]. Thus, the disease poses a
serious limitation to pepper cultivation, resulting in yield reduction or complete crop loss, as reported
previously in the literature [4–6].

Several fungal diseases have caused economic losses in sweet pepper production in Canada,
United Kingdom, and Belgium [4,7,8]. Fusarium infection on the stem- and blossom-end of pepper fruit
caused by F. solani was first reported in Ontario and British Columbia in 1991 and caused approximately
5% fruit-yield loss [8–10]. Since the 1990s, this rot disease has been an increasing problem in pepper
production in both Europe and North America [7,11,12]. More seriously, a severe outbreak of this
disease resulting in a 50% yield loss in a greenhouse was reported in 1990 in Ontario [13].

In addition to external fruit rot, internal rot of sweet pepper fruit is also a big problem in pepper
production [14]. In contrast to the external pepper fruit rot, the fruit is infected internally by a fungus.
Unless severely infected and rotten, most infected fruits are difficult to cull before delivery to the
market as the symptoms are not readily visible [4,8,10]. A comprehensive histopathology analysis
performed by Yang et al. [10] indicated that internal fruit rot of greenhouse sweet pepper caused by
F. lactis was initiated through the infection of the stigma and style during anthesis. Symptomless
seed infection may contribute to disease spread, and air and insects also play an important role as
intermediates in fungal spores spreading [15]. Based on the surveys to date, F. lactis is the principal
causal agent of internal fruit rot of pepper, although the closely related Fusarium species belonging to
the Fusarium fujikuroi species complex (FFSC), such as F. proliferatum, F. subglutinans, and F. verticillioides,
have also been implicated in this disease [4,6,8].

Apart from causing significant yield losses, Fusarium species can produce fumonisins (FBs),
trichothecenes (TCs), zearalenone (ZEN), and other mycotoxins in infected plant tissues which are
harmful to consumers. For example, B-series fumonisins (Figure 1), which are mainly produced by
Fusarium species from FFSC, are the most frequently detected mycotoxins in maize, and are involved
in animal and human diseases by interfering with sphingolipid metabolism. Moreover, fumonisins
have been associated epidemiologically with esophageal cancer in humans in some regions of the
world [16,17]. On the basis of available toxicological evidence, the International Agency for Research
on Cancer (IARC) has classified fumonisins as possibly carcinogenic (Group 2B) [18]. Mycotoxin
contamination in grains, vegetables, and fruit poses a serious threat to food safety.

Mycotoxins can diffuse into tissues surrounding the pathogen-infected site. The water content of
fresh sweet pepper is usually higher than 90%, which contributes to the dissolution of polar compounds
produced by pathogens in pepper tissues. Fumonisins, fusaric acid (FA), and moniliformin (MON) are
the most common mycotoxin contaminants produced by Fusarium species, and migration of some of
these toxins has been reported in pepper and fruit previously [19,20]. A migration study of beauvericin
(BEA) and fumonisins was reported by Monbaliu et al. [19], and the results indicated the migration of
fumonisins into healthy parts of the sweet pepper, while beauvericin was not detected in the tissue
surrounding the lesion. Mycotoxin contaminations originating from mycotoxin-producing Fusarium
species in pepper should be considered as an importantly sensitive food safety concern. Therefore, it is

26



Toxins 2019, 11, 690

of great necessity to assess the types and levels of mycotoxin contamination in pepper and its derived
products [4].

Figure R1 R2

Fumonisin B1 OH OH
Fumonisin B2 OH H
Fumonisin B3 H OH

Figure 1. Structural formulas of B-series fumonisins.

Effective management of mycotoxin contamination in sweet pepper relies on the control of the
fungal infection and requires a better understanding of Fusarium biology and epidemiology. To our best
knowledge, there is little information on the causal agent, etiology, toxigenic potential, and geographic
distribution of the Fusarium species involved in pepper disease in China. The objectives of this current
work were: (i) To isolate and identify the causal organism from Fusarium genus on sweet pepper in
China; (ii) to assess the potential mycotoxin profiling of the fungal pathogens; (iii) to estimate the
migration behavior of mycotoxins in sweet pepper.

2. Results and Discussion

2.1. Isolation and Identification of Fusarium Isolates

Sweet pepper fruits were sampled from Hainan, Heilongjiang, Hunan, Shanghai, Shandong,
and Zhejiang provinces in China. Following isolation from diseased pepper tissues, a total of forty-two
single-spore isolates were obtained and identified as belonging to Fusarium genus by morphology.
Two of theses strains were isolated from Hainan, one strain was isolated from Heilongjiang, five strains
were isolated from Hunan, twenty-one strains were isolated from Shanghai, three strains were isolated
from Shandong, and ten strains were isolated from Zhejiang (Table 1).

The purified isolates were first identified to species with morphological characteristics [21],
and this was subsequently confirmed by nucleotide sequences analysis of the translation elongation
factor 1-α (TEF-1α) genes with partial of representative strains. Of the forty-two strains, twenty-seven
were identified as F. equiseti, ten as F. solani, and five as F. fujikuroi (Table 1). Previously, a new disease on
pepper caused by F. concentricum was reported by our group, and the strain MUCL54697 was isolated
from Hunan province, China [22].

Eleven representative strains belonging to different species were selected for TEF-1α gene
sequencing to further confirm the morphological identification results as described before [23–25].
Obtained sequences were subjected to alignment analysis using the network service tool BLASTn of
the National Center for Biotechnology Information (NCBI) database. The sequence analysis of the
portion of the TEF-1α genes of representative strains confirmed that all the strains belonged to Fusarium
genus. The results indicated that nucleotide sequences of three strains (Q12002, Q12003 and Q12005)
showed the highest identity (>99%) with the sequence of F. equiseti, three (Q12029, Q12030 and Q12034)
showed the highest identity (>99%) with the sequence of F. solani, and five (Q12038-Q12042) showed
the highest identity (>99%) with the sequence of F. fujikuroi in the NCBI database. The molecular
identification results were all identical with the morphological results. The TEF-1α gene sequences
generated in this study were deposited in GenBank, NCBI (http://www.ncbi.nlm.nih.gov/genbank/),
under accession numbers KF208617–KF208627, which is presented in Table 1.
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Table 1. Fusarium strains isolated in this study.

Species Strain Code Origin Symptom (External/Internal) GenBank Accession No.

F. equiseti Q12001 Shanghai external -
Q12002 Shanghai internal KF208617
Q12003 Shanghai external KF208618
Q12004 Shanghai external -
Q12005 Shanghai internal KF208619
Q12006 Shanghai external -
Q12007 Shanghai external -
Q12008 Shanghai internal -
Q12009 Shanghai external -
Q12010 Hainan external -
Q12011 Shandong external -
Q12012 Shandong external -
Q12013 Shanghai external -
Q12014 Shanghai external -
Q12015 Shandong external -
Q12016 Helongjiang external -
Q12017 Zhejiang external -
Q12018 Zhejiang internal -
Q12019 Zhejiang external -
Q12020 Zhejiang external -
Q12021 Zhejiang external -
Q12022 Zhejiang internal -
Q12023 Zhejiang external -
Q12024 Zhejiang external -
Q12025 Hunan external -
Q12026 Hunan external -
Q12027 Hunan external -

F. solani Q12028 Shanghai external -
Q12029 Shanghai external KF208620
Q12030 Shanghai external KF208621
Q12031 Shanghai external -
Q12032 Shanghai external -
Q12033 Shanghai external -
Q12034 Shanghai internal KF208622
Q12035 Shanghai internal -
Q12036 Shanghai external -
Q12037 Shanghai external -

F. fujikuroi Q12038 Hainan external KF208623
Q12039 Zhejiang external KF208624
Q12040 Zhejiang external KF208625
Q12041 Hunan internal KF208626
Q12042 Hunan external KF208627

Among the forty-two Fusarium strains, all the ten F. solani (23.81%) strains were isolated from
Shanghai, and the five F. fujikuroi (11.90%) strains were isolated from Hainan (one strain), Hunan
(two strains), and Zhejiang (two strains). F. equiseti was the only species isolated from all six sampled
provinces in China, and accounting for 64.29% of all Fusarium strains isolated (Table 1). According to
our survey, F. equiseti was the predominant pathogen of sweet pepper fruit rot in China.

Fusarium strains were isolated from both external and internal rotten pepper fruits in this study.
Of the forty-two strains, thirty-four were isolated from external rotten pepper fruits and eight strains
were isolated from internal rotten pepper fruits (Table 1). For the twenty-seven F. equiseti strains,
twenty-two were associated with external rot disease of pepper fruits and five (Q12002, Q12005, Q12008,
Q12018, and Q12022) were isolated from internal rotten pepper fruits. For the ten F. solani and five
F. fujikuroi, two (Q12034 and Q12035) and one strain (Q12041) were isolated from internal rotten pepper
fruit, respectively. As such, F. equiseti, F. solani, and F. fujikuroi were the causal agents of external fruit
rot of pepper in China, with F. equiseti being the predominant, while F. equiseti, F. solani, and F. fujikuroi
were associated with internal fruit rot of pepper, with F. equiseti being the predominant. To our best
knowledge, this is the first report of F. fujikuroi, F. equiseti, and F. solani associated with external and
internal pepper fruit rot in China.

F. solani was reported as the predominant causal agent of external fruit rot of pepper in Europe
and North America [7–13], which is different from China. However, it worth noting that F. solani is a
common pathogen causing pepper fruit rot worldwide. F. solani, F. lactis, F. proliferatum, F. subglutinans,
and F. verticillioides were reported to cause external or internal pepper fruit rot in Belgium, Canada,

28



Toxins 2019, 11, 690

and United Kingdom, with F. lactis being the principal one [4,6,8]. In this study, F. equiseti, F. solani,
and F. fujikuroi were found to be associated with internal pepper fruit rot, and with F. equiseti being
the predominant. In light of the above, it is obvious that the population structure of Fusarium species
associated with pepper fruit rot (external or internal) in China is quite different from those in surveys
from Canada and Belgium [4,8,10]. Although the underlying factors for species distribution are
unknown, climatic conditions (such as the annual temperature weather and humidity), hosts and
their rotation, and adaptive evolution have been reported to influence the distribution of Fusarium
species [14,26–28]. In view of the population genetic diversity and dispersal difference of the Fusarium
pathogens, procedures for effective management of these pathogens on pepper are urgently needed.

2.2. Molecular Phylogenetics

Phylogenetic analyses were conducted on partial sequences of TEF-1α genes. Figure 2 shows the
phylogenetic tree constructed with MEGA 5.10 [29]. As several Fusarium species have been reported to
be the causal agents of pepper fruit rot, in addition to the nucleotide sequences obtained in this study
(Table 1), corresponding sequences available in GenBank for the strains belonging to F. concentricum,
F. equiseti, F. fujikuroi, F. lactis, F. proliferatum, F. solani, F. subglutinans, and F. verticillioides were retrieved
and served as references.

F. fujikuroi

F. proliferatum

F. concentricum

F. subglutinans

F. verticillioides

F. lactis

F. equiseti

F. solani

 

Figure 2. Phylogenetic tree inferred from alignments of TEF-1α sequences of Fusarium species by the
Neighbor-Joining method with program MEGA 5.10. The numbers beside branches are the percentages
of congruent clusters in 1000 bootstrap trials. Bootstrap values higher than 75% are shown.
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As shown in Figure 2, bootstrap analyses of the TEF-1α gene partial sequences clearly separated
the thirty-six Fusarium isolates into three major clades with a bootstrap value of 100%; the F. equiseti
clade (seven isolates), the F. solani clade (eight isolates), and the third clade that was composed of
the remaining twenty-one isolates belonging to F. concentricum, F. fujikuroi, F. lactis, F. proliferatum,
F. subglutinans, and F. verticillioides. The six Fusarium species mentioned above in the third clade are
all from the F. fujikuroi species complex (FFSC) [30], and they are relatively closer species among the
species analyzed.

It is obvious that six distinct subclades were formed with >97% bootstrap support in the third
clade which separated the twenty-one isolates to F. concentricum (three isolates), F. fujikuroi (ten isolates),
F. lactis (two isolates), F. proliferatum (two isolates), F. subglutinans (two isolates), and F. verticillioides
(two isolates) (Figure 2). Thus, the TEF-1α sequences can efficiently differentiate these Fusarium species.
The TEF-1α sequence BLASTn and phylogenetic analysis results strongly supported the identification
results of Fusarium strains isolated.

2.3. Multi-Mycotoxin Analysis in Pepper Fruit

For large-scale screening of mycotoxin production capabilities in pepper by the sampled Fusarium
isolates, the well-established multi-component LC-MS/MS method was used for scanning of the
36 mycotoxins reported in agricultural products. In this multi-mycotoxin analysis, two F. equiseti
isolates (Q12002 and Q12004), three F. solani isolates (Q12029, Q12034 and Q12037), four F. fujikuroi
isolates (Q12038, Q12039, Q12040 and Q12041), and the F. concentricum strain MUCL54697 [22] were
selected to do the inoculation experiment and assess their mycotoxin production in different sites of
sweet pepper fruits (Figure 3).

 
Figure 3. Inoculated pepper with the indication of inoculation site (red dot) and healthy site (black
oval) for mycotoxin analysis.

Mycotoxin detection results from lesions (Figure 3, red dot) were used to do the mycotoxin profile
analysis, and the results from the healthy parts (Figure 3, black oval) were used for the migration
study. Mycotoxin profiles of the ten strains selected were summarized in Table 2. The multiple
mycotoxin analysis resulted in the detection of BEA, FA, fumonisin B1 (FB1), fumonisin B2 (FB2), MON,
and nivalenol (NIV) in pepper tissues (Figures 1 and 4). In one out of the ten isolates inoculated,
none of the thirty-six mycotoxins investigated was detected. FA was the most frequently detected
metabolite which was produced by nine isolates in concentrations that greatly varied from 41.44 to
10,662.36 μg/kg. BEA was produced by eight isolates with average concentrations varying between
5.20 and 1019.60 μg/kg. Both FB1 and FB2 were produced by the same four isolates ranging from
43.64 to 39,326.60 μg/kg and 26.96 to 3734.16 μg/kg, respectively. MON was produced by five isolates
in greatly varying amounts (35.80–2439.48 μg/kg), while NIV was produced by only one isolate at a
concentration of 184.16 μg/kg.
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Table 2. Mycotoxins produced by selected Fusarium strains in sweet pepper samples.

Fusarium Species Strain
Code

Position 1
Mycotoxins Detected (μg/kg)

BEA FA FB1 FB2 MON NIV

F. equiseti Q12002 IS 5.20 411.64 - - - 184.16

HS - 13.80 - - - -

F. equiseti Q12004 IS 9.12 160.32 - - - -
HS - - - - - -

F. solani Q12029 IS - 41.44 - - - -
HS - - - - - -

F. solani Q12034 IS 98.48 78.98 - - - -
HS - - - - - -

F. solani Q12037 IS - - - - - -
HS - - - - - -

F. fujikuroi Q12038 IS 153.84 10662.36 1512.48 1190.12 2439.48 -
HS - 592.00 45.36 31.67 193.75 -

F. fujikuroi Q12039 IS 318.00 4870.56 1559.04 851.88 1429.76 -
HS 130.40 41.08 24.30 172.13 -

F. fujikuroi Q12040 IS 44.44 6522.72 43.64 26.96 151.72 -
HS - 874.04 - - - -

F. fujikuroi Q12041 IS 23.80 2940.72 3926.60 3734.16 1925.00 -
HS - 530.48 183.04 144.92 253.12 -

F. concentricum MUCL54697 IS 1019.60 2886.08 - - 35.80 -
HS - 55.64 - - - -

1 IS, Inoculation site; HS, Healthy site.

 

(A) (B) (D) 

(C) 

Figure 4. Structural formulas of moniliformin (A), nivalenol (B), fusariuc acid (C), and beauvericin (D).

As shown in Table 2, significantly different toxigenic profiles were observed among different
species in inoculated pepper fruits. For the investigated Fusarium species, the most abundant of toxic
metabolites were produced by F. fujikuroi, and all the four F. fujikuroi isolates can produce BEA, FA,
FB1, FB2, and MON. With regard to the individual mycotoxin, relatively higher contents of FB1 were
generated compared to FB2 by the same strain, which were consistent with the previously reported
studies [31,32]. The ratios between the two fumonisins for individual F. fujikuroi strain were in the
range of 1.05–1.83 in pepper lesions. Meanwhile, significant differences in fumonisin production
capacities of F. fujikuroi strains were observed. For example, strain Q12040 produced FB1 and FB2 in
concentrations of 43.64, 26.96 μg/kg, respectively, while large amounts of FB1 and FB2 were produced
by isolate Q12041 (3926.60, 3734.16 μg/kg, respectively) which were about 90 and 139 times as higher
than those produced by Q12040 under the same conditions. Note that similar or higher amounts of
FA and MON were produced by the four F. fujikuroi strains when compared with FBs. For example,
the amount of FA is higher than the total fumonisins (FB1 + FB2) produced by three out of four isolates.
Strain Q12002 produced NIV, a kind of type B trichothecene, at a concentration of 184.16 μg/kg, while
trichothecenes were not observed with the other strain Q12004. These two F. equiseti isolates showed a
considerable intraspecies variation in profiles of trichothecene production, similar to results reported
by Hestbjerg et al. [33]. Similarly, intraspecies variation in toxigenic profiles was also observed in
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F. solani. Regarding the three F. solani strains, only FA was produced by strain Q12029, compared to
BEA and FA (94.84, 78.98 μg/kg, respectively) that were produced by strain Q12034, while none of the
thirty-six mycotoxins were detected with strain Q12037.

Large variation among strains, both in terms of their toxigenic profiles and the quantity of
mycotoxins produced in pepper, was found in this study. Based on the mycotoxin profile results,
it could be concluded that interspecies toxigenic profile variation appears to be a species-specific
characteristic, while the intraspecies quantity variation appears to be a strain-specific characteristic.

The results of the migration study are summarized in Table 2. Among the mycotoxins detected in
this study, diffusion phenomenon of FA, FB1, FB2, and MON from a moldy area to healthy tissues was
observed in pepper fruit, while no detectable BEA and NIV were found in unaffected parts.

As shown in Table 2, FA was the most frequently detected mycotoxin in unaffected parts,
with concentrations varying from 13.80 to 874.04 μg/kg. As a phytotoxin [34], the ratios of FA detected
from lesions and healthy parts were in the range of 5.54–51.87. FB1 was detected in unaffected parts
with concentrations varying from 41.08 to 183.04 μg/kg. The ratios of FB1 detected from lesions and
healthy parts were in the range of 21.45–37.95. FB2 was detected in unaffected parts with concentrations
varying from 24.30 to 144.92 μg/kg and the ratios of FB2 detected from lesions and healthy parts were
similar to FB1 (25.77–37.58). MON was detected in unaffected parts with concentrations varying from
172.13 to 253.12 μg/kg, and the ratios of the compound from lesions and healthy parts were in the
range of 7.61–12.59. Migration of FB1 and FB2 in sweet pepper was reported by Monbaliu et al. [19],
and this is the first report about the diffusion of FA and MON in sweet pepper.

Mycotoxins can persist in infected plant tissues, and depending on physical or chemical properties
(solubility, polarity, hydrophilicity, molecular weight, concentration, etc.) and tissue components,
might also transfer from a rotten part of the plant tissues into the surrounding sound tissues, even in
the absence of fungal growth. In this study, no NIV was detected in healthy pepper tissues maybe due
to the low concentration, while BEA was not detected even at a high concentration (1019.60 μg/kg).
Similar results were reported by Monbaliu et al. [19] that BEA can not be detected in surrounding tissues
even with an extremely high concentration, 73,800 μg/kg, in pepper lesions. As shown in Figure 4, BEA
is a cyclic hexadepsipeptide that contains three D-hydroxyisovaleryl and three N-methylphenylalanyl
residues in an alternating sequence [35]. As an organic and non-polar compound, BEA is insoluble in
the aqueous environment. Vegetable, and sweet peppers in particular, contain >90% water, which
is probably why BEA was not detected in the surrounding tissues. These results demonstrated the
possible risk of mycotoxin contamination in non-infected parts of food products, and some mycotoxins
can diffuse into sound tissues. Since second-quality vegetables and fruits may be used to produce
derivatives such as juices, jam, etc., further studies on migration behaviors and affecting factors of
different mycotoxins in various vegetables and fruits are very important to establish suitable means of
protecting consumers from exposure to toxic substances [20].

3. Conclusions

Fusarium species causing pepper fruit rot (external and internal) were analyzed in this study.
Altogether, forty-two isolates belonging to F. equiseti (27 isolates), F. solani (10 isolates), and F. fujikuroi
(five isolates) were identified with F. equiseti being the predominant species. To our best knowledge,
this is the first report of F. fujikuroi, F. equiseti and F. solani associated with pepper fruit rot in China.
Toxigenic profiles of ten pathogens were determined in sweet peppers, and six toxic metabolites (BEA,
FA, FB1, FB2, MON, and NIV) were detected in total. Significantly different toxigenic profiles were
observed among the three Fusarium species. Diffusions of FA, FB1, FB2, and MON from lesions into
the surrounding sound tissues were observed in sweet peppers, and this is the first report about the
migration of FA and MON in sweet peppers. Further studies on migration behaviors and affecting
factors of different mycotoxins in various vegetables and fruit should be conducted.
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4. Materials and Methods

4.1. Isolation and Purification of Fusarium Strains

During the growing season, pepper fruit samples were collected from different regions in China,
including Hainan, Heilongjiang, Hunan, Shandong, Shanghai, and Zhejiang provinces (Table 1).
Pepper fruits with visible symptoms (external or internal when cut open) were selected for pathogen
isolation. Fungi were isolated using conventional methods as follows: Symptomatic tissues (3 × 3 cm)
were surface-sterilized in 0.1% HgCl2 for 1 min, transferred into 70% ethanol for 30 s, then rinsed three
times in sterilized distilled water, dried, and plated on 90 mm Petri dishes containing potato dextrose
agar (PDA). After incubation for 3–5 days at 28 ◦C in the dark, colonies resembling morphologically to
Fusarium were transferred onto new PDA. Plates were incubated at 28 ◦C in the dark until colonies
developed, and then purified through serial transfers. No more than one strain per fruit was isolated.
For each strain, a single spore culture was obtained by single-sporing as described before [36]. The pure
cultures were used for the morphological and molecular characterization. Monoconidial strains were
cryopreserved and maintained in tubes on PDA in the lab.

4.2. Nucleotide Maniplation

Mycelia plugs from 3-day-old PDA cultures were transferred to 50 mL of potato dextrose broth
(PDB) medium and incubated with shaking (100 rpm) at 28 ◦C in the dark for 3 days. After incubation,
mycelium was filtered through two-layered cheesecloth, washed with sterile water, then freeze-dried
and ground to a fine powder using a TissueLyser II system (Qiagen Tissuelyser II, Retsch, Haan,
Germany). Genomic DNA was extracted and purified using a Cetyl Trimethylammonium Bromide
(CTAB) protocol as described before [37]. In brief, after homogenization, the ground power was
suspended with 600 μL of CTAB lysis buffer, mixed well by shaking, and incubated at 65 ◦C for 1 h.
After incubation, the solution was cooled at room temperature for 5 min, cellular debris were pelleted
by centrifugation at 12,000 rpm for 10 min, and 500 μL of supernatant was transferred into a new tube.
The supernatant was extracted with 500 μL of chloroform:isoamyl alcohol mixture (24:1, v/v). After
centrifugation at 12,000 rpm for 10 min, 400 μL of aqueous phase was transferred to a fresh tube, then
400 μL of ice-cold isopropyl alcohol and 40 μL of sodium acetate (3 M, pH 5.2) were subsequently
added to the samples. The tubes were mixed by gentle inversion. After incubation for 1 h at −20 ◦C,
DNA was precipitated by centrifugation at 12,000 rpm for 10 min. The DNA sample was washed
with 800 μL of pre-chilled 70% ethanol and air-dried before resuspension in 50 μL TE buffer (10 mM
Tri-HCl, 0.1 mM EDTA, pH 8.0). DNA quantification and quality analysis were carried out by agarose
gel electrophoresis with known DNA marker as standard.

4.3. Fusarium Strain Identification

The purified Fusarium strains were identified to species by morphological characteristics, and this
was confirmed by TEF-1αgene sequence analysis of the representative strains. Methods for determining
phenotypic characters and mycelial growth of Fusarium strains were from published protocols [21].

In order to verify the identity of Fusarium strains collected, DNA sequence comparisons were
made for a subset of the strains using the TEF-1α gene, known as one of the most pertinent
gene for determining the species rank in the Fusarium genus [23–25]. Portions of the TEF-1α
gene were amplified with primer pair EF-1 (3′-ATGGGTAAGGA(A/G)GACAAGAC-5′) and EF-2
(3′-GGA(G/A)GTACCAGT(G/C)ATCATGTT-5′) in a thermal cycler. Polymerase chain reaction (PCR)
was performed in a 50 μL reaction system afterwards [4], with minor modifications. PCR reaction
mixtures contained 1× TransStar FastPfu Fly PCR SuperMix (TransGen Biotech, Beijing, China), 0.2 μM
of each primer, and 50 ng of genomic DNA template. A negative control omitting the DNA template
was used in every set of reactions. The thermal cycler (T100 Thermal Cycler, Bio-Rad, Hercules, CA,
USA) conditions consisted of an initial denaturation step at 94 ◦C for 2 min, followed by 30 cycles
of denaturation at 94 ◦C for 20 s, annealing at 58 ◦C for 20 s and extension at 72 ◦C for 30 s, then
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a final extension of 72 ◦C for 5 min. Amplified products (50 μL) were separated by electrophoresis
on 1.5% (w/v) agarose gels. Gels were stained with ethidium bromide and photographed under
UV light in the Bio-Imaging system (Bio-Rad, Hercules, CA USA). Fragments were excised and
extracted from the gel using the QIAquick gel extraction kit (QIAGEN, Hilden, Germany) according
to the manufacturer’s instructions. Purified amplicons were sequenced in both directions using an
ABI3730XL DNA sequencer (Applied Biosystems, Foster City, CA, USA) for each strain, and contigs
were assembled with Sequencher version 4.1 program (Gene Codes Corporation). The TEF-1α gene
sequences generated in this study were subjected to similarity searches with the BLASTn network
service of NCBI nucleotide database.

4.4. Phylogenetic Analysis

Portions of the TEF-1α gene sequences from eleven Fusarium strains were generated for
phylogenetic analysis in this study (Table 1). All sequences were compared with sequences of
Fusarium species available in the GenBank database through BLASTn searches for similar sequences.

Phylogenetic analyses were conducted using MEGA v. 5.10 [29] to characterize the genetic
diversity and evolutionary relationships of the strains. TEF-1α sequences of twenty-five fungal strains
belonging to Fusarium genus retrieved from the NCBI database were also used as references for
constructing a phylogenetic tree. In total, thirty-six sequences were analyzed, including seven F. equiseti
strains, ten F. fujikuroi strains, eight F. solani strains, three F. concentricum strains, two F. lactisi strains,
two F. proliferatum strains, two F. subglutinans strains, and two F. verticillioides strains. The TEF-1α
sequences of these Fusarium strains were all available in NCBI nucleotide database, and detailed
information about their strain code, geographic origin, and host/substrate is listed in Table 3.

Table 3. Fusarium strains used in phylogenetic analysis and their origins and GenBank accession
numbers of TEF-1α genes.

Speices Strain code Origin Host/Substrate Accession number Reference

F. concentricum B2447B Malaysia Banana KY379181 [38]
F. concentricum MUCL54697 China Sweet pepper KC816735 [22]
F. concentricum NRRL25202 Korea Delphacidae JF740760 [24]

F. equiseti 35b China Wheat KY466715 -
F. equiseti B1349T China Tomato KM886212 -
F. equiseti PAK54 USA Loquat KY523101 -
F. equiseti Q12002 China Sweet pepper KF208617 This study
F. equiseti Q12003 China Sweet pepper KF208618 This study
F. equiseti Q12005 China Sweet pepper KF208619 This study
F. equiseti TOR-9 Spain Strawberry KX215087 [39]
F. fujikuroi 37-EF1 Malaysia Pineapple KC584844 -
F. fujikuroi BJ-1 China Bletilla striata MH263736 -
F. fujikuroi F271 India Rice KM586385 -
F. fujikuroi F326 India Rice KP009955 -
F. fujikuroi M7055 China Maize KC964126 [40]
F. fujikuroi Q12038 China Sweet pepper KF208623 This study
F. fujikuroi Q12039 China Sweet pepper KF208624 This study
F. fujikuroi Q12040 China Sweet pepper KF208625 This study
F. fujikuroi Q12041 China Sweet pepper KF208626 This study
F. fujikuroi Q12042 China Sweet pepper KF208627 This study

F. lactisi NRRL25200 USA Ficus carica AF160272 [41]
F. lactisi SPF22 Korea Sweet pepper JF411959 [5]

F. proliferatum 9174 Malaysia Pitaya JX869021 [42]
F. proliferatum 9194 Malaysia Pitaya JX869025 [42]

F. solani DE17 Malaysia Mangrove soil KM096385 -
F. solani N2211 Malaysia Cucurbits KT211623 -
F. solani N2214 Malaysia Cucurbits KT211624 -
F. solani NRRL52699 Colombia Cercopidae JF740782 [24]
F. solani NRRL52704 USA Tetranychidae JF740786 [24]
F. solani Q12029 China Sweet pepper KF208620 This study
F. solani Q12030 China Sweet pepper KF208621 This study
F. solani Q12034 China Sweet pepper KF208622 This study

F. subglutinans MUCL52468 Belgium Maize HM067691 [25]
F. subglutinans NRRL22016 USA Maize AF160289 [25,41,43]
F. verticillioides ITEM2625 Slovakia Maize KF715264 -
F. verticillioides NRRL22172 Germany Maize AF160262 [25,41,43]
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All sequences were aligned initially with ClustalX software [44] and the alignments manually
edited. Phylogenetic analyses of the sequences were performed with MEGA5.1 for Neighbor-joining
(NJ) analysis, and Kimura-2 parameter model and pairwise deletion option for gaps were used.
The reliability of the tree topologies was evaluated using bootstrap support with 1000 pseudoreplicates
of the data.

4.5. Mycotoxin Production Analysis in Pepper Fruits via LC-MS/MS

Fungal strains were initially grown on PDA in 90 mm diameter Petri dishes for 7 days at 28 ◦C in
the dark, after which they were used to inoculate pepper fruits. Mature pepper fruits were inoculated
with mycelium plug as described by Van Poucke et al. [4]. After incubation, the fruit tissues from
different positions, including the inoculation site and healthy site, were collected, homogenized
separately, and processed for mycotoxin detection analysis. Mycotoxin detection results from lesions
were used to do the mycotoxin profile analysis, and the results from the healthy parts were used for
the migration study.

For each sample, 2 g of the grounded material was extracted with 8 mL extraction solvent
(acetonitrile:water = 84:16, v/v). Multi-component analysis of mycotoxins in the inoculated samples was
performed as described previously [45,46]. In total, 36 mycotoxins were included in the multi-mycotoxin
analyses: Aflatoxin B1 (AFB1), aflatoxin B2 (AFB2), aflatoxin G1 (AFG1), aflatoxin G2 (AFG2), aflatoxin
M2 (AFM2), aflatoxin M1 (AFM1), beauvericin (BEA), citrinin (CIT), cyclopiazonic acid (CPA),
deoxynivalenol (DON), 3-acetyldeoxynivalenol (3-ADON), 15-acetyldeoxynivalenol (15-ADON),
deoxynivalenol-3-glucoside (DON-3G), deepoxydeoxynivalenol (Deep-DON), diacetoxyscirpenol
(DAS), fusaric acid (FA), fumonisin B1 (FB1), fumonisin B2 (FB2), fusarenon-X (FUSX), gliotoxin, HT2
toxin (HT2), moniliformin (MON), neosolaniol (NEO), nivalenol (NIV), ochratoxin A (OTA), patulin
(PAT), penitrem A (PenA), sterigmatocystin (SMC), T-2 toxin (T-2), verruculogen (VER), zearalenone
(ZEN), α-zearalanol (α-ZOL), β-zearalanol (β-ZOL), α-zearalenol (α-ZAL), β-zearalenol (β-ZAL),
and zearalanone (ZAN). HPLC or analytical grade of acetonitrile, hexane, and other chemical agents
were purchased from Merck (Darmstadt, Germany). Deionized water purified by a Milli-Q water
system (Millipore, Billerica, MA, USA) was used throughout the experiments.
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Abstract: Charcoal rot disease, caused by the fungus Macrophomina phaseolina, results in major
economic losses in soybean production in southern USA. M. phaseolina has been proposed to use the
toxin (-)-botryodiplodin in its root infection mechanism to create a necrotic zone in root tissue through
which fungal hyphae can readily enter the plant. The majority (51.4%) of M. phaseolina isolates
from plants with charcoal rot disease produced a wide range of (-)-botryodiplodin concentrations
in a culture medium (0.14–6.11 μg/mL), 37.8% produced traces below the limit of quantification
(0.01 μg/mL), and 10.8% produced no detectable (-)-botryodiplodin. Some culture media with traces or
no (-)-botryodiplodin were nevertheless strongly phytotoxic in soybean leaf disc cultures, consistent
with the production of another unidentified toxin(s). Widely ranging (-)-botryodiplodin levels (traces
to 3.14 μg/g) were also observed in the roots, but not in the aerial parts, of soybean plants naturally
infected with charcoal rot disease. This is the first report of (-)-botryodiplodin in plant tissues naturally
infected with charcoal rot disease. No phaseolinone was detected in M. phaseolina culture media or
naturally infected soybean tissues. These results are consistent with (-)-botryodiplodin playing a role
in the pathology of some, but not all, M. phaseolina isolates from soybeans with charcoal rot disease in
southern USA.

Keywords: fungi; mycotoxins; phaseolinone; LC/MS; soybean; charcoal rot disease; root
infection mechanism

Key Contribution: This is the first report of a toxin being found in the tissues of soybean plants
naturally infected in the field with charcoal rot disease, specifically finding (-)-botryodiplodin and
not phaseolinone. This is also the first report of results consistent with some isolates of M. phaseolina
using different toxins, other than (-)-botryodiplodin, to facilitate root infection in soybean.

1. Introduction

The fungus Macrophomina phaseolina (Tassi) Goidanich [1], also known by the teleomorph Sclerotium
bataticola Taub. [2], is the cause of charcoal rot disease, and other named diseases, in soybeans and about
500 other crop and ornamental species in the United States and internationally [3–5]. Charcoal rot

Toxins 2019, 11, 645; doi:10.3390/toxins11110645 www.mdpi.com/journal/toxins39
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disease, also known as summer wilt, dry weather wilt, or black root disease, results in crop yield
loss and seed quality deterioration in soybeans and other crops [6–11]. Charcoal rot disease is more
prevalent in heat- and drought-stressed conditions [12,13]. M. phaseolina can spread to adjacent plants
with interdigitating roots through the soil, infecting the roots and spreading throughout the infected
plant through the vascular system [14,15]. M. phaseolina forms black spore-like mycelial structures
called microsclerotia, which allow the fungus to survive over winter. These microsclerotia are the grey
and black dots in the stems and roots of soybean plants that give charcoal rot disease its name [16].
Common agricultural practices such as managing planting dates, fungicide applications, and biological
control have been ineffective in controlling this disease [17–23]. Despite extensive efforts to control
charcoal rot disease by developing resistant soybean genotypes [24–26], currently available genotypes
are still not sufficiently resistant to prevent the disease in the field, although moderately resistant
genotypes have been shown to have lower levels of M. phaseolina in plant tissues [27–29].

The mechanism used by M. phaseolina to infect plants with charcoal rot disease is not yet understood,
in part because of the diversity in M. phaseolina isolates [30–33]. M. phaseolina has been reported to
produce toxins, including (-)-botryodiplodin and phaseolinone [34–37]. It has been proposed that a
toxin may play a role in an early step of the mechanism used by M. phaseolina to infect susceptible
plants through the roots from the soil reservoir, where the fungus normally lives, particularly over the
winter [7,36].

The objective of the present study is to investigate the involvement of toxins, particularly
(-)-botryodiplodin, in the charcoal rot disease of soybeans. Soybeans are selected as the subject for
these studies because charcoal rot disease causes major economic losses for soybean production in
the midsouthern USA (Mississippi, Arkansas, and Louisiana) [10,11,38–40]. The role(s) of toxins
in root infection is investigated in these studies by assessing the production of (-)-botryodiplodin,
phaseolinone, and other toxins in cell-free culture filtrates of charcoal rot disease-causing M. phaseolina
isolates and in roots and other tissues from soybean plants naturally infected with charcoal rot disease
in the field. Studies on the culture filtrates of charcoal rot disease-causing M. phaseolina isolates resulted
in the discovery that some, but not all, isolates produce (-)-botryodiplodin, but not phaseolinone,
and some isolates that do not produce (-)-botryodiplodin do produce another as yet unknown toxin(s).
Studies on toxins present in soybean plant tissues provided the first demonstration of a mycotoxin
known to be produced by M. phaseolina in soybean plant tissues naturally infected with charcoal rot
disease, specifically (-)-botryodiplodin, but not phaseolinone.

2. Results and Discussion

2.1. Toxin Production in Culture by M. Phaseolina Isolates from Plants with Charcoal Rot Disease

Toxin production in culture by M. phaseolina isolates from many USA sites and numerous types of
plant sources were examined as the toxicity of cell-free culture medium filtrates in soybean leaf disc
cultures from two soybean genotypes, DS97-84-1 and DT97-4290 (Table 1). Toxicity assessments with the
two genotypes exhibited a similar rank order with no substantive difference between the two, whether
assessed at 50% strength or at full strength. The same cell-free culture filtrates from M. phaseolina
isolates were also assayed by LC/MS for levels of (-)-botryodiplodin, the toxin previously [35] found
associated with culture filtrates of a M. phaseolina isolate from a soybean plant in Mississippi with
charcoal rot disease. Observed concentrations of (-)-botryodiplodin ranged from not detectable to
6.11 μg/mL (Table 1). The majority of isolates (51.4% of isolates studied) produced quantifiable levels
of (-)-botryodiplodin in culture filtrates, while 37.8% of isolates studied produced trace levels (i.e.,
above the limit of detection (1 × 10−5 ng/μL), but less than the limit of quantitation (1 × 10−2 ng/μL),
and 10.8% of isolates studied produced no detectable level of (-)-botryodiplodin in culture filtrates.
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Whether M. phaseolina isolates were from trees, soybeans, melons, or other plant sources, cell-free
culture filtrates were toxic in soybean leaf disc cultures, and toxicity levels varied from not detectable
to very toxic (Table 1). Culture filtrates from M. phaseolina isolates that contained high levels of
(-)-botryodiplodin (>1 μg/mL) were all very toxic in soybean leaf disc cultures, resulting in maximal
or near maximal toxicity with both DT97-4290 and DS97-84-1 soybean leaf discs at 100% and 50%
strength. Culture filtrates that contained intermediate levels of (-)-botryodiplodin (0.2–1.0 μg/mL)
were moderately toxic in soybean leaf disc cultures. However, some other M. phaseolina isolate culture
filtrates that contained only trace levels or even no detectable (-)-botryodiplodin were highly toxic
in soybean leaf disc cultures. This observation is consistent with some disease-inducing isolates of
M. phaseolina producing one or more toxins other than (-)-botryodiplodin. This is the first report of
results supporting the hypothesis that different isolates of M. phaseolina may use different toxins to
facilitate root infection in soybeans. Further studies are needed to determine if any of those isolates
use the other toxin(s) to facilitate root infection by a mechanism analogous to the one by which
(-)-botryodiplodin might facilitate root infection. Some culture filtrates from the disease-inducing
isolates of M. phaseolina contained very little toxicity in soybean leaf disc cultures, despite the isolate
being able to cause charcoal rot disease. Explanations for this observation include the possible presence
of a toxin-production regulatory mechanism that suppresses toxin production by those isolates under
the culture conditions used in this study, or the possibility that charcoal rot disease in soybeans may be
caused by a seed-borne M. phaseolina endophyte that would not need a root infection mechanism or
any toxins associated with it [14]. The M. phaseolina isolate from which phaseolinone was originally
isolated [34,37] was a seed-borne endophyte.

Also included in Table 1 is an assessment of the color of week-old cultures of M. phaseolina.
Dunlap and Bruton [41] reported that a M. phaseolina isolate formed pigment in an infected
muskmelon (Cucumis melo) and in liquid culture media containing glycine and some other amino acids.
Some M. phaseolina isolates that cause charcoal rot disease in soybeans have been observed to form
large numbers of black microschlerotia under the same culture conditions that induce the production
of (-)-botryodiplodin [42]. In the data in Table 1, the rank order of pigment production, as assessed
qualitatively according to the color density scale used, differed substantially from the rank order of
toxicity in cell-free culture filtrates as assessed in soybean leaf disc cultures at either full strength or
50% dilution and from the relative amount of (-)-botryodiplodin present as measured by LC/MS. Thus,
pigment production as assessed in this study appeared to be unrelated to toxin production, consistent
with the previously identified correlations not being a general phenomenon when larger numbers of
M. phaseolina isolates are examined.

2.2. Analysis of Toxin Levels in Tissue Samples from Soybean Plants Naturally Infected with Charcoal
Rot Disease

If the hyphae of a M. phaseolina strain that causes charcoal rot disease use a toxin(s) to create a
necrotic area in the root and thereby facilitate entry into soybean plant roots from a soil reservoir, those
hyphae are expected to produce a toxin(s) at least from the time the fungus detects the root in the soil
until the fungal hyphae inside the plant have detected that a stable infection has been established
there. Fungi that spread from plant to plant through interdigitating roots, as M. phaseolina does in the
charcoal rot disease of soybeans, may also secrete a toxin(s) inside the roots of fully infected plants
in order to create a necrotic area within the root from which hyphae may exit the plant to spread to
adjacent plants. Thus, soybean plants exhibiting the symptoms of charcoal rot disease may contain
a chemically and metabolically stable toxin in tissues at a level detectable by standard analytical
methods such as LC/MS. If the M. phaseolina strain causing charcoal rot disease in a soybean plant
is a constitutive (continuous) producer of the toxin, comparable levels of the toxin may be expected
in all the affected tissues of diseased plants. Therefore, naturally infected soybean plants exhibiting
symptoms of charcoal rot disease were collected from different infected areas in commercial soybean
production fields in Mississippi in the 2004 growing season. Control soybean plants not exhibiting
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symptoms of charcoal rot disease were also collected. Samples of roots, leaves, stem pulp, branches,
twigs, and seeds were individually extracted and analyzed by LC/MS for levels of (-)-botryodiplodin,
phaseolinone, phomenone, and gigantenone (Table 2). Only (-)-botryodiplodin was detected and
only in the roots of soybean plants exhibiting symptoms of charcoal rot disease, not in other tissues
of diseased plants and not in the roots or any other tissues of control soybean plants not exhibiting
symptoms of charcoal rot disease. This is the first report of a toxin being found in infected plant tissues
associated with charcoal rot disease in soybeans. This observation would be expected if M. phaseolina
used (-)-botryodiplodin in its mechanism for (i) initial root infection and (ii) to exit heavily infected
plants in order to spread to and infect adjacent plants. However, additional studies are needed to
establish a role for (-)-botryodiplodin in either the initial root infection or the root exit mechanism.
No phaseolinone, phomenone, or gigantenone was found in any tissue of soybean plants with charcoal
rot disease in this study. As shown in Table 3, these observations are confirmed by a similar study
conducted in 2007, in which root tissue was collected from naturally infected soybean plants from
commercial production fields in Mississippi and Kentucky, USA, and analyzed by LC/MS for levels
of (-)-botryodiplodin, phaseolinone, phomenone, and gigantenone. As observed in the first study
(Table 2), only (-)-botryodiplodin was detected in diseased roots, not phaseolinone, phomenone, or
gigantenone. Again, (-)-botryodiplodin levels varied from traces to 3.14 μg/g, that is, greater than a
1000-fold concentration range. The wide range of (-)-botryodiplodin levels in charcoal rot-diseased
soybean roots (Tables 2 and 3) paralleled the wide range of (-)-botryodiplodin production levels
in cell-free culture filtrates of M. phaseolina isolates from plants with charcoal rot disease. In both
experimental systems, there were a substantial number of cases in which (-)-botryodiplodin production
was too low for it to be a toxin that could play a role in the pathology caused by those M. phaseolina
strains, whether by facilitating root infection or any other mechanism.
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Table 3. Toxins in the roots of soybean plants exhibiting charcoal rot disease properties collected from
commercial soybean fields in Kentucky and Mississippi in 2007.

Field and Location *
(-)-Botryodiplodin

(μg/g)
Phomenone

(μg/g)
Gigantenone

(μg/g)
Phaseolinone

(μg/g)

1 KY 0.870 0 0 0
417 MS trace 0 0 0

1 KY 0.567 0 0 0
314 MS 3.139 0 0 0

3 KY 0.114 0 0 0
4 KY 0.115 0 0 0
2 KY 0.938 0 0 0

209 MS 0.757 0 0 0
4 KY 0.946 0 0 0

312 MS 0.703 0 0 0
210 P12 MS trace 0 0 0

* Soybean plants exhibiting symptoms of charcoal rot disease were collected in the indicated commercial field
numbers in the indicated states, brought to the laboratory, tissues harvested and stored at −20 ◦C until assayed.
Soybean root samples had symptoms of charcoal rot and were run by LC/MS. Determination and quantification of
these mycotoxins was by LC/MS based on one standard because a limited amount of these standards were available.

3. Conclusions

A wide range of (-)-botryodiplodin levels were observed in both cell-free culture medium filtrates
from M. phaseolina isolates from plants with charcoal rot disease and in the roots, but not in the aerial
parts, of soybean plants naturally infected with charcoal rot disease. Cell-free culture medium filtrates
from some M. phaseolina isolates from plants with charcoal rot disease were strongly phytotoxic,
despite containing only traces or no (-)-botryodiplodin. No phaseolinone was detected in either
cell-free culture medium filtrates from M. phaseolina isolates or in tissues from soybean plants naturally
infected with charcoal rot disease. The results of this study are consistent with some, but not all,
isolates of M. phaseolina associated with charcoal rot disease in soybean-producing (-)-botryodiplodin.
Some isolates of M. phaseolina cultured from soybean plants with charcoal rot disease produce no
detectable (-)-botryodiplodin in culture, but do produce other unknown toxins. Further research is
needed to determine what role, if any, (-)-botryodiplodin and other toxins produced by M. phaseolina
isolates play in the root infection mechanism of the charcoal rot disease of soybeans.

4. Materials and Methods

4.1. Soybean Plant and Greenhouse Conditions

The soybean genotype DT97-4290 [28] was selected as an example of a genotype that is moderately
resistant to charcoal rot disease, and the soybean genotype DS97-84-1 [43] was selected as an example of
a genotype that is susceptible to charcoal rot disease. Plants were germinated in trays with vermiculite,
and the seedlings of each genotype were transplanted into six soil-filled 9.45 L pots, each containing
four plants of the same genotype. During the growth period, the soil water potential of the plants was
maintained at approximate field conditions, 15 to −20 kPa. Six pots, each containing four plants, were
used for each genotype. The greenhouse temperature was set to 34 ◦C for the day cycle and 28 ◦C
for the night cycle. Light intensity ranged from that of sunny to cloudy days. Plants were harvested
during the vegetative stage.

4.2. M. phaseolina Culture Sources

The collection locations and plant hosts of the 37 cultures of M. phaseolina used in the study are
presented in Table 1. Some M. phaseolina cultures were isolated from infected plant tissues in the Abbas
laboratory in 2013 using the method of Mengistu et al. [4,25], while other cultures were provided by
colleagues from their collections, particularly G.L. Sciumbato, Mississippi State University.
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4.3. Preparation of Cell-Free Culture Extracts

Potato dextrose broth (PDB) was prepared by boiling 200 g of peeled potatoes, straining them
through a cheesecloth, and adding 20 g of dextrose per liter of water. PDB (150 mL) was placed in
500 mL Erlenmeyer flasks, covered with cotton plugs, autoclaved for 15 min, and allowed to cool to
room temperature. Upon cooling, each flask was inoculated with three to four plugs of M. phaseolina
isolate and placed on an Innova 40 Benchtop Incubator Shaker (New Brunswick Scientific Co., Inc.,
Edison, NY, USA) for seven days at 128 rpm, 28 ◦C. The color change of each culture after one week of
incubation was observed and recorded according to the following color density scale: whitish < light
yellow < light tan < light grey < tan < beige or amber < dark tan < dark brown or dark grey < black.

After seven days of incubation, the culture medium was passed through Whatman No.1 filter
paper into a plastic beaker. The filtrate was then filtered through an 0.45 μm membrane filter in a
disposable filter unit (Nalgene Company, Rochester, NY, USA, Size 250 mL cellulose nitrate CN Filter
Unit) using a laboratory vacuum to achieve a cell-free filtrate that was stored at −20 ◦C until used.

4.4. Toxicity of Cell-Free Filtrates of M. phaseolina Culture Media in Soybean Leaf Disc Cultures

The toxicity of M. phaseolina culture filtrates was assessed by rating the appearance of soybean leaf
discs from two genotypes (DT97-4290, which is moderately resistant to charcoal rot, and DS97-84-1,
which is susceptible) after four to five days in half (50%) and full strength (100%) cell-free culture
filtrates, M. phaseolina isolates were grown on potato dextrose agar (PDA) for seven days at 28 ◦C.
True mature leaves with no signs of damage were harvested from 3- to 4-week-old soybean plants,
and 4 mm discs were cut from the leaves using a sterile cork borer (No.4). Three leaf discs were
placed in each well of sterile 24-well tissue culture trays with low evaporative lids (Becton Dickinson
and Company, Franklin Lakes, NJ, USA) containing 1.5 mL of culture filtrate in triplicate at two
concentrations (50% and 100%). The trays were then incubated in a growth chamber at 25 ◦C under
continuous light for 96 h. The discs were observed for signs of toxic effects after 24, 48, 72, and 96 h.
Toxicity was assessed qualitatively according to the following symptom rating scale: healthy tissue < a
little browning around the edges of the leaf disc, + <moderate browning around the edges of the leaf
disc, ++ < browning of the whole leaf disc, +++ < browning of the leaf disc with some photobleaching,
++++ < photobleaching of the whole leaf disc, +++++.

4.5. Toxin Standards for LC/MS Analyses

The structures of toxins measured in this study are presented in Figure 1. (±)-Botryodiplodin
was synthesized, as described in the accompanying manuscript [44], as a white powder with purity
over 98%. A stock solution of (±)-botryodiplodin (1000 ng/μL) was prepared in chloroform. Working
standards were prepared in the concentration range 1.0 × 10−5 ng/μL to 40 ng/μL in ethyl acetate.
Gigantenone and phomenone were gifts from Gary A. Strobel, Montana State University, Bozeman,
MT. Phaseolinone was synthesized (Figure 2) from a sample of the phomenone (6.5 mg, 0.0246 mmole)
dissolved in 1 mL chloroform and mixed with a 1.2 molar excess of m-chloroperoxybenzoic acid (Acros
Organics, 0.029 mmole, 7.15 mg of 70% pure material) and pyridine (4.7 μL, 4.6 mg, 0.058 mmole)
dissolved in 200 μL chloroform. The mixture was incubated for 1 h at −10 ◦C with stirring and then
allowed to warm to room temperature overnight. The reaction mixture was diluted with ether, extracted
twice with water, once with 1N HCl to remove pyridine, twice with saturated sodium bicarbonate-brine
solution to remove product m-chlorobenzoic acid and unreacted m-chloroperoxybenzoic acid, dried
over anhydrous sodium sulfate, and evaporated in vacuo. The product (7.5 mg) gave a single peak
at m/e 281 (phaseolinone + H+) in LC/MS analysis under the conditions described below, with no
detectable phomenone starting material at m/e 265. A single peak was observed in LC/MS for the
phaseolinone preparation, even though the reaction conditions would be expected to produce a mixture
of phaseolinone and epi-phaseolinone, presumably because the two forms were not resolved under
the liquid chromatography conditions used.
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Figure 1. Chemical structures of the toxins measured by LC/MS in M. phaseolina culture media and
soybean root tissues.

Figure 2. The chemical reaction used in the semi-synthesis of the LC/MS standard phaseolinone from
the natural toxin phomenone. MCPBA =meta-chloroperoxybenzoic acid.

4.6. Preparation of Plant Tissue and M. phaseolina Culture Medium Extracts for LC/MS Analyses

Soybean root and other tissue samples were cleaned of adherent earth, dried in an oven at 45 ◦C
for two to three days, and ground to the consistency of flour using a Stain Laboratory Mill Grinder,
Model M-2 (Fred Stein Laboratories, INC., Atchison, Kansas, USA). Ethyl acetate (10 g) was added to
50 g of each sample, shaken for 1 h, filtered through filter paper (Whatman No.1), and transferred to
vials for analysis by LC/MS as described below. M. phaseolina culture medium cell-free filtrate samples
were extracted with ethyl acetate in a 1:1, v:v ratio on a vortex mixer for 1 min and allowed to separate
into two distinct layers. The ethyl acetate layer was transferred to vials for analysis by LC/MS.

4.7. LC/MS Analysis

LC/MS analyses of toxin samples obtained prior to 2007 were conducted on a Thermo Finnigan
LCQ Advantage instrument coupled to a Thermo Finnigan Surveyor MS and a Thermo Finnigan
Surveyor MS Pump (Thermo Electron Corporation, West Palm Beach, FL, USA). After 2007, a more
advanced and upgraded LTQ XL Ion Trap Mass Spectrometer, Finnigan Surveyor Autosampler,
and Finnigan Surveyor MS Pump (Thermo Scientific, West Palm Beach, FL, USA) were used. Analyses
were carried out in positive scan mode at ambient temperature using a Waters Nova-Pak C18 column,
a 10 μL partial loop injection, and mobile phases (A) 1% acetic acid in methanol, (B) water, and (C)
methanol at a flow rate of 500 μL/min. The analysis occurred over 25 min using a gradient of 20% A
and 80% B for 12 min, then 20% A, 5% B, and 75% C for 3 min, and then back to 20% A and 80% B for
the duration of the 25 min. The analysis utilized the following scan events of a full scan from m/e 100
to 300. The confirmation of (-)-botryodiplodin used three masses: m/e 127, 145, and 109. The limit of
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detection (LOD) was 1 × 10−5 μg/mL and the limit of quantitation (LOQ) was 0.01 μg/mL. The LOQ
was based on the regression of the standards used for analysis. The full scan run of phomenone,
gigantenone, and phaseolinone was from m/e 100 to 500, and their confirmations were identified by
using m/e 265, 265, and 281, respectively.

4.8. Statistical Analysis

The analysis of variance was performed on toxin concentration data using the PROC GLM
procedure in SAS Version 9.22 (Cary, NC, USA, 2010). Means were separated by Fisher’s Least
Significant Difference test with p ≤ 0.05 level of significance.
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Abstract: Toxins have been proposed to facilitate fungal root infection by creating regions of
readily-penetrated necrotic tissue when applied externally to intact roots. Isolates of the charcoal rot
disease fungus, Macrophomina phaseolina, from soybean plants in Mississippi produced a phytotoxic
toxin, (−)-botryodiplodin, but no detectable phaseolinone, a toxin previously proposed to play a
role in the root infection mechanism. This study was undertaken to determine if (−)-botryodiplodin
induces toxic responses of the types that could facilitate root infection. (±)-Botryodiplodin prepared
by chemical synthesis caused phytotoxic effects identical to those observed with (−)-botryodiplodin
preparations from M. phaseolina culture filtrates, consistent with fungus-induced phytotoxicity being
due to (−)-botryodiplodin, not phaseolinone or other unknown impurities. Soybean leaf disc cultures
of Saline cultivar were more susceptible to (±)-botryodiplodin phytotoxicity than were cultures of
two charcoal rot-resistant genotypes, DS97-84-1 and DT97-4290. (±)-Botryodiplodin caused similar
phytotoxicity in actively growing duckweed (Lemna pausicostata) plantlet cultures, but at much lower
concentrations. In soybean seedlings growing in hydroponic culture, (±)-botryodiplodin added to
culture medium inhibited lateral and tap root growth, and caused loss of root caps and normal root
tip cellular structure. Thus, botryodiplodin applied externally to undisturbed soybean roots induced
phytotoxic responses of types expected to facilitate fungal root infection.

Keywords: botryodiplodin; root infection mechanism; root toxicity; Macrophomina phaseolina;
hydroponic culture

Key Contribution: Botryodiplodin was observed to be phytotoxic in cultured leaf discs from soybean
genotypes susceptible or resistant to charcoal rot disease, but the phytotoxic response was greatest
in susceptible genotypes. Botryodiplodin was shown to be phytotoxic when applied externally to
intact Lemna pausicostata plantlets. Botryodiplodin treatment of undisturbed soybean seedling roots
in hydroponic culture resulted in loss of root tips, creating a lesion of a type that may facilitate
root infection.

1. Introduction

Charcoal rot is a plant disease caused by the fungus, Macrophomina phaseolina (Tassi) Goid [1], in
over 500 commercially-important plant species ranging from ornamental plants to trees to major food
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and fiber crops, including soybean (Glycine max L. (Merr.)). An example of the impact of charcoal rot
disease on agriculture was provided by attempts to establish commercial natural rubber production
with guayule (Parthenium argentatum Gray) in the arid southwest region of the US as an alternative to
imported material from the rubber tree (Hevea brasiliensis) [2]. Guayule rubber production was only
competitive when plants were grown close enough together that the roots interdigitated, under which
conditions charcoal rot could spread from plant to plant destroying the crop [3]. Because charcoal rot
is favored by hot, dry conditions [4], it is a climate-impacted plant disease that is predicted to be an
increasingly important agronomic problem going forward, given that climate change is predicted to
result in hotter, drier conditions in the majority of the world [5].

Research on (−)-botryodiplodin as a food contaminant has mainly focused on its production by
the blue cheese fungus, Penicillium roqueforti [6,7]. (−)-Botryodiplodin production by P. paneum in bread
and silage is also a concern [8,9]. Concerns about (−)-botryodiplodin as a possible contaminant in
Roquefort cheese and other foods have led to extensive studies of its possible toxic effects in mammalian
systems [10]. Because M. phaseolina is known to produce (−)-botryodiplodin and to be present in seeds
as an endophyte, contamination of food items such as tofu and vegetable oil by (−)-botryodiplodin
is a concern [10]. However, studies on foods and feeds impacted by charcoal rot disease have not
been reported.

Although soybean cyst nematode is the major cause of soybean yield losses most years in most
parts of the US, charcoal rot has traditionally been the most economically-important disease of soybean
in the mid-southern region of the US (i.e., in Arkansas, Mississippi, and Louisiana) [11–15]. However,
rising average temperatures and increased prevalence of drought have made the disease an increasingly
important cause of yield losses during hot, dry growing seasons in all but northern parts of the US
and other parts of the world [16]. Extensive studies have been carried out attempting to use selective
breeding to develop soybean genotypes that are resistant to charcoal rot, but this approach has yielded
only tolerant or moderately resistant genotypes [17,18]. Attempts to use various agronomic techniques
to prevent the disease have also failed, so research on charcoal rot continues [17,19].

The mechanism used by M. phaseolina to infect soybean plants from the soil reservoir is poorly
understood. M. phaseolina enters plants through the roots, then spreads through conductive tissues,
reducing conduction volume, plant weight, and height, as well as reducing seed quality and
quantity [16,20]. Inside plant tissues, M. phaseolina produces microsclerotia that appear as gray
to black dots in and on stems and leaves and serve as reproductive structures that survive over winter
in soil or as endophytes in the infested seed [21]. Fungi are widely believed to gain admission to plant
roots from the soil by either (i) physical penetration of tissue; or (ii) secretion of toxins that kill plant
tissue locally, creating a necrotic region through which fungal hyphae can easily propagate [19,22–24].
The mechanism(s) used by toxins to create localized necrosis in plant roots is not well understood, but
two possible mechanisms are (i) secretion of hydrolytic enzymes or toxins that induce activation of
endogenous hydrolytic enzymes; and (ii) secretion of toxins that specifically kill dividing meristematic
cells near root tips, which creates necrotic tissue in a place that provides convenient access to the plant’s
vascular system through which the fungus can spread throughout the plant [19].

M. phaseolina has been reported to produce several mycotoxins that are candidates for
toxin-mediated initiation of infection by generating a necrotic zone. These mycotoxins include
phaseolinone [25], botryodiplodin [26], and patulin, because the M. phaseolina genome contains genes
for its biosynthetic enzymes [27]. Siddiqui et al. (1979) [25] identified phaseolinone in culture extracts
of pathogenic M. phaseolina isolated as an endophyte of mung bean. Dhar et al. (1982) [28] proposed the
structure of the isolated toxin to be an epoxidized analog of a known phytotoxin, phomenone, which is
part of an extensive family of phytotoxic eremophilane sesquiterpenoid (C-15) toxins produced by
numerous plant pathogenic fungi [29]. Phaseolinone has been synthesized by Kitahara et al. (1991) [30]
by conversion of another known eremophilane sesquiterpenoid toxin, phomenone. A series of 12
eremophilane analogs, including synthetic phaseolinone, were shown to be phytotoxic, producing
either green islands on monocot leaves or necrotic lesions on dicots [29,31].
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Ramezani et al. (2007) [32] and Abbas et al. (2019) [33] found no detectable phaseolinone in
culture extracts of M. phaseolina isolated from infected soybean plants in the Mississippi Delta region
of the southern USA. Bioassay-guided fractionation of the extracts led to the isolation of a different,
known mycotoxin, botryodiplodin, which was first isolated by Sen Gupta et al. (1966) [26] from culture
filtrates of Botryodiplodia theobromae Pat. (syn. Lasiodiplodia theobromae (Pat.) Griffon & Maubl), a
cellulolytic fungus first isolated in 1944 from mildewed tent fabric in India, and subsequently shown
to be a plant pathogen in many economically-important crops in the tropics and sub-tropics around
the world [34].

The objectives of the present study were to investigate the identity of the phytotoxin produced
by M. phaseolina isolates from Mississippi soybeans with charcoal rot disease as botryodiplodin, and
to characterize some botryodiplodin root toxicity properties that could enable it to play a role in the
initial stages of the soybean root infection mechanism of M. phaseolina.

2. Results and Discussion

2.1. Synthesis of (±)-Botryodiplodin

Chemically synthesized (±)-botryodiplodin exhibited potent phytotoxicity in each of a series
of experimental systems, including L. pausicostata axenic cultures (Figure 1), soybean leaf discs in
culture (Figures 2 and 3), and soybean seedling roots in hydroponic (Figure 4) and sand (Figure 5)
culture. One explanation for the observation [32] that bioassay-guided fractionation of phytotoxicity
produced by M. phaseolina isolates that cause charcoal rot disease in Mississippi soybeans yielded
(-)-botryodiplodin, but no detectable phaseolinone, was that the toxin preparations contained a small
percentage of either phaseolinone or another unknown, but the potent toxin that was responsible for the
observed phytotoxicity. Phaseolinone was proposed by Siddiqui et al. (1979) [25] to mediate infection
in charcoal rot disease based on its isolation from culture filtrates of an M. phaseolina endophyte from
mung beans in India. When a phytotoxin is purified from nature, it is never 100% pure, so that it
is always possible that the phytotoxicity may actually reside in a highly toxic impurity, rather than
in the major component of the preparation. Chemical synthesis is one approach that can provide
evidence that the major component of the preparation is the actual toxin. Chemical synthesis of a
toxin is unlikely to produce the same impurities as found in material purified from nature. Even if
the impurities in the two types of preparations are both toxic, they are unlikely to induce identical
pathology in all toxicity tests. Therefore, identical phytotoxic properties are unlikely to be observed in
synthetic and natural preparations of a toxin, if the activities of either are due to a highly active impurity.
At least seven syntheses of botryodiplodin have been reported, since the initial success by McCurry
& Abe (1973) [35]. None of these syntheses could conceivably produce phaseolinone or any other
eremophilane sesquiterpenoid as a by-product. Although the method used in this study to synthesize
(±)-botryodiplodin was selected because it involved only five steps using simple, standard chemistry
and low cost reagents, it also could not conceivably produce phaseolinone or any other eremophilane
sesquiterpenoid as a contaminant. Antibacterial activity was the first biological activity identified
for (-)-botryodiplodin [26], and the easiest to assay. Chemically synthesized (±)-botryodiplodin was
shown to exhibit antibacterial activity indistinguishable from that of (−)-botryodiplodin purified from
M. phaseolina cultures [32] (data not shown). In addition, (±)-botryodiplodin induced phytotoxic
responses indistinguishable from those induced by (−)-botryodiplodin, when compared in duckweed
(L. pausicostata) plantlet cultures and soybean leaf discs in culture (see below). Identical activity of
(±)-botryodiplodin and (−)-botryodiplodin is consistent with extensive studies on the mechanism of
action of (−)-botryodiplodin by Moule et al. (1981a; 1981b; 1982) [36–38], which indicated that the
toxin acts by chemical reactions in cell nuclei that covalently cross-link proteins to DNA, and not by
interacting with a chiral binding site on any enzyme or receptor that might require an optically active
form. Although (+)-botryodiplodin has been prepared by chemical synthesis [39], its biological activity,
or the lack thereof, has not been reported by these investigators or others. More extensive structural
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alterations of botryodiplodin in the form of epimers have been reported to be inactive in the case of
4-epi-botryodiplodin [40]. Félix et al. (2019) [41] observed that cytotoxicity of 3-epi-botryodiplodin
measured in Vero monkey kidney cells and 3T3 mouse fibroblast cultures was 0–5% of the cytotoxicity of
botryodiplodin. However, in a leaf puncture assay in young tomato plant leaves, 3-epi-botryodiplodin
produced a much larger lesion with different morphology than botryodiplodin, but similar to the lesion
produced by botryodiplodin acetate. Thus, the possibility that (+)-botryodiplodin might be an inactive
diluent in the (±)-botryodiplodin preparations used in this study, cannot be rigorously excluded, but if
it were inactive, all conclusions drawn would be the same, with reported (−)-botryodiplodin activities
occurring at half the stated concentrations.

 
Figure 1. Inhibition of duckweed (Lemna pausicostata) plantlet growth in axenic cultures containing a
range of concentrations of (±)-botryodiplodin in the culture medium. Duckweed growth was measured
as percent inhibition of frond production ± SEM relative to controls not treated with toxin. Phytotoxicity
was assessed at 24 h (�), 48 h (�), 72 h (�), and 96 h (�). The full toxic response was observed by 48 h
(IC50 = 0.22 μg/mL); that is, the percent growth reduction at 48, 72, and 96 h were not significantly
different from each other, but all were significantly greater than that at 24 hours, p < 0.05, multiple
linear regression analysis.

Figure 2. Phytotoxicity rating scale used to determine the percent severity of (±)-botryodiplodin
phytotoxicity on soybean leaf discs, in which 0% = healthy tissue; 10% = slight browning around the
edges of the leaf disc; 25% =moderate browning around the edges of the leaf disc; 50% = browning
around the edges of the leaf disc with slight bleaching; 75% = extensive browning of the leaf disc with
bleaching; and 100% = complete bleaching of the leaf disc.
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Figure 3. Phytotoxicity effects of (±)-botryodiplodin in cultured leaf discs from three different soybean
genotypes, DT97-4290 (�), which was released as a charcoal rot disease resistant genotype, Saline (�)
and DS97-84-1 (�). The phytotoxic response is shown at (A) 24 h, (B) 48 h, (C) 72 h and (D) 96 h. The
phytotoxicity rating scale is described in Figure 2. Saline was significantly (p < 0.05, multiple regression)
more susceptible to the phytotoxic effects of (±)-botryodiplodin than DS97-84-1 and DT97-4290 at each
time point. Results are the mean of three replicates.
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Figure 4. Effects of various (±)-botryodiplodin concentrations (0 to 80 μg/mL) in hydroponic culture
medium on soybean seedlings. A reduced number of lateral roots and discoloration occurred at all
(±)-botryodiplodin concentrations tested.

 
Figure 5. Soybean seedling roots treated with a range of concentrations of (±)-botryodiplodin (10 to
300 μg/mL) in sand culture served as controls for unsupported soybean seedling roots in hydroponic
culture. A reduced number of lateral roots and discoloration occurs at higher concentrations of
(±)-botryodiplodin.

The simplest explanation for differences in the type of toxin produced in culture by endophytic
M. phaseolina isolated from mung beans in India [25] and pathogenic M. phaseolina isolated from
soybeans in Mississippi [32] is that the isolate studied by Siddiqui et al. (1979) [25] produced
both phaseolinone and (−)-botryodiplodin, whereas only (−)-botryodiplodin was produced by the
Mississippi isolates [10]. Production of multiple, structurally dissimilar mycotoxins by a single fungus
has been well-documented [42], and there are numerous examples in the scientific literature of regional
variations in mycotoxin production by the same species of fungus [43,44].

2.2. Phytotoxicity of (±)-Botryodiplodin in Lemna Pausicostata (Duckweed) Cultures

A series of studies were initiated to determine if botryodiplodin possesses properties useful
for a mycotoxin to play a role in mediating root infection by M. phaseolina from a soil reservoir.
Specifically, to be an effective mediator of root infection, a toxin must be able to kill undisturbed,
actively growing root tissue in the absence of an insect, nematode, or other vector that physically
damages root tissue. Root cells killed by the toxin should create a necrotic region, preferably one that
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would provide fungal hyphae with facile access to the plant vascular system. A toxin-mediated fungal
root infection mechanism should be able to facilitate tissue entry in the absence of fungal structures
such as appressoria [45] that enable fungal cells to physically penetrate plant leaf tissue in the absence
of a vector.

(±)-Botryodiplodin (0 to 64 μg/mL) dissolved in the culture medium of parallel axenic cultures of
the aquatic plant of Lemna pausicostata (duckweed) induced a phytotoxic response in intact, growing
plantlets floating on the surface of the culture medium over a 96-hour period (Figure 1) that was
indistinguishable from the phytotoxic response to (−)-botryodiplodin prepared as described by
Ramezani et al. (2007) [32]. Phytotoxicity was measured as percent growth reduction measured
by the number of plantlet fronds produced relative to parallel control cultures not treated with
(±)-botryodiplodin. Additional phytotoxicity occurred as a formation of necrotic tissue with light
brownish color around the edges of the fronds and some bleaching progressing to 100% growth
inhibition, 100% mortality, and complete bleaching. No detectable toxicity was observed at 24 hours,
because growth was measured as frond number and more time than that was needed for a plantlet
to generate a new frond under conditions used. However, the full extent of toxicity was observed
at 48 hours with IC50 = 0.22 μg/mL. The dose-response curves at 72 hours (IC50 = 0.19 μg/mL) and
96 hours (IC50 = 0.18 μg/mL) were not significantly different from each other (Pearson’s r = 0.993,
p = 0.601, multiple linear regression analysis), or from that at 48 hours (Pearson’s r = 0.994, p = 0.995 at
72 hr; r = 0.984, p = 0.874 at 96 hrs, multiple linear regression analysis).

Phytotoxicity of (±)-botryodiplodin was determined in leaf discs from charcoal rot tolerant and
susceptible soybean genotypes. (±)-Botryodiplodin (0 to 320 μg/mL) in culture medium for 96 hours
induced the same phytotoxic response in soybean leaf discs cut from mature leaves of three- to
four-week old soybean seedlings as observed with (-)-botryodiplodin [32], specifically progressive
browning (necrosis) around the edges of the leaf disc and bleaching (light-induced loss of chlorophyll)
progressing to complete browning of the leaf disc and 100% bleaching. (±)-Botryodiplodin phytotoxicity
was compared in leaf discs from the following three genotypes: DT97-4290, which was released as
a charcoal rot disease resistant soybean genotype; and two others that are considered susceptible
to charcoal rot disease, DS97-84-1 and Saline. The percent severity of phytotoxic responses was
quantitated at 24, 48, 72, and 96 hours using the rating scale given in Figure 2. At each time period,
Saline was significantly (p < 0.05, multiple regression) more susceptible to the phytotoxic effects
of (±)-botryodiplodin than DS97-84-1 and DT97-4290. While DS97-84-1 was more susceptible to
(±)-botryodiplodin than DT97-4290 at some times, the differences were not significant. At 24 hours
(Figure 3A), phytotoxicity was observed only at the highest (±)-botryodiplodin concentrations with
IC50 values of 320 μg/mL for each of Saline, DS97-84-1, and DT97-4290, respectively. At 48 hours,
(Figure 3B) phytotoxicity was observed at lower (±)-botryodiplodin concentrations with IC50 values of
136 μg/mL for Saline and 272 μg/mL for DS97-84-1 and DT97-4290. At 72 hours (Figure 3C), substantial
phytotoxicity was observed at progressively lower (±)-botryodiplodin concentrations with IC50 values
of 59.5 μg/mL for Saline and 132 μg/mL for DS97-84-1 and DT97-4290. At 96 hours (Figure 3D),
substantial phytotoxicity was observed at much lower (±)-botryodiplodin concentrations with IC50

values of 14.9, 38.5, and 42.9 μg/mL for Saline, DS97-84-1 and DT97-4290, respectively. The observation
that the three soybean genotypes examined in the study exhibited susceptibility to the phytotoxic
effects of (±)-botryodiplodin in the order Saline >DS97-84-1 >DT97-4290 is consistent with the charcoal
rot tolerance reported for genotype DT97-4290 [18] resulting from a change expressed in multiple
tissues, including leaf tissue. Given that the level of resistance expressed by genotype DT97-4290 is
not sufficient to prevent charcoal rot disease and infection by M. phaseolina [18], subsequent studies
focused on investigating root-specific responses believed to be associated with initial infection.

2.3. Root Toxicity of (±)-Botryodiplodin in Soybean Seedlings

Studies on root toxicity of (±)-botryodiplodin used soybean seedlings in hydroponic culture with
the toxin being added to culture medium bathing only the roots. Soybean seedlings in hydroponic
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culture were treated for four days with a range of (±)-botryodiplodin concentrations (10 to 80 μg/mL)
in the nutrient solution bathing the roots. Control seedlings produced abundant lateral roots during
the hydroponic culture period. The addition of (±)-botryodiplodin to the nutrient solution reduced
lateral root production even at 10 μg/mL, the lowest concentration tested in initial trials (Figure 4).
Inhibition of root growth by (±)-botryodiplodin treatment was quantified by the dry weight relative to
that of control plants exposed to 0 μg/mL (±)-botryodiplodin. There was significantly greater toxicity
to lateral roots than to tap roots (p < 0.05, regression analysis) (Figure 6). (±)-Botryodiplodin exposure
resulted in about an eight-fold reduction in lateral root growth, but only in about a two-fold reduction
in tap root growth. There was significant reduction in tap root growth at the highest (±)-botryodiplodin
concentrations tested (≥40 μg/mL), but the IC50 (23.5 μg/mL) was 5.6-fold higher than the IC50 for
lateral roots (4.2 μg/mL), which exhibited significant (p < 0.05, Student’s t-test) reduction in lateral
root growth at ≥5 μg/mL (Figure 6). Thus, botryodiplodin caused toxicity to undisturbed soybean
roots when applied externally, which is a property expected for a toxin capable of playing a role in
facilitating fungal root infection from a soil reservoir (Figures 4 and 6).

Figure 6. Inhibitory effects of various (±)-botryodiplodin concentrations in hydroponic culture medium
(0 to 80 μg/mL) on lateral soybean seedling root growth (—♦—) with inhibition at IC50 = 4.2 μg/mL (100%
dry weight = 11.5 ± 2.1 mg), and on tap root growth (- - - � - - -) with inhibition at IC50 = 23.5 μg/mL
(100% dry weight = 13.8 ± 2.0 mg). Root growth presented on the vertical axis was measured as dry
weight of excised lateral or tap roots after (±)-botryodiplodin exposure for 96 h at room temperature in
continuous light. Results are the mean of three replicates ± SEM. * Significantly reduced soybean root
growth at p < 0.05; ** significantly reduced soybean root growth at p < 0.01 (Student’s t-test).

A set of experiments exposing soybean seedling roots to (±)-botryodiplodin in sand culture was
conducted to eliminate the possibility that physical contact of soybean roots with solid soil particles
might induce or maintain a protective layer on roots. Seedlings germinated in soil were transplanted to
sand culture, acclimatized, and then the roots exposed to (±)-botryodiplodin (10, 100, and 300 μg/mL)
dissolved in fresh culture medium (Figure 5). (±)-Botryodiplodin treatment resulted in greatly reduced
lateral root production, particularly at the higher concentrations. There was no indication that the
sand used in the sand culture system interfered with phytotoxicity either by adsorption of toxin on
silica surfaces, or by interfering with conduct of the experiment either by preventing continuous visual
monitoring of toxin-induced damage or causing root damage when washing sand away.

Pink to red discoloration of exposed roots occurred at the highest (±)-botryodiplodin concentration
(300 μg/mL) in sand culture (Figure 5), and at the higher concentrations tested in liquid hydroponic
culture (Figure 4), with the darkest coloration at the highest concentration (80 μg/mL). Formation of
pigment by reaction of botryodiplodin with protein and other amines has been observed numerous
times [26,35,39,46,47]. The (±)-botryodiplodin used in the present study has been shown to react
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with proteins, amino acids, and a wide variety of other amines to give red to yellow pigments [48].
Given that soybean seedlings have been reported to express proteins such as nutrient and water
transporters on root surfaces [49], the pink to red pigment observed on soybean seedling roots treated
with (±)-botryodiplodin in hydroponic culture (Figures 4 and 5) may have formed by a similar reaction
with root surface proteins.

The production of abundant lateral roots by soybean seedlings under the stationary hydroponic
conditions used in this study (Figures 4 and 6) presumably results from disruption of oxygen and
ethylene exposure to roots, which has been shown in Arabidopsis thaliana to be genetically defined and
environmentally regulated [50,51]. Soybean has similar ethylene receptors and associated regulatory
gene products [52], which provides an explanation for the well-documented occurrence of lateral
root production by soybean when soil becomes waterlogged [53,54]. In plant root growth, cell
division occurs solely in meristematic regions near root caps, and root extension primarily results from
subsequent cell elongation. Botryodiplodin has been shown to target DNA synthesis and dividing cells
in a wide variety of biological systems, including bacteria [26,55], fungi [56], yeast [26], plants [32], and
mammalian cells [35,37,57–59]. A phytotoxin such as (−)-botryodiplodin, which kills dividing cells,
would be expected to target meristematic tissue near the tips of both tap and lateral roots. The higher
reduction in lateral root growth (~eight-fold) than in tap root growth (~two-fold) by (±)-botryodiplodin
(Figure 6) is consistent with the toxin acting on meristematic tissue, which makes up a larger percentage
of total tissue weight in small lateral roots than it does in the larger tap root.

Soybean seedlings growing in hydroponic culture with roots exposed to (±)-botryodiplodin
(15 μg/mL) in culture medium (Figure 7) resulted in the loss of the root cap and meristematic tissue
without involvement of a vector or physical injury, and were consistent with the toxin targeting
dividing cells in the meristem. Similar loss of the root cap and meristematic tissue occurred at the
higher (±)-botryodiplodin concentrations tested (35 and 80 μg/mL). Additional studies are needed to
determine how rapidly the root tip loss occurs at various (±)-botryodiplodin concentrations.

 
Figure 7. Light micrographs of root tips of soybean seedlings after four days in hydroponic culture in 10%
Villagarcia medium in water with no (±)-botryodiplodin (left panel, 400×) or with (±)-botryodiplodin
(15 μg/mL) (right panel, 200×).

Thus, (±)-botryodiplodin applied externally to undisturbed soybean roots induced phytotoxic
responses of a type expected to facilitate fungal root infection. An example of a plausible root infection
mechanism involving the observed responses of soybean root to (±)-botryodiplodin could involve
hyphae of a fungus like M. phaseolina propagating outward from a plant-derived nutrient source
through the soil in all directions until hyphae detect the presence of a root tip, stimulating release
of (−)-botryodiplodin. The released (−)-botryodiplodin would be expected to cause loss of the root
tip and exposure of the vascular system that should facilitate the propagation of fungal hyphae into
the vascular system and subsequently throughout the plant [19]. However, additional studies will be
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needed to confirm that targeting of root tip meristematic cells is involved in the actual root infection
mechanism used by M. phaseolina in charcoal rot disease of soybeans in the field.

3. Conclusions

The toxin, botryodiplodin, produced by M. phaseolina, the fungus that causes charcoal rot disease in
many plant species, is phytotoxic in soybean leaf disc cultures and in actively growing Lemna pausicostata
plantlet cultures. Botryodiplodin exposed to undisturbed roots of soybean seedlings in hydroponic
culture results in a root tip destruction response that would facilitate fungal infection of the root.

4. Materials and Methods

4.1. Preparation of (±)-Botryodiplodin

(±)-Botryodiplodin was selected for use in these studies, because it is readily synthesized
chemically in larger amounts than were available by fermentation [32]. The mechanism of action
of botryodiplodin has been extensively studied by Moule et al. [36–38], who provided evidence
for non-enzymatic (i.e., chemical) crosslinking of DNA to protein. There have been no reports of
botryodiplodin binding specifically to a chiral binding site on any enzyme or receptor. A non-enzymatic
mechanism of action for botryodiplodin would result in phytotoxicity of synthetic (±)-botryodiplodin
being equivalent to that of fermentation-derived (−)-botryodiplodin. The (±)-botryodiplodin used
in this study was synthesized by preparing α-methyl-α-angelicalactone, using a modification of the
method of Helberger et al. (1949) [60], followed by its conversion to the final product using four steps
that are included in the synthetic method developed by Mukaiyama et al. (1974) [61] (Figure 8).
Briefly, α-methyllevulinic acid (1) (500 mg) (TCI America, Portland, OR, USA), was treated with
phosphoric acid (1% wt/wt) and subjected to vacuum distillation at 120–130 ◦C and ~40 Torr to
provide α-methyl-α-angelicalactone (2) in approximately 80% yield. The product was treated under
argon with boron trifluoride etherate and formaldehyde generated in situ by thermal degradation
of paraformaldehyde. The reaction was quenched with NaHCO3 aqueous solution and extracted
into dichloromethane. The product, (±)-cis-α-methyl-β-acetyl-γ-butyrolactone (3), was purified by
chromatography on silica gel in diethyl ether:hexane 4:1 and crystallized from hexane. The ketone
group of 3 was blocked with ethanethiol in the presence of zinc chloride and the product 4 extracted into
dichloromethane and purified by chromatography on silica gel in diethyl ether:hexane 4:1. Reduction of
4 with diisobutylaluminium hydride in tetrahydrofuran at −78 ◦C yielded the diethanethiol derivative
of (±)-botryodiplodin (5), which was purified by chromatography on silica gel using a 5% to 20%
diethyl ether:hexane gradient. Unblocking of lactol 5 in acetone containing 1% water, CuCl2 and
CuO was accomplished at room temperature in 30–60 minutes. (±)-Botryodiplodin (6) was extracted
from the reaction mixture into dichloromethane and purified by chromatography on silica gel using
ether:hexane 4:1 followed by re-chromatography on silica gel using dichloromethane:methanol 20:1
to yield 116 mg (20.9% overall yield) at a purity of >98% based on thin layer chromatography and
nuclear magnetic resonance spectroscopy. The (±)-botryodiplodin (6) exhibited 1H nuclear magnetic
resonance spectroscopy values and thin layer chromatographic Rf values identical to those reported
in the literature [39,62] and those obtained in this laboratory with (−)-botryodiplodin purified from
cultures of M. phaseolina [32], except that (±)-botryodiplodin was not optically active.
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Figure 8. Chemical synthesis of (±)-botryodiplodin.

4.2. Assay of Antibacterial Activity of Botryodiplodin

The biological activity level of (±)-botryodiplodin was confirmed using antibacterial activity,
the type of activity used to guide the initial isolation of (−)-botryodiplodin by Sen Gupta et al.
(1966) [26], and the most easily measured of its numerous reported biological activities, including
antifungal [56], phytotoxic [25,32], anti-cancer [37,57], mutagenic [36], and antifertility [58] activities.
Antibacterial activity was compared on samples of (±)-botryodiplodin, prepared as described above,
and (−)-botryodiplodin purified as described by Ramezani et al. (2007) [32] from culture filtrates of
M. phaseolina isolated from a soybean plant with charcoal rot disease in Mississippi. Antibacterial
activity was measured by serial dilution from 20 to 0.1 μg/mL in Mueller-Hinton broth in triplicate
in the wells of a 96-well tray using (±)-botryodiplodin and (−)-botryodiplodin samples sterilized by
dissolution at 10 mg/mL in 95% ethanol. The wells were inoculated with an actively growing culture
of Bacillus subtilis, strain 1a1, isolated in this laboratory from lawn soil and shown to be susceptible to
all antibiotics in a 28-member panel except thiostrepton. Trays were cultured overnight at 37 ◦C and
bacterial growth estimated as the OD at 600 nm in a plate reader (BioTek Instruments Synergy HT,
Winooski, VT, USA).

4.3. Plant Growth and Environmental Conditions

Soybean genotypes DT97-4290 (moderately resistant to charcoal rot) [18], DS97-84-1 and Saline [63]
(both of which are susceptible to charcoal rot) were grown in the greenhouse. Seeds were planted and
germinated in flat trays of vermiculite, and similarly sized seedlings were transplanted into 9.45 L
pots filled with a silt loam soil (24% sand, 54% silt, and 22% clay with 1.3% organic matter) pH 6.5,
17 cmol/kg cation exchange capacity. Plants were watered as needed to maintain soil water potential
at field capacity, i.e., between –15 to –20 kPa. Four pots were used for each soybean genotype, and
three plants were grown in each pot. Greenhouse conditions were about 34 ◦C ± 8 ◦C during the
day and approximately 28 ◦C ± 6 ◦C at night with a photosynthetic photon flux density of about
850–2100 μmol·m−2 s−1, as measured by Quantum Meter (Spectrum Technologies, Inc., Aurora, IL,
USA). The range of light intensity reflects the range from a cloudy day (850 μmol·m−2 s−1) to a sunny
day (2100 μmol·m−2 s−1). The source of lighting in the greenhouse was a mixture of natural and
artificial lights. Plant leaves were harvested during the vegetative phase of growth.

4.4. Phytotoxicity of (±)-Botryodiplodin in Soybean Leaf Discs

Dose-response curves were obtained for phytotoxic responses to a range of (±)-botryodiplodin
concentrations by triplicate cultures of three soybean leaf discs. Leaf discs cut from healthy leaflets
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from true mature leaves of 3- to 4-week-old plants of each of the three soybean types were used to
determine the phytotoxicity of (±)-botryodiplodin. All leaves were harvested in the laboratory and
three soybean leaf discs measuring 4-mm diameter were cut with a sterile cork borer (#4) and placed in
sterile 24-well tissue culture plates with low evaporative lids (Becton Dickinson and Company, Franklin
Lakes, NJ). (±)-Botryodiplodin solutions in water (1.5 mL) over a range of concentrations (0, 2.5, 5.0,
10, 20, 40, 80, 160, and 320 μg/mL) were added to the wells of plates in triplicate. Leaf discs were
incubated in a growth chamber at 25 ◦C under continuous visible light for 96 h and examined for signs
of phytotoxicity after 24, 48, 72, and 96 h using the following symptom rating scale: Healthy tissue, 0%;
a narrow zone of brown (necrotic) tissue forming around the edges of the leaf disc, 10%; a substantial
zone of brown tissue forming around the edges of the leaf disc, 25%; brown tissue throughout the leaf
disc, 50%; brown tissue throughout the leaf disc with bleaching, 75%; complete bleaching of the leaf
disc, 100% (Figure 2).

4.5. Phytotoxicity of (±)-Botryodiplodin in Duckweed Plant Cultures

Dose-response curves were obtained for phytotoxic responses to a range of (±)-botryodiplodin
concentrations by triplicate cultures of three-frond duckweed plantlets. Cultures containing three
duckweed (Lemna pausicostata Helgelm.) plantlets were used to bioassay phytotoxicity, as described
by Tanaka et al. (1993) [64], with some modification. Briefly, three duckweed plantlets containing
three fronds each were transferred from a laboratory maintenance culture with clean forceps to each
well of a sterile 24-well tissue culture plate with a low evaporation lid. Aliquots (1.5 mL) of culture
medium containing a range of (±)-botryodiplodin concentrations (0, 0.03, 0.06, 0.13, 0.25, 0.5, 1, 2, 4, 8,
16, 32, and 64 μg/mL) were added in triplicate to the wells of culture plates. Duckweed plants were
subsequently incubated in a growth chamber at 25 ◦C under continuous light for 96 hr. Duckweed
plantlets were observed for signs of phytotoxicity after 24, 48, 72, and 96 hr. Growth was measured as
addition of fronds in treated cultures relative to control cultures not treated with (±)-botryodiplodin.
No additional fronds being produced in a treated culture was scored as 100% inhibition of growth.

4.6. Hydroponic Culture of Soybean Seedlings

The effects of (±)-botryodiplodin on soybean root growth were investigated in soybean seedlings
germinated from a commercial soybean seed variety assumed to be charcoal rot-susceptible (Kansas
Soybean Commission, Topeka, KS, USA) in autoclaved soil and grown under continuous light to the
cotyledon stage (VC, 4–7 cm). Seedling roots were washed free of soil particles and transplanted
to hydroponic growth medium. Seedlings were grown under hydroponic conditions for four days
before use in root toxicity assays in individual 16 × 100 mm glass tubes containing 5 mL of a mixture
of 90% distilled water and 10% Villagarcia medium [65]. The Villagarcia medium used consisted
of distilled water (999 mL) containing CaSO4.2H2O (690 mg), KH2PO4 (34 mg), KNO3 (200 mg),
MgSO4.7H2O (61 mg), and 1 mL of 1000-fold concentrated microsolute nutrient solution containing
FeSO4.7H2O (50 mg), KCl (14 mg), H3BO4 (5.7 mg), MnSO4.H2O (1.5 mg), ZnSO4.7H2O (2.6 mg),
CuSO4.5H2O (0.45 mg), and (NH4)6Mo7O24 (2.1 mg). Seedlings were held in place by the tube walls
and maintained with roots covered with medium added daily as needed. Seedlings placed under sand
culture conditions were grown four days in 5 mL of washed, sterile sand, which was added after the
seedling was placed in the tube and kept soaked with 10% (v/v) Villagarcia medium in water added
daily as needed.

4.7. Root Toxicity of (±)-Botryodiplodin in Soybean Seedlings in Hydroponic Culture

Dose-response curves were obtained for phytotoxic responses to a range of (±)-botryodiplodin
concentrations by the roots of groups of three soybean seedlings cultured individually in hydroponic
medium. Soybean seedlings were grown in continuous light for four days at room temperature
in 5 mL of hydroponic growth medium consisting of 10% Villagarcia medium and 90% water in
individual 16 × 100 mm glass tubes, using the walls of the glass tubes to hold the seedlings upright.
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The medium was withdrawn from seedling cultures with a Pasteur pipet, replaced by fresh medium
containing a range of (±)-botryodiplodin concentrations in triplicate in three individual glass tubes
(0 to 300 μg/mL in an initial range-finding assay, and 0 to 80 μg/mL in subsequent studies), and cultured
for an additional four days at room temperature in continuous light. Root growth was quantified by
removing seedlings from the culture tubes and washing the roots with a stream of deionized water
from a wash bottle. Roots were excised at the stem line with a scalpel. Lateral roots were cut from the
tap roots and the two root types dried separately overnight under vacuum in a desiccator over Drierite
desiccant at room temperature. Lateral and tap roots were weighed separately on a sensitive balance
(Mettler Toledo UMX2 Ultra-Microbalance, Mettler-Toledo International, Columbus, Ohio), and the dry
weights of triplicate samples plotted as mean ±standard error versus (±)-botryodiplodin concentration.

4.8. Light Micrographs of Soybean Seedling Roots Exposed to (±)-Botryodiplodin in Hydroponic Culture

Soybean (commercial variety) seedlings were established in hydroponic culture as described above,
then transplanted to individual new 16 × 100 mm glass tube containing 5 ml of (±)-botryodiplodin
(0, 15, 35, and 80 μg/ml) in 10% Villagarcia medium and 90% water. Seedlings were incubated at
room temperature for 4 days with continuous light, at which time control seedlings in 0 μg/ml
(±)-botryodiplodin had abundant lateral roots. Seedlings in 15 μg/ml (±)-botryodiplodin had
substantially reduced numbers of lateral roots and seedlings in 35 and 80 μg/ml (±)-botryodiplodin
had stunted roots stained pink. An Xacto knife was used to cut the roots off at slightly above where
the root begins. The excised roots were placed in labeled glass scintillation vials filled to the top with
Karnovsky’s fixative [66]. Root samples were embedded in resin and thick-sectioned on an Ultracut
UCT microtome (Leica, Buffalo Grove, IL, USA) using a diamond knife. Sections were collected on
glass slides, stained with toluidine blue, and imaged using bright-field light microscopy on an Eclipse
90i (Nikon Inc., Melville, NY, USA) with a D2-Fi2 color camera running Nikon Elements software.

4.9. Data Analysis

Phytotoxic responses were quantified as IC50 values (the concentration of (±)-botryodiplodin that
causes 50% of the maximal toxic response) determined graphically by interpolation on plots of toxic
response versus log (±)-botryodiplodin concentration prepared using the graphing package included
in Microsoft Excel 2010. Statistical analyses (correlation analysis, multiple linear regression analysis,
Student’s t-test) were conducted using the statistical package included in Microsoft Excel 2010. p ≤ 0.05
was considered significant.
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Czech Republic

4 TEVA Czech Ind, CZ-74770 Opava, Czech Republic
* Correspondence: mkolarik@biomed.cas.cz; Tel.: +420-296-442-332

Received: 25 June 2019; Accepted: 23 July 2019; Published: 25 July 2019

Abstract: Ergot, fungal genus Claviceps, are worldwide distributed grass pathogens known for their
production of toxic ergot alkaloids (EAs) and the great agricultural impact they have on both cereal
crop and farm animal production. EAs are traditionally considered as the only factor responsible
for ergot toxicity. Using broad sampling covering 13 ergot species infecting wild or agricultural
grasses (including cereals) across Europe, USA, New Zealand, and South Africa we showed that the
content of ergochrome pigments were comparable to the content of EAs in sclerotia. While secalonic
acids A–C (SAs), the main ergot ergochromes (ECs), are well known toxins, our study is the first to
address the question about their contribution to overall ergot toxicity. Based on our and published
data, the importance of SAs in acute intoxication seems to be negligible, but the effect of chronic
exposure needs to be evaluated. Nevertheless, they have biological activities at doses corresponding
to quantities found in natural conditions. Our study highlights the need for a re-evaluation of ergot
toxicity mechanisms and further studies of SAs’ impact on livestock production and food safety.

Keywords: mycotoxins; ergot alkaloids; ergochromes; secalonic acid; food safety; cereals;
tetrahydroxanthones; Claviceps

Key Contribution: Ergot alkaloids (EAs) were considered as the only factor responsible for the ergot
toxicity. We showed—using the robust sample size—that ergochromes are similarly abundant as
ergot alkaloids and possess high toxicity to human cells. Thus, their importance for human and
animal health should be further investigated.

1. Introduction

Ergot, the genus Claviceps (Ascomycota: Hypocreales) includes obligate plant parasitic fungi that
develop in the ovary of grasses (including cereals), sedges, and rushes and form sclerotia containing
toxins. The famous rye ergot, Claviceps purpurea, is a member of the section Claviceps which is specified
by the production of highly toxic ergopeptines [1]. Recently it has been shown, that C. purpurea sensu
lato (s. l.) is a complex of four cryptic species with different host grass spectra. While common
land grasses are often infected by both C. purpura sensu stricto (s. s.) and C. humidiphila, cereal crops
seem to be infected by just C. purpurea s. s. In the Palearctic region, these two species are the most
important from an agricultural point of view [2,3]. Furthermore, recent findings suggest further cryptic
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diversification among North American C. purpurea s. l. specimens and their impacts on agricultural
remains uncertain [4].

Ergot poisoning causes ergotism in humans and livestock. Most of the research related with
ergotism has been focused on the ergot alkaloids (EAs) as these are among the most important
natural pharmaceuticals and toxins in human history [5,6]. There is still some pharmaceutical research
being conducted on EAs, however, research into their toxic effects on human health have relatively
diminished. Humans are no longer at risk of ergotism in most of the world due to advanced seed
cleaning and food screening for the presence of EAs. However, there has been a resurgence of research
interested in the toxicoses of livestock or wild animals in recent years which has brought to light the
substantial challenge of elucidating alkaloid-induced effects of animal responses to exposure [7,8].
Currently, the EU Scientific Panel on Contaminants in the Food Chain of the European Food Safety
Authority (EFSA) recommended 12 priority alkaloids for monitoring in food and feed, all of which are
grouped in the ergopeptines produced by C. purpurea s. l.

A recent review by Klotz [9] detailed the collective knowledge on ergotism and fescue toxicoses
of livestock. He noted the complexity of this area of research as EA toxicity is affected by changes in
alkaloid concentrations, proportions, and availability as well as individual’s genetic predispositions,
prior exposures, and ambient environments. This led to the overall conclusion that the impacts of EAs
on livestock, especially convulsive (neurological and abortogenic) symptoms are not caused by the
sole action of a single toxin, but rather the combined impact and synergistic action of multiple EAs
derived from Claviceps and Epichloë species [9,10]. While most of the available data of EAs effects on
animals both address the symptoms and define the problem, there is still a lack of research on other
fungal metabolites and their potential harmful effects on livestock and humans.

In C. purpurea s. l., the average EAs content in sclerotia varies between studies and ranges
from 0.01–1.3 mg/g [11–16] to 2.88–7.26 mg/g [17], with individual values rarely reaching 5–10 mg/g
(d/w) [12,16,18]. In addition to EAs, C. purpurea produces many other secondary metabolites. Most have
been identified and inspected for toxicity while others have still eluded proper examination, with no
research on their effects on livestock [10]. In addition, some of these other metabolites are produced
in greater quantity than the heavily researched EAs. Ergot sclerotia can contain 1–2% of pigments,
predominantly yellow biphenyl pigments called ergochromes (ECs) [19], which typically reach 5 mg/g of
the sclerotia dry weight [20]. The main ECs of ergot are secalonic acids A–C (SAA, SAB, SAC), whereas
related ergoflavin, ergochrysin A, B and chrysergonic acid are produced in negligible amounts. Other
minor pigments, such as anthraquinone derivates endocrocin and clavorubin, are present [21]. Secalonic
acids D–F were described from various moulds and lichens [22,23]. Secalonic acids exhibit various
biological activities with the best studied secalonic acid D (SAD) showing mutagenic, teratogenetic,
and cytotoxic activity [24–26]. Strong biotoxic activity against animals, plants, or microbial cells was
also documented in secalonic acid A [27,28], F [29], and G [30].

Surprisingly, across the distribution of ergot species, the quantity and environmental role of
ECs are still unknown, despite their proved activity against mammalian cells. There is currently no
knowledge on the effect of ECs on livestock or how synergistic actions of ECs with other ECs or EAs
affect their toxicity on livestock or humans. Therefore, we pose the following question: Could ECs
represent an important and so-far neglected part of ergot toxicity? For that purpose, we quantified ECs
content across a large set of ergot sclerotia and present the basic cytotoxicity assays on human cell lines.

2. Results

2.1. Ergot Alkaloids and Ergochromes Content

Three major SAA, SAB, and SAC and two minor ECs, endocrocin, and ergochrysin were identified
in sclerotia. The average content of all SAs and EAs across all 111 samples was 4.08 mg/g (SD 4.39) and
3.58 mg/g (SD 2.46), respectively (Table 1, Figures 1 and 2, Table S1). These values were statistically
not different (paired t-test, p = 0.3) and moderately, but significantly correlated (Figure 3, Pearsson
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coefficient 0.46, two tailed t-test, p < 0.001). The SAs content and proportion differed substantially
between species and between European and North American (NA) populations of C. purpurea s.s.
Claviceps arundinis and C. humidiphila contained significantly more SAs than EAs and had the highest
content of all SAs among analyzed species. The dominance of SAs over EAs was also found in
C. capensis, C. macroura, C. monticola, C. pazoutovae, and C. fimbristylidis (not tested for significance
due to the low sample size). The opposite ratio was found in C. purpurea (all sample set), C. spartinae
(significant different in both cases), C. cyperi, and C. nigricans (not tested for significance). European
C. purpurea s. s. population had similar content of SAs and EAs, whereas the NA population had
significantly more EAs than SAs (Table 1, Figure 2, Table S1). Both populations differed significantly in
SAs (Mann-Whitney test, p < 0.005), but not in EAs content. The spectrum of SAs was shown to have
an obvious chemotaxonomic value which separates European C. purpuera and C. spartinae (SAA as
a dominant and often single secalonic acid), from the NA C. purpurea (SAC dominant, followed by
SAB and SAA) and C. arundinis (SAB dominant, followed by SAC) and C. humidiphila (SAB dominant,
SAC minor) (Figure 4, Table S1).

Table 1. Concentration summary of ergochromes and ergot alkaloids in Claviceps spp. sclerotia. Content
in dry sclerotia is expressed as minimum-average (standard deviation)-maximum. The category of other
species includes: Claviceps sp. 1, sp. 2, C. capensis, C. cyperi, C. fimbristylidis, C. macroura, C. monticola,
C. nigricans, and C. pazoutovae (Table S1).

Taxon # Samples
Total Secalonic
Acids (mg/g)

Endocrocin,
Ergochrysin (μg/g)

EAs (mg/g)

C.
purpurea—Europe 13 1.66–5.05

(4.87)–17.96
0.00–17.51

(29.64)–97.58
0.00–2.69

(1.65)–5.17

C. purpurea—NA 46 0.02–1.91
(1.43)–6.33

0.00–3.13
(13.75)–84.82

0.02–2.96
(1.99)–9.71

C. purpurea—all 61 0.02–2.59
(2.81)–17.96

0.00–6.09
(18.96)–97.58

0.00–3.03
(2.03)–9.71

C. humidiphila 15 2.56–7.54
(6.04)–20.90

0.00–14.96
(16.07)–50.31

1.70–4.77
(2.38)–10.16

C. arundinis 13 3.70–9.67
(5.08)–20.23

0.00–50.28
(34.18)–126.93

2.18–5.32
(2.77)–12.87

C. spartinae 7 1.67–2.29
(0.49)–3.15

0.00–56.84
(68.65)–205.13

1.55–4.20
(1.42)–6.07

other spp. 15 0.03–2.66
(1.93)–6.50 0.00 0.00–1.77

(3.20)–11.99

all samples 111 0.02–4.08
(4.39)–20.90

0.00–9.01
(24.55)–205.13

0.00–3.57
(2.46)–12.87

secalonic acid Bsecalonic acid A secalonic acid C

Figure 1. Structures of the main ergochromes from this study, secalonic acid A–C.
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Figure 2. Box plot graph summarizing the total content of secalonic acids and ergot alkaloids in the
dry sclerotia. The category of other species includes: Claviceps sp. 1, sp. 2, C. capensis, C. cyperi,
C. fimbristylidis, C. macroura, C. monticola, C. nigricans, and C. pazoutovae (Table S1). *** p < 0.001,
** p < 0.01, * p < 0.05, ns—not significant, in the Wilcoxon Signed Rank test.

 
Figure 3. Linear regression of total secalonic acid (SAA, SAB, SAC) and ergot alkaloid content
in sclerotia.
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Figure 4. Principal component analysis showing relatedness of samples based on content of SAA, SAB,
and SAC. PCA (Principal Component Analysis) axis 1 and 2 explained 76.3% and 16.1%, respectively.

2.2. Biological Activity In Vitro

Studied compounds were tested using cancer-derived Jurkat (Figure 5) and HeLa cell lines along
with primary skin-derived fibroblasts (Figure 6). Toxicity tests on Jurkat cells (24 h exposure, Figure 5)
showed that endocrocin (anthraquinone) did not cause apoptosis or cell death even in extremely high
concentrations (LD50 705.5 μg/mL). The toxicity of ergoxanthine (LD50 142.0 μg/mL) and ergochrysin
(LD50 118.8 μg/mL) was lower in comparison to SAs and EAs. Toxicity after 24 h exposure to SAA,
SAB, SAC, and EA began at the lowest tested concentration (0.75 μg/mL), with 12 (EAs) and 25 (SAs)
μg/mL resulting in 50%, and 50 (EAs) and 100 (SAs) μg/mL resulting in 100% of dead or apoptotic cells
in all variants. The fraction of apoptotic and dead cells only slightly differed between these compounds,
with EAs (LD50 13.5 μg/mL) showing the highest toxicity, followed by SAA (LD50 19.8 μg/mL), SAB
(LD50 35.9 μg/mL), and SAC (LD50 36.5 μg/mL). For SAA + EAs (LD50 12.8 μg/mL) and SAB + SAC +
EAs (LD50 15.4 μg/mL) neutral to synergistic effects on the number of dead cells could be observed.

Strong effects including changes in morphology and cell contact was observed in human primary
fibroblasts and HeLa cells. At concentrations above 25 μg/mL cells incubated with SAA, SAB, SAC,
and EA stopped dividing and showed loose stress fibers which started to detach. Striking effects on
cellular morphology could be detected using Mitotracker probe (Figure 6). In the case of secalonic
acid, concentrations above 12 μg/mL elicited rounded mitochondria with extremely high positivity
in greater than 50% of fibroblasts and 100% of HeLa cells, indicating modulation of mitochondrial
function, namely proton gradient value. In contrast, specific effects of ergotamine to both HeLa (100%
affected cells above 50 μg/mL) and fibroblasts (25 μg/mL) caused the formation of swollen vacuolar
structures. We can estimate that these swollen structures (not acidic—negative for Lysotracker probe)
could stand for more than half of the cellular volume. Representative data for SAA and ergotamine
treatments (various concentrations and simultaneous detection of actin cytoskeleton, mitochondria,
and nuclei) are shown as Figure S1.
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Figure 5. Live, Apoptotic, and dead cell events in Jurkat cells after 24 h incubation. Representative
toxicity values for endocrocin, ergochromes, ergotamine, and the combinations of SAs and ergotamine.
Combinations reflect the mixtures of SAs and EAs found in the real sclerotia. Cells are shown as events
detected by flow cytometry and expressed in percentages (total amount of cells = 100% of events).

 

Figure 6. Mitochondrial architecture and Mitotracker positivity in HeLa cells and primary skin-derived
fibroblasts. Cell cultures grown on glass cover slips were treated for 24 h with 12 μg/mL secalonic acid
A or ergotamine and in vivo incubated with MitoTracker® Red CMXRos. Magnification 20×.
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3. Discussion

3.1. Ergochrome Quantity and Distribution Across the Species

Ergochrome production in ergot fungi seems to be limited to the section Claviceps [1]. This section,
represented by C. purpurea s. l., is the most widely distributed section of the genus Claviceps and infects
the largest number of host plants [1,2]. Due to its cosmopolitan distribution with over 400 potential
hosts, including many economically important crops such as rye, wheat, triticale, and barley, the EFSA
has selected C. purpurea s. l. to be the focus of chemical analysis for food safety concerns [7]. Among
the members of C. purpurea s. l., only C. purpurea s. s. and C. humidiphila infect cereals or cultivated and
wild forage grasses and thus have an agricultural importance. Claviceps cyperi, infecting Cyperus spp.
is distributed only in South Africa and is a known causal agent of ergotism in cattle [31]. Claviceps
arundinis (mostly on Phragmites, Mollinia, or Leymus arenarius) and C. spartinae (Spartina, Distichlis)
can be very common in their particular habitats, but their grass hosts are not significantly grazed
by animals [2,3,32,33]. Populations of others, i.e., Paleartic C. nigricans (Eleocharis, Scirpus) or South
African Claviceps capensis (Ehrharta), C. fimbristylidis (Fimbristylis), C. pazoutovae (Ehrharta and Stipa),
C. macroura (Cenchrus), or C. monticola (Brachypodium) are rare in abundance and their hosts have low
palatability [34,35].

Three major combinations of SAs in sclerotium were found and their mutual ratios have taxonomic
value. Franck [36] analyzed three C. purpurea sclerotia from rye and found SAA as the dominant
SA, followed by SAB and SAC, which is concordant with our data for SAs in European C. purpurea
s. s. Concerning the total content of ECs, the only reliable publication reports 5 mg/g [20] which
fully corresponds with our results. Besides SAs, other pigments were also found in several samples
(C. arundinis, C. humidiphila, and C. spartinae) but in negligible quantity. The observed quantity of
endocrocin (maximum 205 μg/g) corresponds with Franck [20] which reports maximal values of 40 μg/g
(Table 1, Table S1).

Based on our data, the total EAs and SAs content in sclerotia was significantly correlated and the
amount of toxic compounds in a single sclerotium is thus cumulative. This correlation also shows that
measuring EAs can be used to some extent as a proxy for SAs abundance. It is already known that the
pigment content of sclerotia is proportional to its alkaloid content and thus a pigments quantification
(namely clavorubrin) can provide a method for measuring the samples’ toxicity [37,38].

Both toxin groups are metabolically independent, but their production in sclerotia is contemporary
and seems to be regulated by the same stimuli (phosphate level) [39], which can explain the observed
correlation. Fungal pigments typically have a light protection role, and this ability is also expected
in the case of ECs [39]. Contrary to this, EAs are light sensitive [40] and the correlation between the
contents of EAs and SAs could also just be a consequence of light induced degradation of EAs in the
sclerotia with primary lower contents of pigments (SAs).

3.2. Ecological Role of SAs

From an ecological point of view, SAs can contribute to ergot toxicity (see below) and are thus
involved in the protective mutualism known in C. purpurea s. l. [41]. SAs can play an important role in
the protection of the sclerotia against light or in antibiosis (resistance to microbial attacks). In particular,
SAB showed activity against Bacillus megaterium, Escherichia coli, and Microbotryum violaceum [42],
and SAA showed antibiotic activity against Bacillus subtilis, Piricularia oryzae [27], Microccocus luteus
(MIC 4–8 μg/mL), and Enterococcus faecalis (MIC 32 μg/mL) [43]. SAA is also a highly potent non-host
specific phytotoxine acting as a possible virulence factor of Pyrenophora terrestris [28]. Interestingly,
the whole section Claviceps, which is unique due to the presence of ECs, also has an extraordinary
broad host range [1]. This suggests that ECs could potentially play some role in the virulence cycle,
but are surely not essential for it, as was shown in infections test with mutant C. purpurea strains with
blocked ECs synthesis [39].
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3.3. Ergochromes Toxicity and Significance

The main aim of this study was to determine the quantity of ECs produced by C. purpurea and
other members of the section Claviceps to help assess their potential role in ergotism pathogenicity.
The effort to control the toxicosis of forage and human food has generally been successful; however,
there has been a resurgence of research interested in the toxicosis of livestock due to increased ergot
abundance in recent years [44] and continual reports of ergotism on livestock.

While many researchers continue to focus on compounds that possess the tetracyclic ergoline ring
of ergot alkaloids, we showed that so far neglected SAs are equally abundant as alkaloids and have
similar toxicity to cell cultures. While our data shows the essential first step, further research into the
toxicity of SAs is needed to elucidate their real impact on human and animal health. Understanding
the connection of SAs to ergotism might help explain some of the unexplained aspects of egotism.
Klotz [9] published a thorough review of the inconsistent nature and occurrence of ergotism in livestock.
While his review only covered the toxicosis of Claviceps-derived ergotamine and ergocristine and
Epichloë-derived ergovaline, he was still able to determine that the impacts of alkaloids on livestock
are not caused by the sole action of a single toxin but rather the combined impact and synergistic
action of multiple alkaloids. This was evident as many researchers were generally unsuccessful in
replicating the complete effects of ergotism by introducing individual or even combinations of multiple
alkaloids to livestock. For example, individual applications of ergovaline and ergotamine and combined
applications of ergocornine, ergocryptine, and ergocristine were unable to produce gangrenous ergotism
or fescue foot in all of the exposed livestock [45–48]. Similar inconclusive results were also observed for
other aspects of ergotism such as fat necrosis and male-specific effects [9]. Such inconsistencies might
be the results of concentration levels, alkaloid proportions, isomeric forms, accumulation, as well as
individual’s genetic predispositions, prior exposures, and ambient environments.

Therefore, SAs might represent a missing piece in the larger picture of ergotism on livestock.
A few experiments on living animals were conducted with SAs. The major compound of ergot sclerotia,
SAA, is lethal to mice at the peritoneal injected doses 50–100 mg/kg [27]. In another study, SAA caused
edema and inflammation in rats after the intraperitoneal application of 12.5–50 mg/kg [49]. This toxicity
is comparable to well recognized toxin SAD which LD50 for mice in intraperitoneal injection was
reported as 42 mg/kg [50] or in a range of 26.5–51.7 mg/kg [24]. Teratogenic effects were observed
in rats injected with SAD and teratogenic activity started at doses of 5 mg/kg body weight [25,51].
Data from humans are missing, but it is known that SAD produces cleft palate as the only malformation
in fetal mice which is of potential relevance to human health [52]. Furthermore, SAs have various
biological effects at non-toxic doses. SAA at the concentrations 0.15–0.75 mg/kg injected peritoneally to
mice affect the metabolism of dopaminergic neurons [53,54].

In cases of cell line cultures, the toxicity to cancer cells is much higher than for normal cells. SAA is
toxic against cultured mouse (IC50 = 0.5 μg/mL, [55]) or human leukemia cells (ED50 = 3.5 μg/mL, [43]).
These values roughly correspond to the LD50 ranging between 20–37 μg/mL found in SAA-SAC for
Jurkat cells in our study. The IC50 for murine melanoma cells was 1.8 μg/mL for SAA and 0.18 μg/mL
for SAD, but to affect healthy keratinocytes a 3.5× (SAA) or 13× (SAD) higher concentration was
needed [56]. SAD is also cytotoxic against various carcinoma cell lines at very low concentrations
(IC50 = 0.05–0.76 ug/mL) and its mechanism of function is the best studied among all ECs [57].

Thus, the question is whether SAs of ergot origin can negatively affect animal health. The only
available data are for SAD, and optical antipode of SAA, which have very similar toxicity to animal
models and potentially have the same mode of action [58]. Whereas, at the intraperitoneal application,
the LD50 for SAD and SAA ranges between 25–37 mg/kg (applied one times) while there is an 11-fold
lower sensitivity when introduced by an oral route in mice [59]. Thus, an LD50 of around 400 mg/kg
body weight can be close to toxicity values found in field conditions. Scenarios accounting for repeated
applications of sublethal doses increase the toxicity by approximately three times as toxic effects of SAD
were found to be cumulative in a five-day feeding experiment, which indicates that the toxin can be
accumulated within the organism [59]. The question, what is the exposition of livestock to SAs under
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natural conditions, remains unanswered. In EAs the lowest save doses (no-observed-adverse-effect
levels) are 0.22–0.60 mg/kg body weight per day [7]. Concerning the fact that SAs and EAs have very
similar concentrations in ergot, we can expect that animals encounter similar doses. Based on our
above review, the lethal toxicity of SAs is more than 125 times lower than in EAs and their importance
in the acute intoxication can play a role in case of highly contaminated fodder only. Nevertheless,
SAs have various biological activities in much lower doses (i.e., 0.15 mg/kg injected peritoneally, [53,54])
corresponding to expositions in natural conditions.

3.4. Mode of Action

SAs exhibit various bioactivities, generally cytotoxic and cytostatic. SAD and SAF exhibit
antitumor activity in low micromolar ranges, including induction of cell cycle arrest in G1 or induction
of apoptosis [60,61]. The molecular mechanism behind the antitumor selectivity and toxicity remain
putative. Opposite to cytotoxic effects, SAA applications in a Parkinson’s disease mouse model
protected against dopaminergic neuron death [53]. The best studied SA, SAD, exhibited various modes
of cytotoxicity towards multidrug resistance cells due to induction of ABCG2 degradation via calpain-1
activation [57]. Our observations agree with this general view that particular bioactivities are cell type
dependent (in our case leukemic cell line, adenocarcinoma, and primary human fibroblasts) in terms of
effective concentrations and particular phenotypes (proliferative block, loss of stress fibres, proportion
of apoptotic cells). The hallmark physiological and morphological changes in all cell types treated with
SAs was transformation of the typical mitochondrial network to isolated rounded mitochondria with
extremely high positivity for Mitotracker probe, indicating interference with mitochondrial function.
For example, electron-transport chain functions and proton gradient levels. This is in agreement
with previously published results that SAD uncoupled the oxidative phosphorylation in isolated
rat mitochondria [62]. Another indication, that mitochondria could be the cellular target for SAs is
based on the observation that SAA protects dopaminergic neurons from 1-methyl-4-phenylpyridinium
induced cell death via the mitochondrial apoptotic pathway [54].

4. Conclusions

Despite the fact that ergochromes do not play a significant role in acute toxicity of ergot,
the complexity of the secondary metabolites produced by Claviceps species including secalonic acids
points to a more complex fungus-grazing animal interaction. Grazing animals consuming ergotised
grasses are constantly exposed to doses of secondary metabolite mixtures that can have a profound
biological effect on their physiology or development. This publication is focused on the major secondary
metabolite family, SAs, which can offer the tempting explanation to the complex ecological interaction
between the herbivore and the fungus. Historically, the major body of research was focused on
the ergot alkaloids. The observation that Claviceps secondary metabolome is much more diverse
than anticipated, providing new research direction. Future research needs to examine metabolism,
absorption, and excretion of SAs to determine their potential in short term versus long term toxicosis.
For example, the described effect of SAs on mitochondria (temping molecular mechanism behind
the bioactivity) indicating high interference with function needs detailed studies to be understood
completely. These research directions are essential to understand ergotism itself in its complexity and
to help determine whether forage and human food contaminated with Claviceps purpurea should be
monitored for the control of ECs content, as proposed in this publication.

5. Materials and Methods

5.1. Specimens Analyzed

The analyzed sclerotia (n = 111) covers material from four continents. All 13 agriculturally and
environmentally important ergot species producing ergochromes, were collected from the wild as
well as cultivated grasses and cereals; i.e., C. purpurea s.s. (collections from Europe, North America,
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New Zealand), C. humidiphila (Europe), C. arundinis (Europe), C. nigricans (Europe), C. spartinae (Europe),
C. cyperi, C. fimbristylidis, C. macroura, C. monticola, C. pazoutovae, (all from South Africa), and two
undescribed Claviceps sp. (USA, New Zealand). Materials originated from previous studies [2,34,63]
or were collected during the course of this study (Table 1, Table S1). Sclerotia were identified using
the ITS rDNA sequence barcode. DNA from sclerotia was isolated using the fast NaOH protocol [64]
for European samples or using the PowerPlant Pro DNA Isolation Kit (MoBio/Qiagen) for US/NZ
samples. PCR and sequencing of the ITS barcode was performed according to Pažoutova et al. [2].
DNA and chemical analyses were done from the same sclerotium in the case of larger sclerotia. In cases
of very small sclerotia, chemical analysis was performed from the whole sclerotium and DNA based
identification was completed using a sclerotium collected from the same or adjacent grass spiclet.

5.2. Sample Preparation, Extraction, and HPLC Analyses

Pulverized sclerotia (1–10 mg) were mixed with extraction mixture dichloromethane and
concentrated ammonia (500:1, v:v, 0.5–2.0 mL) and gently stirred for 1 h. Supernatant was separated
by centrifugation and kept in the freezer until use. The same HPLC instrumentation and method as
published earlier [1] was used for the analysis of EAs and ECs in sclerotia of all C. purpurea s.s. analyzed.

5.3. Ergot Alkaloids and Ergochromes Identification and Quantification

5.3.1. General Workflow

Identification of EAs was based on retention time which was compared with standard compounds
and UV–VIS spectra of individual compounds. Secalonic acids A, B, and C, were isolated and identified
using UV–VIS spectra, FTMS, NMR, and optical rotation. The isolated compounds were used as
chromatographic standards for quantification of their content in individual sclerotia. Further isolated
ECs were determined as endocrocin and ergochrysin by the same procedures as used for the SAs.
In both cases the data obtained were in agreement with previously published data [20].

5.3.2. FTMS

Samples were measured using 15T solariX FTMS equipped with an ESI/MALDI ion source and
ParaCell (Bruker Daltonics, Billerica MA). The analysis was performed using an electrospray ionization
(ESI) in a positive ion mode as described in Flieger et al. [65] with the following differences: The collision
energy was kept at −15.5 V, the mass range for MS data acquisition started at m/z 150 a.m.u., resulting
in a resolution of 250,000 at m/z 400. The detailed FTMS data for SAA-SAC are presented in Figure S2.

5.3.3. NMR

NMR spectra were measured on a Bruker Avance III 600 MHz spectrometer (600.23 MHz for 1H,
150.93 MHz for 13C) in CD3CN (20 and 30 ◦C). Residual signals of solvent were used as an internal
standard (at 20 ◦C: δH 1.941, δC 1.41, at 30 ◦C: δH 1.936, δC 1.35). NMR experiments: 1H NMR, 13C NMR,
COSY, 1H-13C HSQC, 1H-13C HMBC, and ROESY were performed as described in Stodůlková et al. [66].
Detailed NMR data of the identified compounds are provided in Table S2 (13C NMR) and Table S3
(1H NMR).

5.3.4. Quantification of Ergot Alkaloids and Ergochromes

A standard solution of quantified compounds, i.e., ergotamine and ergochrysin, were prepared in
methanol and SAA in acetone at final concentrations of 31.75, 62.5, 125, 250, 500, and 1000 μg mL−1.
The calibration graphs were constructed by plotting the integrated peak areas of individual compounds
versus concentration. The following linear regression equations and correlation coefficients were
obtained: Ergotamine; y = 5298.3x, R2 = 0.9994, UV = 315nm; secalonic acid A; y = 14537x + 6452,
R2 = 0.9995, UV = 315nm; ergochrysin; y = 6205.7x − 2015, R2 = 0.9991, UV = 315nm.
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5.4. Biological Activity Testing

For toxicity studies, immortalized T-lymphocyte-derived cancer cell line Jurkat was cultivated
in 96-well plates at a density of 2 × 105 cells in a final volume of 300 μL of RPMI1640 (LONZA,
USA). Cells were treated with different concentrations of SAs, ergoxanthin, endocrocin, ergotamine,
and a combination of SAA and ergotamine (1:1) and SAB, SAC, and ergotamine (0.5:0.5:1) (Figure 5).
Cells cultured in RPMI1640 and in RPMI1640 with only DMSO were only used as negative controls.
After the incubation (24 h), cells were washed in PBS containing 0.02% gelatine and 0.01% sodium
azide (Sigma-Aldrich, St. Louis, MO, USA). Hoechst 33258-stained cells were analyzed with the FACS
LSRII instrument (BD Biosciences, San Jose, CA, USA) and FlowJo 10.5.3 software (Tree Star, Ashland,
OR, USA).

For fluorescent microscopy adenocarcinoma cell line HeLa and primary human skin-derived
fibroblasts were used. Cells were cultivated in DMEM medium with 10% FCS (Gibco, Invitrogen, Grand
Island, NY, USA) and seeded on glass cover slips (up to density 50%) in 24-well plates. Cells treated
with different concentrations of tested compounds were cultured in DMEM, wells supplemented
with only DMSO were used as negative controls. After 24 h incubation, cells were incubated (10 min,
Lysotracker® Red, or MitoTracker® Red CMXRos (Molecular Probes-Invitrogen, Carlsbad, CA, USA)
and fixed (3.7% paraformaldehyde in PBS, 20 min, RT), permeabilized (0.1% Triton X-100 in PBS),
blocked (1% BSA in PBS), and stained with Phalloidin-Alexa Fluor®488. All fluorescent dyes were
from Molecular Probes (Invitrogen Carlsbad, CA, USA). Morphological observations were performed
using Olympus IX71microscope equipped with DP70 camera 20× objective. Nuclei were stained and
specimens mounted using Fluoroshield DAPI (Sigma Aldrich).

5.5. Statistical Analysis

Data were visualized on PCA (Principal Component Analysis). The normality of the data was
tested using Chi-squared test and the correlation between SAs and EAs production was done using the
linear Pearson test. A non-parametric Wilcoxon signed rank test was used to test the null hypothesis
of no difference in the EAs and ECs concentrations within the particular species or population.
Non parametric Mann-Whitney test or parametric paired t-test was used to compare EAs and SAs
content between populations or across all samples. These statistical analyses were done using the PAST
3.25 software [66]. The LC50 values of tested compounds were calculated using probit analysis [67,68]
using Microsoft Excell® Professional Plus 2013 software (Microsoft Corp., Redmond, WA, USA).

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/11/8/439/s1,
Table S1: List of analyzed ergot samples and the content of ergochromes and ergot alkaloids, Table S2: 13C NMR
data for secalonic acid A–C, Table S3: 1H NMR data for secalonic acid A–C, Figure S1: Cell cultures grown on glass
cover slips were treated for 24 h with secalonic acid A or ergotamine and in vivo incubated with MitoTracker®

Red CMXRos, fixed, permeabilized, and labeled with Phalloidin-Alexa Fluor®488, Figure S2: FTMS data for
secalonic acid A–C.
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Abstract: The larvae of the black soldier fly (Hermetia illucens L., BSFL) have received increased
industrial interest as a novel protein source for food and feed. Previous research has found that insects,
including BSFL, are capable of metabolically converting aflatoxin B1 (AFB1), but recovery of total AFB1

is less than 20% when accounting for its conversion to most known metabolites. The aim of this study
was to examine the conversion of AFB1 by S9 extracts of BSFL reared on substrates with or without
AFB1. Liver S9 of Aroclor-induced rats was used as a reference. To investigate whether cytochrome
P450 enzymes are involved in the conversion of AFB1, the inhibitor piperonyl butoxide (PBO) was
tested in a number of treatments. The results showed that approximately 60% of AFB1 was converted
to aflatoxicol and aflatoxin P1. The remaining 40% of AFB1 was not converted. Cytochrome P450s
were indeed responsible for metabolic conversion of AFB1 into AFP1, and a cytoplasmic reductase
was most likely responsible for conversion of AFB1 into aflatoxicol.

Keywords: aflatoxin; mycotoxin; black soldier fly; BSFL; Hermetia illucens; S9 fraction; cytochrome P450;
metabolic conversion; enzyme induction

Key Contribution: The S9 fraction of black soldier fly larvae (Hermetia illucens L., BSFL) contains
cytochrome P450s that metabolically convert aflatoxin B1 (AFB1) into AFP1, and a cytoplasmic
reductase is responsible for conversion of AFB1 into aflatoxicol.

1. Introduction

Aflatoxins are a group of mycotoxins that are primarily produced by the molds Aspergillus flavus
and Aspergillus parasiticus. The four major aflatoxins are B1, B2, G1, and G2, which can be found
in various food products such as peanuts and maize [1]. Aflatoxins are carcinogenic to humans (IARC
Group 1) and a major economic and health problem globally, but especially in sub-Saharan Africa,
Latin America, and Asia, since people and animals are exposed to levels that substantially elevate
mortality and morbidity. Aflatoxin B1 (AFB1) has generated the most concern due to its toxicity and
high contamination levels in food and feed commodities in certain areas such as Africa [2,3]. AFB1 is
converted by animals and humans into a variety of metabolites, such as aflatoxin M1, Q1, P1,
and aflatoxicol (AFL) [1,4]. AFB1 is a “procarcinogen” in the sense that hepatic microsomal cytochrome

Toxins 2019, 11, 532; doi:10.3390/toxins11090532 www.mdpi.com/journal/toxins85



Toxins 2019, 11, 532

P450 (CYP450) enzymes convert AFB1 to AFB1-8,9-epoxide (AFBO), which has reactive and electrophilic
properties that underlie the toxicity of the compound [5].

Although prevention of contamination of crops by aflatoxigenic molds is paramount, a variety of
decontamination strategies have been developed. Postharvest detoxification methods for AFB1 include
physical (heat and irradiation), chemical (acidification, ammoniation, and ozonation), and biological
(whole organism or extracts thereof and enzymatic) treatments [6–9]. Although degradation levels of
AFB1 are generally high for enzymatic treatments, treatment times are also high (up to several days),
and there is uncertainty regarding the degradation products formed [6]. Since metabolites in treated
products may still be toxic, determination of degradation products is a principal requirement for
assessing the safety and efficacy of enzymatic detoxification treatments. Detoxification mechanisms
are generally classified into three phases: “(I) introduction of reactive and polar groups into substrates
through oxidation, reduction, or hydrolysis; (II) conjugation of metabolites with other compounds
to create more polar or more easily excretable molecules; and (III) transport and elimination of
compounds” [10]. Cytochrome P450 monooxygenase enzymes play a major role in the bioactivation
of AFB1 in phase I metabolism [1,11]. These enzymes can be found in almost all (aerobic) organisms,
but different P450 isoforms are species specific [12,13]. Some compounds may act as inhibitors of
certain P450s. The best-known example of such an inhibitor is piperonyl butoxide (PBO) [13].

Insects have developed physiological and metabolic strategies to cope with potential toxic
compounds, such as mycotoxins. Earlier work on the fruit fly Drosophila melanogaster Meigen (Diptera:
Drosophilidae) [14–17] and on yellow mealworm (Tenebrio molitor L.; Coleoptera: Tenebrionidae;
YMW) [18] has shown that some insects are capable of metabolizing AFB1. More recently,
Bosch et al. (2017) [19] found that both black soldier fly larvae (Hermetia illucens L., BSFL) and
YMW have a high AFB1 tolerance and that the toxin did not accumulate in these species. Moreover,
the amount of AFB1 lost (from substrates to insects) varied from 83% to 95% for BSFL and 89% to 96%
for YMW. However, the YMW formed AFM1 (present in the excreta) and AFB1 was detected in YMW
when provided with feed containing 0.023 mg/kg of AFB1 or more. The concentration decreased
when the YMW were starved before harvesting, which resulted in the larvae emptying their guts.
This suggested that the gut contents contributed significantly to the measured AFB1 levels in the YMW.
Camenzuli et al. (2018) [20] subsequently assessed the effects of a variety of mycotoxins, including
AFB1, on BSFL and lesser mealworm (Alphitobius diaperinus Panzer; Coleoptera: Tenebrionidae).
The mycotoxin metabolites AFL, aflatoxin P1, Q1, and M1 were taken into consideration in the chemical
and bioaccumulation analyses. Mass balance calculations for BSFL suggested recovery of total AFB1

of less than 20%. Of the other analyzed metabolites, only AFL was detected at 0.2% of the overall
mass balance; aflatoxin Q1, P1, and M1 were not detected (<0.001 mg/kg for larvae, <0.005 mg/kg for
residual material (spiked feed and gut clean)).

In the corn earworm (Helicoverpa zea L.; Lepidoptera: Noctuidae), the toxicity of AFB1 depends
on the CYP-mediated metabolic bioactivation [21]. Niu et al. (2008) [22] reported that dietary
phytochemicals (i.e., xanthotoxin, coumarin, or indole-3-carbinol) induced midgut enzymes including
CYP321A1 that can degrade AFB1 into mainly AFP1 and, to a lesser extent, an undefined metabolite.
Feeding AFB1 without the phytochemical did not increase CYP321A1 transcripts and resulted
in reduced growth and development, confirming that phytochemicals induced CYP enzymes that
detoxify AFB1 [23]. Incubation of AFB1 with a homogenate of the larvae of the navel orangeworm
(Amyelois transitella Walker; Lepidoptera: Pyralidae) resulted in the formation of mainly AFL and,
to a lesser extent, aflatoxin B2a and AFM1 [24]. This was in line with findings in testes of the fruit
fly using a similar in vitro approach [17]. CYP6AB11 from navel orangeworm did not metabolize
AFB1 [25]. Importantly, the in vitro study of Lee and Campbell (2000) [24] reported that PBO did
not impact AFL formation by navel orangeworm, which suggested that this metabolite was formed
by cytosolic NADPH-dependent reductase. Incubation of AFB1 with a homogenate of larvae of the
codling moth (Cydia pomonella L.; Lepidoptera: Tortricidae) did not result in the metabolites AFL,
AFB2a, and AFM1, which may relate either to absence of the metabolic system, different metabolic
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pathways, or that the system was not activated in the larvae, as these were not exposed to AFB1 before
the study [24]. In honey bees (Apis mellifera L.; Hymenoptera: Apidae), there are also indications of
P450-mediated metabolic detoxification of AFB1 [26].

In summary, BSFL have high tolerance to AFB1, and when AFB1 is provided in the feed, most of
it cannot be recovered in the larvae and residual material. It is not clear whether and, if so, to what
extent AFB1 is metabolically converted. As an alternative to live animals, an enzyme extract can
be prepared to assess the potential for metabolic conversion of the species in vitro. In this manner,
individual or several metabolic conversion pathways can be isolated and identified. The aim of this
study was to examine the conversion of AFB1 by S9 extracts of BSFL reared on a substrate with
AFB1. The S9 enzyme fraction contains both the membrane-bound as well as the soluble enzymes [27].
Liver S9 of Aroclor-induced rats was used as a reference. To investigate whether cytochrome P450
enzymes specifically are involved in the conversion of AFB1, PBO was tested in a number of treatments.
We conclude that cytochrome P450s were indeed responsible for metabolic conversion of AFB1 into
AFP1, and that a cytoplasmic reductase was most likely responsible for conversion of AFB1 into AFL.

2. Results

2.1. Effects of AFB1 in Feed on Larval Development

Live BSFL were subjected to two treatments, each applied in triplicate: one treatment in which
the feed was spiked with AFB1 to a concentration of 0.5 mg/kg, and one control treatment without
AFB1 added to the feed. Per replicate, 100 larvae less than 24 h old were provided with the feed and
harvested after 9 days. Survival after these 9 days was high for both the control (average: 99.0) and the
AFB1 treatment (average: 97.3) (p = 0.007). Average total biomass obtained was, respectively, 15.2 and
15.0 g (p = 0.685).

2.2. AFB1 Conversion by S9 Fractions

Table S1 shows the molar concentrations of AFB1 and the analyzed metabolites after incubation
for all replicates. The results from the treatment with AFB1 but without S9 (−S9 + AFB1, t = 2 h) show
that only AFB1 was found at the same concentration as what was spiked, and that no metabolites were
formed. In the treatment with S9 but without AFB1 (+S9 − AFB1, t = 2 h), no AFB1 or metabolites were
detected. This indicates that the AFB1 that was present in the larval feed was not converted into the
analyzed metabolites by the larvae and did not accumulate.

Figure 1 shows the average molar concentrations (nM) of AFB1 and the analyzed metabolites
for the three types of S9 fractions (rat, BSFL-control, and BSFL-AFB1) at two different points in time
after addition of AFB1: after directly (t = 0 h) halting enzymatic activity (+S9 + AFB1, t = 0 h) and
after incubation for 2 h (+S9 + AFB1, t = 2 h). For all three S9 fractions at t = 0 h, only AFB1 was
present. The AFB1 concentration at t = 0 h was half of the concentration that was spiked at the start
due to the addition of 100 μL of acetonitrile to the 100 μL mixture of Regensys A buffer, NADPH, AFB1,
and S9. The results of the BSFL-control and BSFL-AFB1 S9 fractions that were incubated for 2 h show
that part of the AFB1 was converted into AFP1 (23.44 nM, p = 0.847) and AFL (21.32 nM, p = 0.824).
The total molar concentrations (AFB1 + AFP1 + AFL) of these two treatments were equal to the total
molar concentration of AFB1 in the t = 0 h treatments (BSFL-control: p = 0.275; BSFL-AFB1: p = 0.211).
This indicates that no metabolic conversion occurred other than the type that was observed (i.e., AFB1

into AFP1 and AFL).
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Figure 1. Molar concentrations (nM) of aflatoxin B1 (AFB1) and metabolites (AFM1, AFP1, and aflatoxicol
(AFL)) for incubation of AFB1 with S9 fractions from rat liver, black soldier fly larvae (Hermetia illucens
L., BSFL)-control, and BSFL-AFB1 after directly halting enzymatic activity (t = 0 h) and after 2 h of
incubation. Significance of differences is indicated in the figure with * (p ≤ 0.05) or NS (not significant,
p > 0.05).

The results of the rat S9 treatments that were incubated for 2 h show that AFM1 (29.34 nM) and,
to a lesser extent, AFP1 (2.59 nM) had formed. The amount of AFB1 that was recovered after incubation
from the treatment with the rat S9 fraction (3.15 nM) was less than what was recovered from the BSFL
treatments (BSFL-AFB1: 37.23 nM; BSFL-control: 30.57 nM). In addition, the total molar concentration
of AFB1 and analyzed metabolites for the rat S9 treatment after incubation for 2 h (35.17 nM) was less
than the total AFB1 molar concentration for the rat S9 treatment at t = 0 h (82.29 nM). This indicates
that some of the spiked AFB1 was converted by the rat S9 into different metabolites than those that
have been analyzed.

2.3. Effect of PBO on AFB1 Conversion by S9 Fractions

Figure 2 shows the average molar concentrations (nM) of AFB1 and the analyzed metabolites for
the two types of S9 fractions (rat and BSFL-AFB1) after incubation with AFB1 for 2 h. One treatment
contained an S9 fraction (rat or BSFL-AFB1) and AFB1 (+S9 + AFB1, t = 2 h); the second also contained
dimethyl sulfoxide (DMSO, (+S9 + AFB1 + DMSO, t = 2 h); and in the third, PBO (dissolved in DMSO)
was added to the S9 fractions and AFB1 (+S9 + AFB1 + DMSO + PBO, t = 2h). For the AFB1 larvae
S9 treatments, the differences between the treatment containing DMSO and the treatment without
further additives were not significant for each included metabolite (AFB1 (p = 0.296), AFL (p = 0.758),
AFP1 (p = 0.491)). This indicates that the DMSO in which the PBO was dissolved did not affect the
conversion of the BSFL-AFB1 S9 fraction. Compared with the BSFL treatment without additional
additives, the AFP1 concentration in the PBO treatment was reduced (p = 0.002), while the AFL
(p = 0.001) and AFB1 (p = 0.004) concentrations were elevated. Comparing the rat treatment with PBO
to the treatment without additives shows that the conversion into AFP1 was completely halted and the
conversion into AFM1 was reduced (7.54 nM). The AFB1 molar concentration was higher in the PBO
treatment than in the treatment without additives, but the total molar concentration of the analyzed
metabolites in the PBO treatment was equal to the total AFB1 molar concentration at t = 0 h (+S9 +
AFB1, t = 0 h; p = 0.129). This indicates that the PBO halted the conversion of AFB1 by rat S9 into
different metabolites than those that have been analyzed.
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Figure 2. Molar concentrations (nM) of AFB1 and metabolites (AFM1, AFP1, and AFL) for incubation of
AFB1 with S9 fractions from rat liver and BSFL-AFB1, and with dimethyl sulfoxide (DMSO) or DMSO +
cytochrome P450 inhibitor piperonyl butoxide (PBO) added, after 2 h of incubation. Significance of
differences is indicated in the figure with * (p ≤ 0.05) or NS (not significant, p > 0.05).

3. Discussion and Conclusions

Body weight and survival of control larvae and larvae exposed to AFB1 were similar. We therefore
conclude that the BSFL were unaffected by the addition of AFB1 to their feed, which is in line with the
findings of Bosch et al. (2017) [19] and Camenzuli et al. (2018) [20].

The study showed that S9 preparations of BSFL converted approximately 60% of the AFB1 to AFL
and AFP1. The remaining 40% of AFB1 was not converted into the analyzed metabolites. The amounts
of AFL and AFP1 were more or less equal, and there was no difference in activity of S9 prepared from
larvae grown on substrates with or without AFB1. This suggests that the enzymes involved in the
biotransformation of AFB1 are part of constitutive detoxification systems of the BSFL. Activation of the
system in the larvae via pre-exposure—as hypothesized by Lee and Campbell (2000) [24], discussed
above—is therefore not required for the system’s functioning.

The addition of cytochrome P450 inhibitor PBO partially inhibited the formation of AFP1 by
BSFL S9 extracts, indicating that a P450 enzyme is involved in the conversion from AFB1 into AFP1.
Conversion to AFL by the BSFL S9 fraction was not inhibited when PBO was added, indicating that
it is not catalyzed by P450 enzymes. The total recovery of AFB1 and metabolites in the BSFL PBO
treatment exceeded the total molar concentration of metabolites in the treatment without additives at
approximately 122% (p = 0.001), but this was within the range of 2 * SD.

Since AFB1 is converted to AFL by a cytosolic NADPH-dependent reductase [24,28,29], we therefore
propose that this conversion to AFL by BSFL occurs via the same pathway. Figure 3 shows selected
metabolic conversion pathways known for AFB1. The black arrows denote metabolic pathways that
have been found to be active in BSFL S9 fractions in this study; the grey arrows denote known pathways
in other species.
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Figure 3. Selected metabolic conversion pathways known for AFB1 (adapted from Lee and Campbell,
2000 [24] and Dohnal et al., 2014 [5]).

The reaction from AFB1 to AFL is reversible. The cofactor for the reduction of AFB1 is NADPH,
which was added to the AFB1 at the start of the trials, together with the Regensys A regenerating
system. The cofactor for the dehydrogenation of AFL yielding AFB1 is NADP, which accumulates
when the regeneration of NADPH stops [28]. It cannot be ruled out that BSFL possess this microsomal
dehydrogenase, which would revert the reaction and increase the level of AFB1 again, thereby negating
detoxification. This reversion could, for instance, occur in case of an incubation time longer than 2 h or
in the absence of an NADPH regenerating system. AFM1 was not formed by the BSFL S9 fraction in this
study. The latter conversion is catalyzed by the cytochrome P450 enzyme CYP1A2 [5]. The absence of
the formation of AFM1 in the BSFL treatment (in this study as well as in Camenzuli et al., 2018 [20])
and its presence in the treatment with rat S9 suggests the absence of this enzyme in BSFL. However,
the enzyme may also have been deactivated during preparation of the BSFL S9 fraction.

Compared with the conversion of AFB1 by live BSFL, as studied by Camenzuli et al. (2018) [20],
there are a few major differences in how the AFB1 was metabolized by the S9 fraction observed in this
study. Firstly, no aflatoxin P1, Q1, and M1 could be recovered by Camenzuli et al. (2018) [20], and the
amount of AFL was negligible (0.2% of mass balance). In the current study, however, approximately
equal proportions of AFL and AFP1 were recovered. Moreover, while less than 20% of AFB1 could
be recovered in the mass balance of Camenzuli et al. (2018) [20], 100% could be recovered in this
study. It is unclear what the exact reasons are for these discrepancies, but the following hypotheses
may be considered. Since live larval cells are expected to contain a wider variety of cofactors (other
than NADPH, as used in conjunction with the S9 fraction in this study), a larger number of enzymes
may be activated. It is possible that enzymes in live larvae first convert the AFB1 into AFL and AFP1,
which, in turn, are precursors for other compounds. These may, for instance, be reactive metabolites
that bind to other proteins. A second option is that the conversion of AFB1 into AFL and AFP1 in the
S9 fraction is accelerated due to the absence of other cofactors that would catalyze different metabolic
pathways. More research on the exact pathways of AFB1 conversion by live BSFL is recommended
in order to identify and quantify degradation products so that the efficacy and safety of reared larvae
can be assessed. This could, for instance, be achieved by performing the analyses described in this
manuscript with inhibitors of specific cytochrome P450 and/or NADPH-dependent reductase enzymes.

In conclusion, BSFL S9 fractions converted AFB1 into AFP1 and AFL. Furthermore, exposing BSFL
to AFB1 did not impact the conversion capacity, suggesting that the enzymes involved are part of
a general metabolic system. No other analyzed metabolites were formed. Cytochrome P450s were
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responsible for metabolic conversion of AFB1 into AFP1. A cytoplasmic reductase was most likely
responsible for conversion of AFB1 into AFL.

4. Materials and Methods

The overall methodology for the different treatments is shown schematically in Figure 4. Firstly,
BSFL were reared on feed that had been spiked with AFB1 (0.5 mg/kg). A second batch of larvae was
reared on noncontaminated feed as a control. From these two batches of larvae, separate S9 fractions
were prepared, and a commercial rat S9 fraction was used for comparison. These S9 fractions were
incubated with AFB1 for 2 h (+S9 + AFB1, t = 2 h). In addition, an incubation was included in which
PBO dissolved in DMSO was added to the mixture of the S9 fraction and AFB1 (+S9 + AFB1 + DMSO +
PBO, t = 2 h). Four control treatments were used in this study. Firstly, acetonitrile was directly added
to an S9 and AFB1 mixture at t = 0 h in order to halt enzymatic activity (+S9 + AFB1, t = 0 h). Secondly,
one mixture was prepared excluding S9 fractions (−S9 + AFB1, t = 2 h), and a third control treatment
excluded AFB1 (+S9 − AFB1, t = 2 h). Finally, a solvent control treatment containing DMSO was used
(+S9 + AFB1 + DMSO, t = 2 h).

Differences between treatments were tested for significance by multiple one-way ANOVA
tests (α = 0.05) using the Analysis ToolPak add-in for Microsoft Excel 2016 MSO 32-bit (version
16.0.4849.1000, Microsoft Corporation, Redmond, WA, United States of America, 2016). This was
done by comparing the molar concentrations of individual (AFB1, AFM1, AFP1, and AFL) and total
metabolites between treatments.

Figure 4. Schematic representation of treatments (control treatments within dotted lines; red letters
indicate the difference between that treatment and the + S9 + AFB1, t = 2 h treatment).

4.1. Larvae Treatment

A standard dry wheat-based mash feed (layer meal based) was spiked with AFB1 (A. flavus,
99.6% purity, Sigma-Aldrich, Saint Louis, MO, USA) by an external laboratory (Ducares B.V.,
Utrecht, The Netherlands) to reach a concentration of 0.5 mg/kg of feed. This was the highest
concentration used by Bosch et al. (2017) [19], which had no effect on the mortality and growth of the
larvae. The feed used was the same batch that was used by Camenzuli et al. (2018) [20], which had
been prepared by Ducares B.V., Utrecht, The Netherlands. A sample of the nonspiked feed was used as
a control.
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Per dietary treatment, three plastic boxes (17.8 × 11.4 × 6.5 cm) were prepared for each replicate.
Each box contained 18 g (±0.1 g) of feed, which was manually mixed with 25 mL (±0.1 mL) of tap
water. One hundred larvae less than 24 h old and originating from the BSF colony maintained at the
Laboratory of Entomology (Wageningen University, Wageningen, The Netherlands) were added to the
box. The box was then closed with a perforated lid. All boxes were kept in a climate cabinet (27 ± 1 ◦C
and 88% ± 1% relative humidity) for 9 days. After 9 days, the larvae were collected and counted.
The larvae were cleaned by rinsing with lukewarm tap water, dried with paper, and snap-frozen
in liquid nitrogen. Larvae were stored at −80 ◦C until further analyses.

4.2. Preparation of S9 Fraction

Frozen larvae were ground to a fine powder with a precooled mortar and pestle under addition of
liquid nitrogen. The frozen powder was transferred to a precooled polypropylene tube (50 mL Greiner,
VWR, Amsterdam, The Netherlands) and 1.5 mL of ice cold buffer (1.15% KCl in 50 mM Tris/HCl
pH 7.4) was added per gram of powder (7 g of powder + 10.5 mL of buffer). The sample was mixed
thoroughly by tapping on the bench to bring the powder in contact with the buffer. Care was taken that
the powder did not thaw before it was mixed with the extraction buffer. After obtaining a homogenous
suspension, the material was further extracted by gently inverting the tubes 100 times. The suspensions
were centrifuged in a precooled rotor for 25 min at 8960 rcf and 4 ◦C. The supernatants were collected,
pooled, and mixed. Then, 500 μL aliquots were snap-frozen in liquid nitrogen and stored at −80 ◦C.

The protein concentration was determined using the DC Protein assay (Bio-Rad Laboratories,
Veenendaal, The Netherlands) according to the manufacturer’s protocol and bovine serum albumin
(BSA) was used as a standard. The protein content of the insect S9 fractions was on average 36 mg/mL.
The protein content of the rat liver S9 was 38 mg/mL (data provided by the manufacturer).

4.3. S9 Incubations with AFB1

Samples were prepared on ice and contained 1× Regensys A buffer (Moltox, Boone, USA), 5 mM
NADPH, 50 ng/mL AFB1 (50 μg/kg), and 2.5 mg/mL S9 protein in a final volume of 100 μL. NADPH
was prepared freshly in Regensys A buffer. AFB1 was dissolved in DMSO and dilutions in Regensys
buffer were prepared prior to the incubations. The final concentration of DMSO in the assay was
0.03%. The reactions were started by addition of S9 to the mixture and transferring the tubes to 37 ◦C
in an Eppendorf thermomixer. Most samples were incubated for 2 h. t = 0 samples were prepared by
adding 100 μL of cold acetonitrile prior to addition of S9.

To study the role of cytochrome P450 enzymes in the conversion of AFB1, 1 mM of PBO
(or 3% DMSO as solvent control) was included in the S9 mixes. Samples were incubated for 2 h and
the reactions were stopped by addition of 100 μL of ice cold acetonitrile. Samples were vortexed
thoroughly, put on ice for 5 min, and finally stored at −80 ◦C.

4.4. Chemicals

Regensys A buffer and rat liver S9 (Aroclor-induced rats; lyophilized S9 preparation) were purchased
from Trinova Biochem (Gießen, Germany). Regensys A buffer consists of 100 mM phosphate buffer pH 7.4,
33 mM KCl, 8 mM MgCl2, and 5 mM glucose-6-phosphate (NADPH regeneration system). NADPH, AFB1,
AFM1, DMSO-HybriMax, and PBO were purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands);
AFP1 from TRC (Toronto Research Chemicals, North York, Canada); and AFL from Enzo Life Sciences
BVBA, (Brussels, Belgium). Potassium chloride was obtained from Merck (Amsterdam, The Netherlands)
and Tris-buffer from Fisher Scientific (Landsmeer, The Netherlands).

4.5. LCMS Analyses

Analyses were performed in largely the same way as in Camenzuli et al. (2018) [20]. Samples were
defrosted, vortexed, and centrifuged for 5 min, 14,000 rpm at room temperature. From the supernatant,
190 μL was transferred to an LCMS vial and 10 μL of 13C-labeled internal standard solution was added.
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Samples were mixed and 5 μL was analyzed with an LC-MS/MS-based method for the analysis of
mycotoxins in feed and food materials. The accredited scope of this method was extended in order to
also quantify the AFB1 and its metabolites in larvae and residual material (excreta and residual feed)
of BSFL.

Two MRM transitions were included for each metabolite in the MS/MS method. Details on this
and additional MS/MS settings can be found in Tables S2 and S3 of the Supplementary Materials.
Each metabolite was identified by its retention time and the peak area ratio between two transitions:
the quantifier and the qualifier. Quantification was performed by bracketed calibration (an interval of
not more than 10 injections) on the peak area of the quantifier (qn) of calibration solutions in solvent.
Concentrations of AFB1 and metabolites were corrected for matrix effects with the use of their respective
13C-isotope-labeled standards (AFB1 and AFM1) or by means of matrix-matched calibration standards
(AFP1 and AFL).

The limit of quantification (LOQ) was defined as the lowest calibrated level which complied with
the required QC parameters as mentioned in SANTE/11945/2015. Metabolite-specific LOQs can be
found in Table S4 in the Supplementary Materials.

The LC-MS/MS system consisted of an injection and pump system from Waters (Waters,
Milford, MA) and an AB Sciex QTRAP 6500 triple quad system equipped with an electrospray
ionization (ESI) source operated in positive mode (AB Sciex, Nieuwerkerk a/d IJssel, The Netherlands).
For LC separation, a 100 × 2.1 mm ID, 3 μm Restek Ultra Aqueous C18 column (Interscience,
Breda, The Netherlands) was used. Details on the LC-MS/MS settings can be found in Table S5 of
the Supplementary Materials. The LC eluent gradients were 1 min isocratic at 100% A, followed by
a linear gradient to 100% B in 4 min. For complete elution of all matrix coextractants from the column,
the final composition at 100% B was kept for 2 min. In 30 s, the initial conditions were restored and
then equilibrated for 2 min prior to the next injection.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/11/9/532/s1.
Table S1. Molar concentrations (nmol/L) of aflatoxin B1 (AFB1) and analyzed metabolites (aflatoxicol (AFL), aflatoxin
P1 (AFP1), and aflatoxin M1 (AFM1)) after incubation. Results of individual replicates. Table S2. MS/MS parameters.
Table S3. MS/MS transitions. Table S4. LOQs of analyzed compounds. Table S5. LC-MS/MS parameters.
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Abstract: AbstractThe efficacy of azoxystrobin was evaluated in the presence of mycotoxigenic
fungi and relative mycotoxins in Italian paddy rice during the growing season in the field.
Three experimental fields were considered and the applied experimental design was a strip plot
with three replicates; rice samples were collected at four different growing stages. The efficacy of
the fungicide treatment on rice fungal population was demonstrated with around 20% less total
fungal incidence in sprayed samples compared to untreated ones; the same decrease was noted also
in Fusarium spp. species but not in Aspergillus versicolor. Of the mycotoxins considered, ochratoxin A
(OTA) and aflatoxins (AFBs) were never detected, deoxynivalenol (DON) was found in 46% of samples
at levels always lower than 100 μg/kg, while sterigmatocystin (STC) occurred in all the paddy rice
samples collected after flowering, with a maximum value of 15.5 μg/kg. Treatment with azoxystrobin
was not effective in reducing DON contamination, but it had an important and significant effect on
STC content, showing a decrease of 67% in the sprayed samples.

Keywords: rice; mycotoxins; sterigmatocystin; STC; deoxynivalenol; DON; growing season;
azoxystrobin; fungicide

Key Contribution: This study takes into consideration, for the first time, the effect of fungicide
treatment on mycotoxigenic fungi population in Italian paddy rice and on the presence of mycotoxins
during the growing season with particular interest to fungicide influence on sterigmatocystin,
a relevant emerging mycotoxin.

1. Introduction

Rice (Oryza sativa L.) is the staple food for almost half of the world’s population [1]; it is cultivated
mainly in Asian regions and China is the largest producer. The main rice producer in Europe is
Italy, accounting for around 50% of total European production. Rice cultivation is principally in
Northern Italy (Piedmont and Lombardy) and is destined for several food uses, baby foods included.

Different diseases can affect rice and, in particular, fungi can be particularly dangerous for plant
and grain health [2] during both the growing season and post-harvest [3]. Panicle blast caused by
Pyricularia grisea [4] and brown spot caused by Bipolaris oryzae [5] are the most dangerous diseases for
Italian rice crops, occurring frequently and causing production and economic losses [4]. Nowadays,
particular attention must also be paid to fungal species which can produce, in favorable environmental
and substrate conditions, various mycotoxins that can impact human health. The presence of
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mycotoxigenic fungi on paddy rice has been indicated in several reports; in particular, Fusarium
spp., responsible for trichothecenes (expecially deoxynivalenol (DON)) and fumonisins (FBs) [6,7],
Aspergillus flavus, able to produce aflatoxins (AFs) [8], and Penicillium spp. for ochratoxin A (OTA)
and citrinin (CIT) [9]. Recently, sterigmatocystin (STC) produced by Aspergillus versicolor was also
found in rice and resulted the most common mycotoxin in Italian rice [10]. The European Commission
fixed strict limits for mycotoxins in cereals; in particular, for rice destined for human consumption
limits are present for AFs (2.0 μg/kg), OTA (3.0 μg/kg), and DON (750 μg/kg), making mycotoxin
containment very important for product exchanges (EU Regulation 165/2010; EC Regulation 1881/2006;
EU Regulation 1006/2015).

Among possible strategies to control mycotoxigenic fungi development in the field and,
consequently, mycotoxin production, fungicides can be used. Negative effects have been reported in
some cases, such as the reduction of beneficial microorganisms for plant growth due to acidification of
the soil [11] or the possible selection of fungicide-resistant fungal strains [12]. Moreover, each toxigenic
fungal species responds differently to fungicides because several factors can contribute to their reaction;
in particular, weather, active ingredients, plant development stage, and cultivar resistance can play
a role [13,14] and can act as stressors in the production of mycotoxins [15]. For example, it has been
found that triazole applications can reduce both F. graminearum and DON occurrence [16,17], especially
if the treatments are carried out before fungal infection [11]. However, in some cases the use of fungicide
can increase mycotoxin content; Dors et al. [15] reported that tebuconazole was able to act as an elicitor
of stress for mycotoxigenic fungi and, consequently, enhanced the presence of several mycotoxins.

There are few fungicides allowed by Italian Regulations for rice; of these, azoxystrobin is an active
ingredient belonging to the strobilurin chemical group and it is one of the most used on Italian rice
because of its demonstrated efficacy on several crops and its major role in reducing Pyricularia grisea [18]
and Bipolaris oryzae infections in rice [19] and Fusarium Head Blight (FHB) in wheat [20]. However,
its possible effect on mycotoxins is still uncertain since in some studies the use of azoxystrobin in wheat
could result in an increase in DON content up to 42% [21,22]; for this reason, this possible effect needs
to be evaluated also in rice in order to assist farmers in their selection of fungicides.

The aim of this study was to define the efficacy of azoxystrobin on mycotoxigenic fungal species
present in paddy rice during the growing season from flowering to over ripening (1 June–30 September)
and determine its possible effect on the production of their relative mycotoxins.

2. Results and Discussion

2.1. Efficacy of Azoxystrobin on Mycotoxigenic Fungi

The highest fungal incidence was found at the full ripening stage with more than 70% of the rice
kernels infected (Table 1). Fungi seem to increase their incidence throughout the growing season up to
ripening, then they significantly decrease if left in field for an additional 14 days obtaining around
a 10% reduction for total fungi incidence (Table 1). The same level of reduction was not observed for
mycotoxigenic species that reach their maximum incidence at harvest time (full ripening) and maintain
their presence even in the case of over ripening. Both for Fusarium spp. and A. versicolor, the only
mycotoxigenic species resulting with a significant presence in field, no differences were found between
the full ripening and over-ripening stages (Table 1).

The same was found in a previous study on paddy rice [10] with the only exception of Fusarium spp.
that seemed to decrease in over ripening in accordance with the total fungi trend; probably, different
meteorological conditions registered after full ripening, in particular the almost total absence of rain
observed in the area in year 2018, could have influenced Fusarium spp. vitality.

As expected, different rice varieties showed different levels of fungal contamination; in particular,
Terra CL showed the highest fungal content while CL26 the lowest (Table 1). Fusarium spp. exhibited
the same trend while A. versicolor presence resulted always very low and with no significant differences
between rice varieties. However, interestingly, A. versicolor, differently from other fungal species,
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showed a higher incidence in CL26, which was the rice variety least contaminated by other fungal
species, and a lower incidence in Terra CL and CL15 varieties which were the most contaminated
by other fungal species (Table 1). This was probably due to varying fungal abilities to compete in
extreme environmental conditions; the year 2018, in fact, was notable in Italian rice cultivation areas
for an almost total absence of rain (total rainfall was only 157.4 mm in the period 1 June–30 September)
and extreme temperatures (up to 36 ◦C). This was undoubtedly favorable for xerophilic species, such
as A. versicolor [23], in particular on rice varieties where fungal incidence and, as a consequence, fungal
competition were lower.

The efficacy of the fungicide treatment on rice fungal population was demonstrated with around
20% less total fungal incidence in sprayed samples than the untreated ones (Table 1). The same decrease
was noted also in the Fusarium spp. species but not in A. versicolor which was unchanged (Table 1).
The effect of strobilurins against fungi is well documented, they appear able to enhance rice plant
defenses against pathogen attacks [19,24], shown also in wheat against mycotoxigenic Fusarium species
like F. graminearum [20]. The incidence of A. versicolor was too low to obtain a significant reduction in
treatment with azoxystrobin, although a reduction of 5% was observed.

Table 1. Analysis of variance (ANOVA) of fungal incidence and contamination of sterigmatocystin
(STC) and deoxynivalenol (DON) at different sampling times in different rice varieties sprayed or
unsprayed with fungicides formulated with azoxystrobyn (250 g/L) in three different experimental
fields. Data refer to mean data; all experiments were conducted with three replicates.

Total Fungi
Incidence

(%)

Incidence of
Fusarium spp.

(%)

Incidence of
A. versicolor

(%)

STC
(μg/kg)

DON
(μg/kg)

Sampling time (A) ** ** ** ** **

Flowering (BBCH 69) 4.6 d 1.1 c 0.0 b 0.0 d 0.0 c
Early dough (BBCH 83) 33.3 c 7.8 b 0.1 b 1.3 c 14.4 b

Full Ripening (BBCH 89) 73.2 a 14.1 a 1.2 a 2.8 a 62.1 a
Over ripening (BBCH 92) 61.6 b 14.9 a 1.1 a 1.5 b 35.2 a

Rice variety (B) ** ** n.s. ** **

Sirio CL 48.9 ab 9.2 abc 1.2 0.7 cd 11.8 ab
CLXL 745 37.8 cd 9.0 bcd 1.3 0.6 d 31.7 ab
Mare CL 31.2 de 6.6 cd 0.8 0.5 d 15.2 ab

CL26 26.7 e 5.5 d 1.6 0.8 c 30.8 ab
Terra CL 53.6 a 12.0 a 0.2 1.2 b 22.5 ab
Selenio 41.3 bcd 11.3 ab 0.3 1.7 b 19.1 ab
CL15 45.7 abc 10.5 abc 0.2 1.6 b 63.0 a

Centauro 42.4 bc 7.5 bcd 0.5 1.4 b 11.3 b
Sole CL 47.0 abc 9.9 abc 0.6 2.6 a 34.5 ab

Fungicide (C) ** ** n.s. ** n.s.

Unsprayed 47.6 a 10.5 a 0.61 2.1 a 26.8
Sprayed 38.7 b 8.4 b 0.58 0.7 b 29.0

Experimental field (D) ** ** n.s. ** *

A 36.1 b 7.6 c 1.2 0.7 c 22.4 b
B 38.0 b 9.6 b 0.4 1.6 b 20.0 b
C 54.0 a 10.9 a 0.3 1.9 a 40.2 a

Different letters mean significant differences according to Tukey Test; n.s.: not significative; *: p ≤ 0.05; **: p ≤ 0.01.

Differences in fungal contamination were found between the three different experimental fields; in
particular, experimental field C was the most contaminated with also the highest Fusarium spp. incidence.
No significant differences were found between experimental fields in the presence of A. versicolor.
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2.2. Efficacy of Azoxystrobin on Mycotoxin Production

Among the considered mycotoxins considered, OTA and AFs were never detected; DON was
found in 46% of the samples at levels always lower than 100 μg/kg, while STC occurred in almost
all the paddy rice samples, showing a maximum value of 15.5 μg/kg. These data partially accord
with a previous study, carried out on rice samples collected in the same area, that found DON and
AFs only sporadically and in low amounts, while STC was always detected, appearing as crucial in
rice contamination [10].

Regarding mycotoxin accumulation, it is important to note that both DON and STC follow the
same trend of their producing fungi. In particular, DON was highest at full ripening and remained
constant up to over ripening as happened for Fusarium spp. fungi, while STC was highest at full
ripening and significantly decreased in over-ripening, as happened to the presence of A. versicolor
(Table 1). A similar result for STC was found in a previous research, even if this decrease was not
so intensive [10]. This could be due to environmental and substrate conditions that probably reduce
fungal ability to produce STC while they have no effect on DON production. Significant differences in
mycotoxin contamination were found between rice varieties with Sole CL resulting one of the most
contaminated by DON and the one with the highest STC content (Table 1).

The highest DON contamination was found in the rice variety CL15 while the lowest was in
the rice variety Centauro (Table 1); none of the rice varieties considered in the study showed a DON
contamination above the limits fixed by the European Commission of 1250 μg/Kg for paddy rice (EU
Regulation 1881/2006). These results seem to confirm the findings of a previous study where DON was
found only in low amounts [10] suggesting that this mycotoxin could be considered a minor risk for
Italian paddy rice.

The treatment with azoxystrobin was inefficient in reducing DON contamination; contrarily, DON
increased in sprayed samples even if the results were not statistically different (Figure 1). The fungicide
had an important and significant effect on STC content, showing a decrease of 67% in the sprayed
samples (Table 1). These data partially agree with previous findings on wheat, where the use of
strobilurin obtained a good reduction of FHB, but with an uncertain impact on DON reduction [20,25].
The results obtained in STC reduction are very promising because this mycotoxin seems to be the most
dangerous for Italian rice production and treatment with azoxystrobin, one of the active ingredients
allowed by the Italian government on rice, could be useful for reducing STC contamination in field
during the growing season.

Significant differences in mycotoxin contamination were observed between experimental fields
(p ≤ 0.01); in particular, experimental field C was the most contaminated having the highest
incidence of total fungi. Moreover, the same experimental field showed the highest STC content
(1.9 μg/Kg vs 0.7–1.6 μg/Kg) and the highest DON content (40 μg/Kg vs 20–22 μg/Kg) (Table 1).
Differences in mycotoxins contamination between experimental fields were expected since many
variables can contribute to their presence such as susceptibility of rice variety, preceding crop,
tillage, and pest presence [26,27]. However, even if we tried to keep the differences in agronomic
management minimal between experimental fields, environmental factors, such as relative humidity
and temperature, can always play a relevant and unpredictable role in both fungal contamination and
mycotoxin occurrence.

Considering treatment with azoxystrobin on single rice varieties, important reductions were
observed. In particular, Sole showed the highest STC reduction being, respectively, of 62% and 77% in
experimental field B and C (Figure 1). The lowest reduction (22%) in STC obtained in sprayed samples
was found in the rice variety CLXL745 (Figure 1). Differences in azoxystrobin efficacy between rice
varieties were probably due to their different susceptibility to fungicide, as already found in other
studies with other active ingredients [28] and on other crops [29,30].
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Figure 1. Mean sterigmatocystin (STC) and deoxynivalenol (DON) contamination in the different
experimental fields considered in the trial in case of unsprayed and sprayed paddy rice varieties.

3. Conclusions

At first, this study confirmed that Fusarium spp. and A. versicolor were the most frequently
mycotoxigenic species found on Italian paddy rice during the growing season. As a consequence,
DON and STC can occur in paddy rice samples at different plant growing stages. Treatment with
azoxystrobin as an active ingredient seems to be efficient in reducing total fungi and Fusarium spp.
incidence and STC contamination, while they have no effect on A. versicolor presence and DON level.
Rice varieties played an important role for their different and proven susceptibility to fungal diseases
and fungicide efficacy.

STC, an emerging mycotoxin that is not routinely checked, has been confirmed as a relevant
mycotoxin in paddy rice, confirming a previous survey that collected rice samples of different origin [31];
the contamination level of this mycotoxin could be considered for future EU legislative regulation.

The results obtained showed that the use of azoxystrobin could help farmers to develop a potential
method for STC containment in conditions particularly conducive for fungal development and
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mycotoxin production, being necessarily cautious in their use due to uncertain reduction of the
presence of DON.

4. Materials and Methods

4.1. Field Samples

Sampling of rice was conducted at four different growing stages (flowering (BBCH 69), early
dough (BBCH 83), ripening (BBCH 89), and over-ripening (BBCH 92, 15 days post-ripening) in 2018 in
three experimental fields located close to Mortara (PV) in Lombardy, the main Italian rice production
region. Nine rice varieties, both long B and round grain were considered (Table 1). In experimental
field A were cultivated four long B grain rice varieties (CLXL 745, CL26, Sirio CL, Mare CL) while five
common round grain rice varieties (Sole CL, Selenio, Centauro, Terra CL, CL15) were cultivated in
experimental fields B and C. Soil texture and sowing period varied, while the meteorological conditions
can be considered similar because of the proximity of the fields (all within 10 km).

4.2. Fungicide Treatment

The applied experimental design was a strip plot with three replicates; each strip (6 m × 100 m),
containing rice plants of 1 variety with a sowing density of 150 kg/ha of seeds, was subdivided into
three plots considered as replicates. Working at field level, it was not possible to apply a randomized
plot design.

In each experimental field, two assays were considered for each rice variety: “unsprayed strip”
used as control, where no fungicide was sprayed, and “sprayed strips” where treatment with fungicide
was carried out. The distance between “unsprayed” and “sprayed” strips was 20 meters, which was
considered sufficient to prevent problems linked to spray drift and possible contamination between
the two considered assays.

Commercial formulations with azoxystrobin in the same concentration (250 g/L) were distributed
in open field, on the whole width of plots chosen as “sprayed”, using a backpack sprayer (mod. SP
126, Oleo-Mac Bagnolo in Piano, Reggio Emilia, Italy) calibrated to spread 250 L/ha of solution. In all
the sprayed experimental assays, only 1 fungicide treatment was scheduled when rice plants were at
the stage of panicle emergence (BBCH 51-55). We decided to do the fungicide treatment at this plant
growing stage because this time is normally chosen also for the scheduled paddy rice treatment against
the main pathogens such as Pyricularia grisea and Bipolaris oryzae.

For each rice variety and experimental field, rice plants were collected from each plot with
an X-shape design, then the plants were shelled and the grains obtained considered as representative.
For each plot, representing a replicate, 500 g of grains were randomly chosen as sample. Samples
were used for mycological analyses and then dried, milled using a cyclone hammer mill (1 mm
sieve, Pulverisette, Fritsch GmbH, Idar-Oberstein, Germany), homogenized and kept at 4 ◦C until
chemical analysis.

4.3. Monitoring of Mycotoxigenic Fungi

Fifty kernels were randomly selected from each sample, surface disinfected in 1% sodium
hypochlorite for 2 min and in 90% ethyl alcohol for 2 min and then transferred onto Petri dishes
containing potato dextrose agar (PDA, Biolife, Milano, Italy). The Petri dishes were incubated at 25 ◦C
(12 h light photoperiod) and after 5–7 days the incidence of kernels infected by fungi was quantified.
Fusarium spp. and Penicillium spp. isolates were identified at Genus level thanks to observations with
binocular microscope (40×); only Aspergillus spp. isolates were identified at species level observing
their morphological characteristics with magnification between 100× and 400× according to Raper and
Fennell [32].

102



Toxins 2019, 11, 310

4.4. Monitoring of Mycotoxins

The analyses were carried out using the following methods: AFs were determined by HPLC-FLD
(liquid chromatography with fluorimeter detector) as reported by Bertuzzi et al. [33]; OTA by
HPLC-FLD [34], DON by GC-MS (gas chromatography coupled to mass spectrometer) [35], STC by
LC-MS/MS (liquid chromatography coupled to mass spectrometer) [36]. The analyses were recently
described in the work of Bertuzzi et al. [10].

4.5. Data Analysis

The data were transformed before statistical analysis; in particular, fungal incidence was arcsine
transformed and mycotoxin content was ln transformed [37]. Analysis of variance (ANOVA) was
calculated using the generalized linear model (GLM) procedure of the statistical package IBM SPSS
Statistics 21 (IBM Corp., Armonk, NY, USA) while significant differences were highlighted using the
Tukey test (p ≤ 0.05) for mean separation.
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Abstract: Cereal grain contaminated by Fusarium mycotoxins is undesirable in food and feed because
of the harmful health effects of the mycotoxins in humans and animals. Reduction of mycotoxin
content in grain by cleaning and size sorting has mainly been studied in wheat. We investigated
whether the removal of small kernels by size sorting could be a method to reduce the content of
mycotoxins in oat grain. Samples from 24 Norwegian mycotoxin-contaminated grain lots (14 from
2015 and 10 from 2018) were sorted by a laboratory sieve (sieve size 2.2 mm) into large and small kernel
fractions and, in addition to unsorted grain samples, analyzed with LC-MS-MS for quantification
of 10 mycotoxins. By removing the small kernel fraction (on average 15% and 21% of the weight
of the samples from the two years, respectively), the mean concentrations of HT-2+T-2 toxins were
reduced by 56% (from 745 to 328 μg/kg) in the 2015 samples and by 32% (from 178 to 121 μg/kg) in
the 2018 samples. Deoxynivalenol (DON) was reduced by 24% (from 191 to 145 μg/kg) in the 2018
samples, and enniatin B (EnnB) by 44% (from 1059 to 594 μg/kg) in the 2015 samples. Despite low
levels, our analyses showed a trend towards reduced content of DON, ADON, NIV, EnnA, EnnA1,
EnnB1 and BEA after removing the small kernel fraction in samples from 2015. For several of the
mycotoxins, the concentrations were considerably higher in the small kernel fraction compared to
unsorted grain. Our results demonstrate that the level of mycotoxins in unprocessed oat grain can be
reduced by removing small kernels. We assume that our study is the first report on the effect of size
sorting on the content of enniatins (Enns), NIV and BEA in oat grains.

Keywords: T-2 toxin; HT-2 toxin; deoxynivalenol (DON); enniatin B (EnnB); size sorting;
unprocessed cereals

Key Contribution: Removing small kernels can reduce the mycotoxin content of oat grain lots, and
thereby improve the grain quality and increase the number of lots that can be accepted as safe for
food and feed.

1. Introduction

Several species of the fungal genera Fusarium are common pathogens of small grain cereals.
Fusarium spp. infect and cause damage to the head and grain of cereals, especially under moist
conditions. The disease, known as Fusarium Head Blight (FHB), is one of the most important diseases
in wheat (Triticum aestivum), oats (Avena sativa) and barley (Hordeum vulgare). During development
and maturation of infected heads, Fusarium species can produce several mycotoxins which can lead to
severe contamination of grain [1]. Mycotoxin-contaminated grains do not necessarily show disease
symptoms which makes them difficult to identify. Consumption of grain and grain-based products
containing Fusarium mycotoxins can cause many harmful health effects in humans and animals,
and Fusarium toxins are therefore one of the most important quality and safety risks of cereal grain for
food and feed [2–4]. In addition, workers at grain elevators and mills may be exposed to mycotoxins
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by inhalation and skin permeation of grain dust during grain processing [5]. To reduce the risk,
the European Union (EU) has set maximum levels for some mycotoxins in cereal grain and cereal-based
food products for human consumption, and has recommended guidance values for its content in
animal feed [6,7].

The mycotoxin deoxynivalenol (DON) is common and frequently occurs in oat grains [8–11].
Moreover, the HT-2 toxin and T-2 toxin are often found more frequently in oats than in other cereal
species, and sometimes at high concentrations [9,10,12–15]. HT-2 and T-2 toxins are closely related
(HT-2 is the deacetylated form of T-2), often occur together [12] and their occurrence concentrations are
often considered together as a sum of HT-2 and T-2. Throughout this study we use the denomination
HT2+T2 for the sum of these toxins. In addition to DON and HT2+T2 toxins, zearalenone (ZEA) and
several unregulated mycotoxins such as nivalenol (NIV), enniatin A (EnnA), enniatin A1 (EnnA1),
enniatin B (EnnB), enniatin B1 (EnnB1) and beauvericin (BEA) often occur in oat grains [8–11].
In Norway, 3-acetyl-deoxynivalenol (3-ADON) is the dominating acetylated chemotype, although
15-acetyl-deoxynivalenol (15-ADON) has been detected [16].

Besides the importance of oats as a raw material for animal feed concentrate (compound feed),
oats grown for human consumption have increased during the last few years due to their beneficial
nutritive properties [17]. On the other hand, it has been reported that consumers with a high relative
intake of cereals compared to their body weight have a HT2+T2 and a DON exposure that may exceed
the Tolerable Daily Intake (TDI) [18]. HT2+T2 toxins are considerably more toxic than DON (TDI
0.02 and 1.0 μg/kg body weight/day, respectively) [19]. The maximum levels for DON and ZEA
in unprocessed oat grain for food are 1750 and 100 μg/kg, respectively [6]. However, no regulated
maximum levels have been set so far for HT2+T2 in cereals and cereal products, but the European
Commission has recommended an indicative level of 1000 μg/kg for HT2+T2 in unprocessed oats [20].
When concentrations of HT2+T2 are detected above this level, the EU member states should perform
investigations to identify factors resulting in these levels and investigate the effect of feed and food
processing on the presence of these toxins.

In oats, the largest proportion of the mycotoxins is located in the hulls. Thus, de-hulling,
i.e., removing hulls (glumes and husk) from the kernels before further processing into oat flakes and
other products is an efficient method to reduce the mycotoxin content of oats. Commercial processing
of oats has been reported to reduce the content of DON, T2 and HT2 by 80%–95%, with the major
loss occurring during de-hulling [21–25]. However, de-hulling is part of the processing of cereal
grain. On the other hand, cleaning and size-sorting of raw grain, normally performed as a first step
to remove dust, weed seeds, chaff/straw pieces and small, lightweight and damaged kernels before
further processing, is accepted according to European legislation, to be carried out on unprocessed
grains [6,20]. Several studies have shown that cleaning and sorting of cereal grain can reduce the
content of mycotoxins, although variable effects have been reported. Most data are available for
reduction of DON in wheat, but also other Fusarium toxins, e.g., HT2+T2, NIV and ZEA have been
analyzed. The effects of cleaning and sorting by various methods and procedures on the reduction of
mycotoxins in wheat, as well as in a few studies in barley and oats, have been reported to vary from no
reduction to up to more than an 80% reduction and have even been reported to increase levels in a few
cases [3,26–28]. The effect of removing the small grain fractions by size sorting, i.e., after separating the
kernels on sieves according to kernel size, varies depending on the sieve sizes used. Despite different
degrees of mycotoxin reduction reported by the cleaning and sorting of grains, overall results indicate
that these operations may efficiently reduce the mycotoxin levels in highly contaminated cereals before
further use/processing.

Data on the effects of removing small grain kernels on the mycotoxin content in oats are limited.
The aim of the present study was therefore to investigate to what extent the removal of small kernels
can contribute to the reduction of the mycotoxin content in oat grains and thereby improve the quality
of the remaining grain. Our hypothesis was that it is feasible/achievable to reduce the mycotoxin
content in raw oat grain by size sorting/cleaning out the smaller kernels. Grain from 24 Norwegian oat
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grain lots (14 from 2015 and 10 from 2018) were sorted into a large and a small kernel fractions by
passing the grain through a 2.2 mm laboratory sieve. The large and small kernel samples, in addition
to samples of unsorted grain, were analyzed for content of HT2 and T2 (reported together as HT2+T2),
DON, ADON (3- and 15-acetyl-deoxynivalenol analyzed together), NIV, EnnA, EnnA1, EnnB, EnnB1,
BEA and ZEA. The mycotoxin concentrations in the two grain fractions were compared with the
concentrations in the unsorted grain.

2. Results and Discussion

2.1. Mycotoxin Content in the Oat Grain Lots

A visual summary of the concentrations of the ten mycotoxins detected in the 24 oat grain lots
(unsorted grain) is shown in Figure 1A,B. Most grain lots contained all the tested mycotoxins. Moderate
to high mycotoxin levels in unsorted grain samples were detected for HT2+T2 toxins and EnnB in 2015,
and DON in 2018 (Figure 2). Similar contrasting occurrences of HT2+T2 vs. DON in oats have been
reported in other studies [9,29,30]. The mycotoxin levels in samples of unsorted grain of the remaining
mycotoxins, i.e., ADON, NIV, EnnA, EnnA1, EnnB1, BEA and ZEA were generally low in samples
from both years. ZEA was only detected in 2015 samples. Our results are in line with other reports on
occurrences of mycotoxins in Norwegian oat grains [9,12,25,31].
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Figure 1. (A) Median, interquartile range, range and outlier (*) for the content (μg/kg) of the mycotoxins
HT2+T2 and EnnB (Enniatin B) in 14 oat grain lots from 2015 and 10 oat grain lots from 2018 (unsorted
samples). (B) Median, interquartile range, and outliers (*) for the content (μg/kg) of the mycotoxins
DON (deoxynivalenol), ADON (3- and 15-acetyl-deoxynivalenol), NIV (nivalenol), EnnA (enniatin A),
EnnA1 (enniatin A1), EnnB1 (enniatin B1), BEA (beauvericin) and ZEA (zearalenone) in 14 oat grain
lots from 2015 and 10 oat grain lots from 2018 (unsorted samples).
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Figure 2. Concentration levels (μg/kg) of HT2+T2 toxins (A), deoxynivalenol (B) and Enniatin B (C) in
24 unsorted oat grain lots and in large and small kernel fractions after size sorting on sieve size 2.2 mm.
Lot 1–14 from 2015, lot 15–24 from 2018. Note the different values on the concentration level axes.

2.2. Mycotoxin Content in Unsorted and in Large Kernel Fraction of Oats

2.2.1. HT2+T2

All grain lots contained HT2+T2 toxins (Figure 2A). The levels were considerably higher in the
grain from 2015 (lot 1–14) than in the grain from 2018 (lot 15–24). The HT2+T2 concentrations in
unsorted grain varied from 486 to 1368 μg/kg (mean 745 μg/kg) among the samples from 2015, and from
92 to 282 μg/kg (mean 178 μg/kg) among the samples from 2018 (Table 1). After sorting, we detected
significantly lower HT2+T2 in the large kernel fractions than in the unsorted grain. The concentrations
in the large kernel fraction varied from 197 to 522 μg/kg (mean 328 μg/kg) among the samples from 2015,
and from 70 to 187 μg/kg (mean 121 μg/kg) among the samples from 2018. In 2015, this corresponds to
an average reduction in HT2+T2 concentration of 56% (varying from 24% in lot 10 to 76% in lot 5) in the
large kernels compared to the unsorted grain. In 2018, the average reduction in HT2+T2 concentration
was 32% (varying from only 2% in lot 15 to 66% in lot 23) (Table 1). The average weight reduction
after removal of the small grain fraction was 15% and 21% of the weight of the samples from the
two years respectively (Table 2). We did not observe any relationship between the percentage weight
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reduction and percentage of HT2+T2 reduction (R2 = 0.00, p = 0.919), or between weight reduction and
HT2+T2 levels in unsorted samples (R2 = 0.04, p = 0.328) when calculated for all 24 grain lots together.
However, a significant relationship between percentage weight reduction and HT2+T2 levels was
observed (R2 = 0.47, p = 0.010) for samples from 2015, by omitting the highest contaminated seed lot
(No. 2). Only a few studies on the effects of removing small grain kernels on HT2+T2 in oats by size
sorting have been found. A Swedish study reported markedly reduced concentrations of HT2+T2
(not quantified) after removing the kernels that passed through a sieve size of 2 mm [32]. A study in
Finland, also using a sieve size of 2 mm obtained around a 30%–35% reduction [33], which agrees with
our results from 2018 samples and is somewhat lower than what we obtained from the 2015 samples.
It was interesting to observe that the effect of removing small kernels was considerably higher in the
oats with relatively high HT2+T2 levels (mean 745 μg/kg, 2015 samples) than in oats with lower levels
(mean 178 μg/kg, 2018 samples). The extent of toxin reduction increased with toxin levels, and linear
regression showed that this relationship was significant (p = 0.000, R2 = 0.44, Figure 3). Moreover,
a few other studies have reported the highest reduction of HT2+T2 in the highest contaminated oats
by size sorting and de-hulling [21,32].

 

y=20.3+0.448x 
R-Sq=0.46, R-Sq (adj)=0.44 
p=0.000 

Figure 3. Percentage reduction of HT2+T2 toxins in oat grain samples from 2015 and 2018 in large
kernel fraction (after removing small kernel fraction by sieve size = 2.2 mm) vs. concentration level in
grain lots (unsorted grain).
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Table 2. Origin (municipality, field number) and cultivars of oat grain lots from 2015 and 2018,
and weight proportions (%) of small and large kernel fractions after size sorting (sieve size 2.2 mm).

Harvest Year Lot Number
Municipality,
Field Number

Cultivar
Weight Proportion (%)

Small Kernels Large Kernels

2015

1 Kongsvinger 1 Belinda 18 82

2 Kongsvinger 2 Belinda 8 92
3 Belinda 6 94

4

Kongsvinger 1

Belinda 24 76
5 Vinger 27 73
6 Belinda 15 85
7 Belinda 22 78
8 Vinger 33 67
9 Belinda 22 78

10
Østre Toten

Dovre 11 89
11 GN12142 9 91

12
Hamar

Odal 13 87
13 Nord09/127 9 91
14 Poseidon 6 94

Average weight proportion 1 15 85

2018

15

Kongsvinger 3

Ringsaker 32 68
16 GN1311 25 75
17 Belinda 14 86
18 Vinger 28 72
19 Årnes 28 72
20 Nord13/322 9 91
21 Gunhild 16 84
22 GN14182 26 74
23 GN14209 17 83
24 GN15154 16 84

Average weight proportion 1 21 79
1 Based on fraction weights of all samples.

As in our study, large differences between samples on the effect on HT2+T2 levels in oats by
cleaning/sieving (laboratory-scale grain cleaner, sieve size 1.75 × 20 mm) were reported in a German
study [22]. They observed reductions in the range from 0% to 100%, which is even more inconsistent
than our data. In a study of barley, the content of HT2 was reduced by 68% and T2 by 81% on
average, after around 13% of the sample was removed by using a 2.5 mm sieve [34]. In durum
wheat, 54% reduction in the HT2+T2 concentration was observed after a vigorous cleaning procedure
(aspiration and two sieves: 5 × 15 mm and 2 × 19 mm) [35]. Concentration levels of HT2+T2 in oats
have been reported to be higher in rachis and glumes than in kernels [36]. As small kernels contain a
higher proportion of glumes and pericarp than large kernels, removing small kernels will contribute to
a reduced mycotoxin content. Our results and other reported data imply that cleaning and size sorting
can be useful methods to reduce the concentrations of HT2+T2 in unprocessed grain of oats and other
small grain cereals, although the effect will vary among grain lots.

2.2.2. DON

DON was detected in all grain lots (Figure 2B), however its concentration levels were higher
in the grain from 2018 (lot 15–24) than in the grain from 2015 (lot 1–14). The concentration levels
varied from 100 to 309 μg/kg (mean 191 μg/kg) in unsorted samples from 2018 and from quantification
limit (LOQ = 1 μg/kg) to 153 μg/kg (mean 46 μg/kg) in samples from 2015 (Table 1). For the grain
harvested in 2018, removing the small kernels resulted in significantly lower DON concentrations in
the large kernels (varying from 89 μg/kg to 249 μg/kg, mean 145 μg/kg) compared to the unsorted grain.
On average, we detected 24% less DON in the large kernels in 2018 samples, however, the reduction
varied from only 3% (lot 17) to up to 35% (lot 22). Despite low DON levels in the 2015 samples,
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we observed a trend towards a lower mean concentration in large kernel fractions (30 μg/kg) compared
to unsorted grain (46 μg/kg) (Table 1). However, the effect of removing the small kernels varied from a
reduction to an increase in DON content, and no significant difference in DON levels was detected
between the grain fractions.

Limited data exist on the size-sorting effects on DON in oats. A Finnish study observed a 30%–40%
reduction in DON concentrations using a 2 mm sieve [33], which is somewhat higher than the 24%
reduction we obtained in our 2018 samples. Size sorting of barley in the same study resulted in around
a 50% lower content of DON in large grain. Another study in barley reported an 80% reduction of DON
after removing the small kernels by using a sieve size of 2.5 mm, however, the effect differed between
cultivars [34]. Several studies in wheat, using different sieve sizes, aspiration and cleaning technologies
resulting in large variations in the amounts of by-products (e.g., waste, screenings, offals, dockage,
pellets etc.) have reported from no and up more than 80% reduction in DON concentrations by cleaning
and sorting, but also increased levels have been observed in a few cases [26–28]. For industrial cleaning,
an expected reduction rate of 20% has been suggested for DON in wheat [37], which is near the 24%
reduction we detected in oats by removing the small kernel fraction in the 2018 materials. Our result
supports the previous finding that removing small kernels can reduce the concentration of DON in
oats, however as with other small grain cereal species, the effect is likely to vary among grain lots.

2.2.3. Enniatins (Enns) and BEA

The prevalence and concentration levels of Enns and BEA in our grain lots were in accordance with
previous studies from Nordic countries where these toxins have been reported as common contaminants
of cereals occurring generally at low concentration levels. However, they occur occasionally at high
levels, and often EnnB is the most common [8–10,25,31].

All grain lots contained EnnB (Figure 2C). The concentration levels in unsorted samples were
considerably higher in most grain lots from 2015 than in grain from 2018, ranging from 92 to
5356 μg/kg (mean 1059 μg/kg), and from 8 to 25 μg/kg (mean 15 μg/kg), for the two years respectively.
After removing the small kernel fraction, the EnnB concentrations in large kernel samples from 2015
was significantly lower than in unsorted grain and varied between 48 and 3064 μg/kg (mean 594 μg/kg)
(Table 1). On average, this represents 44% less EnnB content than in unsorted grain. However,
the reduction varied between 5% (lot 14) and 63% (lot 6), and in lot 2 we recorded an increase of
2%. For samples from 2018, no reduction in the mean EnnB concentrations was detected after size
sorting. EnnB1 was detected in all grain lots. In samples from 2015, the concentrations ranged from
6 to 452 μg/kg (mean 120 μg/kg), and a trend towards lower EnnB1 concentrations in large grain
(mean 62 μg/kg) compared to unsorted was observed (Table 1). The EnnB1 concentrations in samples
from 2018 ranged from 9 to 38 μg/kg (mean 18 μg/kg), with no difference in the content between large
and unsorted grain. EnnA and EnnA1 were also detected in all unsorted grain samples, however,
the levels were low, especially in samples from 2018 (Table 1). In samples from 2015, a trend towards
a lower content of EnnA and EnnA1 in the large grains compared to unsorted grain was observed.
BEA occurred at very low levels in all unsorted grain lots, however, a trend towards a reduction was
observed after removing the small kernel fraction in samples from 2015 (Table 1). We assume that our
study is the first report on the effect of size sorting on the content of Enns and BEA in cereal grains,
as we did not find any published data on this. However, a study of Enns in milling fractions of wheat
reported that approximately 40% remained in the final wheat flour, compared to whole grain [38].

Enns and BEA have shown cytotoxic, genotoxic and immunomodulating effects, as well as toxic
effects on reproductive systems [39,40]. These toxins have been reported to accumulate in animal
tissues and eggs [41]. In 2014, the European Food Safety Authority (EFSA) concluded that acute
exposure to Enns and BEA do not indicate concern for human health, but chronic exposure might be
of concern [42]. However, due to a lack of relevant in vivo toxicity data, a human risk assessment
could not be performed. So far, maximum levels for content of these mycotoxins in food and feed
have not been established and at present there is no regulatory requirement to consider or reduce the
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contamination of Enns and BEA in cereal grains. Our results indicate than EnnB can be substantially
reduced in oats by removing small kernels, although no consistent effect in relation to concentration
levels was found.

2.2.4. NIV, ADON and ZEA

NIV was detected in all but two grain lots from 2015 and in all 10 lots from 2018, however,
the overall concentration levels were low (Figure 1B). After removing the small kernel fraction, NIV
was detected in all large kernel samples from 2018, but only in 8 of the 14 large kernel samples
from 2015. Despite the low levels, a trend towards lower content of NIV in the large grains (mean
11 μg/kg) compared to unsorted grains (mean 23 μg/kg), was observed in samples from 2015 (Table 1).
No published data on the effect of sorting and cleaning on the NIV content in oats have been found,
however, what is almost an elimination (> 98%) of NIV during oat processing has been reported [21].
In barley, 94% less NIV were reported after removing the small kernels using sieve size 2.5 mm [43].
In wheat, from below a 10% to around an 80% reduction in NIV by cleaning and size sorting has
been reported [28]. Based on our limited results and the literature on the effect on NIV in other cereal
species, we assume that removal of small kernels can reduce the NIV content in oat grain.

In this study 3- and 15-ADON were analyzed together as ADON. Although 15-ADON is detected
in Norway, 3-ADON is the most common chemotype [16]. ADON was detected in all 24 grain lots.
However, the overall concentration levels were low (Figure 1B), ranging from 1 (= LOQ) to 35 μg/kg
(mean 8 μg/kg) in the samples from 2015, and from 1 to 4 μg/kg (mean 2.2 μg/kg) in the samples from
2018 (Table 1). After removing the small kernel fraction, ADON was still detected in all large kernel
samples from 2018 (mean 1.6 μg/kg), and the level was significantly lower than in the unsorted samples.
In 2015, ADON could not be detected in five samples after removal of small kernels. Although the
average level (5 μg/kg) in the large kernel fraction was lower than in the unsorted grain, this was
not statistically significant. A recent Norwegian study on the distribution of mycotoxins in oat grain
reported around a 90% reduction of 3-ADON by de-hulling of grain containing relatively high levels of
3-ADON (mean 485 μg/kg) [25]. Based on that study, together with our limited data, it is reasonable to
believe that the content of ADON can be reduced by removing small oat kernels.

ZEA was detected at very low levels (close to LOQ = 1 μg/kg) in 12 of the 14 unsorted oat grain
samples from 2015, and no ZEA was detected in the 2018 samples (Table 1). Studies in wheat have
found ZEA to be mainly concentrated in the outer tissues of the grain, however, the reduction of ZEA
content by cleaning and processing has been reported to vary from a few to up to around 40% [43–45].
As no data have been found on the effect of size sorting on the level of ZEA in oats, and because we
only detected very low levels in our study, it is not possible to conclude on the effect of size sorting on
ZEA in oats.

2.3. Mycotoxin Content in the Small Kernel Fraction

Since most mycotoxins are mainly concentrated in the small kernel fractions, in the hulls and in
the outer tissues of the grains [21,24,26,44] cleaning, size sorting, de-hulling and further processing
will increase the mycotoxin concentrations in the by-products (e.g., screenings, offals, dockage, pellets,
bran etc.) [3] In our study, the mean concentration of HT2+T2 in the small kernel fraction was 272%
higher for the 2015 samples, and 187% higher in the 2018 samples, compared to the unsorted grain
(Table 1). The increase in single samples varied from below 100% to up to 840%, which is the same
magnitude that has been measured for HT2+T2 in oat by-products from other size sorting and cleaning
studies [21,24,32]. The DON concentrations in our samples were generally low, and despite a mean
increase of 71% (ranged from 42% to 145%) in the small grain fraction in samples from 2018, the levels
were still moderate (Table 1). A high accumulation (ten-fold) of DON in the offals after cleaning was
reported in oats in a Polish study [46]. In our study, the mean concentration of EnnB in the small
kernel fraction was 98% and 120% higher in samples from 2015 and 2018, respectively, compared to the
unsorted grain (Table 1). However, the concentrations in the small kernel samples varied considerably
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from a reduction of 60% to an increase of 568%. Higher EnnB1 concentrations were found in the small
grain fraction compared to unsorted grain in samples from 2018, representing an increase of 89%
(Table 1), whereas in samples from 2015, a trend towards higher mean EnnB1 concentrations in small
grains compared to unsorted grains was observed. Except for a study reporting a considerably higher
content of EnnB (200% and 375% in shorts and bran respectively) and EnnB1 (around 240% and 300% in
shorts and bran respectively) after milling of wheat, no other data have been found on the distribution
of Enns in cereal grain fractions [38]. Despite low ADON levels, a significant increase was detected
in the small kernel fraction compared to unsorted grain for 2018 samples (Table 1). The by-product
fractions are commonly used as raw materials for animal feed. It is important for feed producers to
be aware of the risk of extensive increases in the mycotoxin content in by-products. To manage the
mycotoxin risk and to decide what to be done with potentially contaminated by-products, proper
sampling and analysis are necessary. Based on the contamination level, an evaluation of the economic
value of the by-products and the carry-over potential of the mycotoxins, a decision on the inclusion
level of feed ingredients can be made [3]. In our study, the highest measured HT2+T2 concentration in
the small kernels fraction was 6427 μg/kg (lot No. 2) and 4889 μg/kg (lot No. 14) which would have
been of concern if it had been used in feed production.

2.4. Conditions Influencing on the Effect of Grain Size Sorting

We observed variable effects of size sorting on the content of HT2+T2, DON and EnnB among the
grain lots (Figure 2). One reason for this variation can be the diversity in cultivars (Table 2) which is
likely to differ in resistance to Fusarium infections and mycotoxin development. In addition, our grain
lots originated from two different years and partly from different locations. The degree of Fusarium
mycelium growth into the kernels and mycotoxin development varies between Fusarium species and
are in addition to host plant resistance against infection, influenced by cultivation conditions and
local weather during the susceptible stages of the host plant and during grain-filling and maturation
stages [36,47,48]. This can result in a different distribution of the different mycotoxins in kernels
and therefore likely contribute to the different effects of size sorting among the samples in our study.
Moreover, cultivar differences in phenological kernel traits itself, such as kernel size probably also
contributed to the variation in size-sorting effects. Grain materials for this study were not selected to
allow for an examination of the influence of cultivar or location on the size-sorting effect. One important
reason for the variation between different studies in the effect of cleaning and size sorting on the
mycotoxin content in grain is in the use of different sorting and cleaning methods/technologies,
e.g., different sieve sizes and machinery settings, and some studies have included a pre-cleaning step
without or with aspiration with varying fan speeds to remove dust, broken grain and other debris.
By removing some of the “waste products” prior to sorting, less effects will be obtained by further
cleaning and size sorting. This diversity in method will also result in large differences in volume and
weight proportions removed in the pre-processing stages e.g., [21,34,44].

2.5. Grain Weight Reduction by Size Sorting and Mass Balance Calculations

By passing the raw grain samples through a laboratory sieve (sieve size 2.2 mm) and removing the
small kernel fraction, the grain weight was in average reduced by 15% and 21% for samples from 2015
and 2018, respectively (Table 2), i.e., a larger proportion passed through the sieve in the samples from
2018 than in the samples from 2015, indicating generally smaller kernels in 2018 than in 2015. However,
the weight reduction varied between 6% and 33% among the 14 samples from 2015, and between 9%
and 32% among the 10 samples from 2018. No data was found in the literature on the weight reduction
by cleaning or size sorting in oats, however, dehulling has been reported to remove around 30% to 40%
of the whole grain weight [21,25]. In a study of barley, the weight reduction varied between 6% and
25% among 15 samples of different cultivars when grain passed a sieve size of 2.5 mm [34].

Mass balance calculation of mycotoxin concentrations in unsorted grain and in the sum of the size
fractions is an important quality control tool [44]. Mass balance calculated for amounts of HT2+T2
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(2015, 2018), DON (2018) and EnnB (2015) in the two fractions from the mycotoxin concentrations
and the weight of each fraction, and the sum was compared to the mycotoxin content in the unsorted
sample (Table 3). For HT2+T2, the recovery in the sum of the two fractions compared to unsorted grain
ranged between 59% and 120% (mean 87%) for 2015 samples and between 75% and 138% (mean 105%)
for 2018 samples. For DON, the recovery in the sum of the two fractions ranged between 85% and
117% (mean 96%). The recovery of EnnB in the sum of the two fractions ranged between 51% and 188%
(mean 77%). Regression analysis of the mycotoxin amounts in the unsorted grain and the sum amounts
in the two fractions (Figure 4) indicated rather a good relationship for DON (R2 = 0.93, 2018 samples)
and EnnB (R2 = 0.90, 2015 samples), however, some variation in the recovery among the samples were
observed for HT2+T2 in samples from both years (R2 = 0.60 and R2 = 0.64, for 2015 and 2018 samples
respectively). This indicates that the analysis was somewhat inaccurate.

Table 3. Comparison between mycotoxin concentrations (μg/kg) in unsorted grain and the mycotoxin
mass balance calculated from the weighted sum of mycotoxins in the large and small kernel fractions
and percentage recovery in calculated compared to measured amounts.

Mycotoxin
(Harvest Year)

Unsorted Grain
(Measured)

Weighted Sum of Large
and Small Kernel Fractions

(Calculated)
% Recovery (Range)

HT2+T2 (2015) 745 648 87 (59–120)
HT2+T2 (2018) 178 187 105 (75–138)

DON (2018) 191 184 96 (85–117)
EnnB (2015) 1054 820 77 (51–188)

.  

 

Figure 4. Regression analysis of the sum of toxin in large and small kernel fractions compared to the
unsorted fraction for (A) HT2+T2 in 2015 (n = 14); (B) HT2+T2 in 2018 (n = 10); (C) deoxynivalenol
(DON) in 2018 (n = 10); and (D) enniatin B (EnnB) in 2015 (n = 14).
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Reasons for some of the discrepancies between the sum of the two fractions and the amounts in
the unsorted sample may be due to inaccuracies in sampling, including sample preparation before
analysis, the drawing of a small ground sample (5 g) for analysis, and the recovery of the analysis
method itself. Sampling is a major source of error in monitoring mycotoxins in cereal grains. It is
difficult to obtain homogenous samples partly due to an uneven distribution of mycotoxins within a
grain lot [49]. If a sample is not representative it can cause an over- or under- estimation of mycotoxin
contamination, and this might have contributed to the variable effects on the mycotoxin content we
obtained by size sorting. The type of grinder as well as the method for dividing can influence on
the heterogeneity of mycotoxins in a sample. The grinder and sieve size (1 mm) used in our study
gave what was perhaps a higher heterogeneity due to a higher particle size than what is optimal [50].
Moreover, small samples with low mycotoxin levels can cause considerable measurement uncertainty.

3. Conclusions

Our study showed that by removing the small kernel fraction from the grain, representing on
average 15% and 21% of the weight of the samples from the two years respectively, the content
of Fusarium mycotoxins was considerably reduced. The most notable effects were seen on the
concentrations of T2+HT2 toxins, which were reduced by 56% and 32% on average for samples from
2015 and 2018 respectively, and EnnB, which was reduced by 44% in grain lots from 2015. We also
observed a clear reduction, on average 24%, in the DON concentrations in the 2018 samples. Moreover,
despite low levels, our analyses showed a trend towards reduced content of DON, ADON, NIV, EnnA,
EnnA1, EnnB1 and BEA after removing the small kernel fraction in samples from 2015.

For HT2+T2, the reduction obtained by sorting increased with the mycotoxin levels of unsorted
grain lots. Ours and other studies experienced variable effects on the mycotoxin content by size sorting,
however, removing the small kernel fraction in oats can be a useful method to reduce the mycotoxin
contamination. Grain lots are still defined as unprocessed after cleaning and size sorting. Thus,
by performing these operations, the grain industry may safely utilize a higher number of unprocessed
oat grain lots for further processing in the food and feed chain. Knowledge about the different content of
mycotoxins in various grain size fractions increases the possibility of better utilization of oat grains for
food and feed and can help to identify grain lots at risk. Because of variable effects, it is also important
to analyze the mycotoxin content after size sorting. For several of the mycotoxins, the concentrations
were considerably higher in the small kernel fraction compared to unsorted grain. We assume that our
study is the first report on the effect of size sorting on the content of Enns, NIV and BEA in oat grains.

4. Materials and Methods

4.1. Oat Grain Materials

Samples (approximately 0.5 kg, 14% moisture) from 24 oat grain lots (several cultivars) were
obtained from various field experiments in southeast Norway (Table 2). Fourteen lots were harvested
in 2015 at four different field locations, and ten were harvested in 2018 at one location. The grain lots
were chosen based on preliminary tests showing that they contained HT-2 and T-2 toxins, which were
the mycotoxins we were most interested in in this study. A sample of approximately 300g of harvested
grain (raw material) of each lot was obtained by deviding on a riffle divider (Rationell Kornservice AS,
Esbjerg, Denmark). After slight air cleaning (blowing) at “low speed” to remove dust, weed seeds
and trash/straw pieces, each sample was further divided into sub-samples of approximately 100 g
(unsorted sample) and 200 g. Each of the 200 g samples was size sorted into a large and small kernel
fraction by passing the grain through a laboratory scale grain screening machine (in-house made, sieve
size = 2.2 mm) at Kimen Seed Laboratory. The weight of unsorted, large and small kernel samples from
each grain lot was recorded. Materials of the two size fractions, in addition to the unsorted sample,
were ground on a high-speed rotor mill (ZM 200, Retsch, Haan, Germany) fitted with a 1 mm sieve
and stored at −20 ◦C until analyses.
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4.2. Mycotoxin Analyses

All grain samples were analyzed for the content of eleven different mycotoxins by using LC-MS/MS.
The sample preparation was done according to the procedure published by Klötzer and Lauber [51]
except that only 5 g aliquot of each sample was extracted with 20 mL mixture of acetonitrile and
water (80:20 v/v). The analyses of the mycotoxins detected as cations (HT-2, T-2, Enns, BEA and
ZEA) in grain samples harvested in 2015 were carried out using a Waters Ultima Pt MS/MS-detector,
whereas the analyses of the mycotoxins detected as anions (DON, NIV, sum of 3-acetyl-DON and
15-acetyl-DON) were performed with a Thermo high resolution accurate mass (HRAM) Q-Exactive
Orbitrap instrument. The mycotoxin analysis of grain from 2018 was carried out using HRAM
Q-Exactive Orbitrap exclusively, using electrospray polarity switching in order to detect all the ionized
mycotoxins in one run (Table 4). The toxins were separated on a Thermo Accucore aQ (100 × 2.1 mm
i.d., 2.6 μm) column. A linear mobile phase gradient was used, starting with 100% water in 5 mM
ammonium acetate reaching 100% methanol in 5 mM ammonium acetate after 9 min. The total run time
was 18 min. The injection volume was 5 μL (Waters instrument) or 1 μL (Thermo instrument), the flow
0.3 mL/min and the column temperature was 30 ◦C. In the negative mode, mycotoxins were detected
as acetate-adducts [M+CH3COO]− and in the positive mode mycotoxins were detected as ammonium
adducts [M+NH4]+ or hydrogen adducts [M+H]+. The identification criteria were retention time
(RT) matched to reference standard, precursor ion accurate m/z mass within 5 ppm accuracy and the
presence of at least one targeted product ion with accurate mass within 5 ppm accuracy and produced
by fragmentation of the precursor ion. An in-house library of product ion spectra (MS2) for the
mycotoxins aided in the identification. Quantification was based on the peak height of the precursor
ions. Reference standards of the mycotoxins were purchased from Merck, Darmstadt, Germany.
Calibration standards were prepared in the range of 1–1000 μg/kg. Limit of quantification (LOQ)
was 1–10 μg/kg. The recovery of HT-2 and T-2 was confirmed to 100% using a certified oat reference
material. Recovery of the other toxins was determined from spiked control samples that were prepared
with each batch of samples. Recovery was 100% for DON, 3+15-Acetyl-DON and EnnB, 60%–70% for
NIV, ZEA, EnnA, EnnA1 and EnnB1, and 45% for BEA. Our method reported the correct levels of HT-2,
T-2, DON and ZEA (z-scores lower than 0.35) in oat meal in a proficiency test in 2019 [52].

Table 4. Parameters for the high resolution accurate mass (HRAM) detection of the analytes including
retention time, precursor ion, adducts type of precursor and one of the product ions.

Mycotoxin Retention Time (min) Precursor Ion (m/z) Adduct Product Ions (m/z)

NIV 3.12 371.13476 [M+CH3COO-] 281.10284
DON 3.83 355.13984 [M+CH3COO-] 295.11835

3+15-Acetyl-DON 5.48 397.15041 [M+CH3COO-] 307.11914
HT-2 7.68 442.24354 [M+NH4+] 363.12781
T-2 7.99 484.25411 [M+NH4+] 305.13818

ZEA 8.71 319.15400 [M+H+] 187.07544
Enn B 9.93 657.44331 [M+H+] 196.13345
Enn B1 10.07 671.45896 [M+H+] 654.43317

BEA 10.09 801.44331 [M+H+] 134.09669
Enn A 10.16 685.47461 [M+H+] 210.14906

Enn A1 10.28 699.49026 [M+H+] 228.15967

4.3. Data Analyses

The mean, minimum and maximum toxin concentration was calculated for each toxin for both
years using Minitab 18. Percentage reductions of toxins in the large grain fractions and percentage
increases in the small grain fractions were calculated compared to concentrations in the unsorted grain.
Percentage weight reduction was calculated from the weight of the unsorted sample (= 100%) and the
weight of the large and small kernel fractions (sum = 100%). The mean toxin levels in the small or
the large grain fractions were compared to the mean toxin level in the unsorted grain fraction using a
paired t-test in Minitab 18. The confidence level was adjusted according to the Bonferroni method to
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obtain a simultaneous confidence level of 95%, and the differences between the means were considered
as significant when p-values ≤ 0.05/2. The following relationships were analyzed by linear regression
in Minitab 18: (i) the percentage of HT2+T2 reduction vs. the concentration level in the grain lots
(unsorted grain), (ii) the sum of toxin concentration (HT2+T2 2015, 2018; DON 2018; EnnB 2015) in the
small and the large grain fraction vs. the toxin concentration in the grain lots (unsorted grain), (iii) the
percentage weight reduction vs. the percentage HT2+T2 reduction, and (iiii) the percentage of weight
reduction vs. the HT2+T2 level in the grain lots. The relationships in (i), (iii) and (iiii) were studied
across both years.
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Abstract: New protein sources in fish feed require the assessment of the carry-over potential of
contaminants and anti-nutrients from feed ingredients into the fish, and the assessment of possible
health risks for consumers. Presently, plant materials including wheat and legumes make up the
largest part of aquafeeds, so evaluation of the transfer capabilities of typical toxic metabolites from
plant-infesting fungi and of vegetable phytoestrogens into fish products is of great importance.
With the aim of facilitating surveillance of relevant mycotoxins and isoflavones, we have developed
and validated a multi-analyte LC-HRMS/MS method that can be used to ensure compliance to set
maximum levels in feed and fish. The method performance characteristics were determined, showing
high specificity for all 25 targeted analytes, which included 19 mycotoxins and three isoflavones
and their corresponding aglycons with sufficient to excellent sensitivities and uniform analytical
linearity in different matrices. Depending on the availability of matching stable isotope-labelled
derivates or similar-structure homologues, calibration curves were generated either by using internal
standards or by matrix-matched external standards. Precision and recovery data were in the accepted
range, although they varied between the different analytes. This new method was considered as
fit-for-purpose and applied for the analysis of customised fish feed containing wheat gluten, soy,
or pea protein concentrate as well as salmon and zebrafish fed on diets with these ingredients for a
period of up to eight weeks. Only mycotoxin enniatin B, at a level near the limit of detection, and low
levels of isoflavones were detected in the feed, demonstrating the effectiveness of maximum level
recommendations and modern feed processing technologies in the Norwegian aquaculture industry.
Consequently, carry-over into fish muscle was not observed, confirming that fillets from plant-fed
salmon were safe for human consumption.

Keywords: Atlantic salmon; zebrafish; liquid chromatography high-resolution mass spectrometry;
mycotoxins; phytoestrogens; plant-based feed
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Key Contribution: A multi-analyte LC-HRMS/MS method for 25 targeted mycotoxins and
phytoestrogens was developed and validated in feed and fish matrices. Mycotoxins above the
respective LOD were not detected in feed and dietary exposed fish, whereas phytoestrogens were
found in soy and pea protein-based diets but carry-over into fish was not observed.

1. Introduction

Global fish production reached more than 171 million tonnes by 2016, of which 88% were directly
used for human consumption and 12% (20 million tonnes) were used for the production of fishmeal and
fish oil in aquaculture [1]. Fish and fishery products are an important source of essential nutrients in
the human diet, and demand is growing in line with the increasing world population [2]. Aquaculture
is the fastest-growing food industry and the intensification of the production depends on the utilisation
of other resources for aquafeeds than fishmeal, for which exploitation is reaching an unsustainable level.
Therefore, agricultural crops, mainly legumes, cereal grains and oilseeds, have been introduced in
steadily increasing amounts into fish feeds, completely or partially replacing marine protein sources [3].

Plant protein sources mainly include soy, pea, lupine, alfalfa, wheat, corn, rape seeds, sunflower
seeds, cotton seeds, sesame seeds, mustard oil cake, and white leadtree leaves [4]. Moreover, proteins
from insects, microalgae, krill and single-cell proteins have been explored as replacements for fishmeal,
but plant proteins are by far the most used ingredients in feed in aquaculture. The considerable
changes in the diet composition of farmed fish include ingredients with physicochemical properties
that potentially could lead to challenges regarding fish health and welfare, and product quality [5].
However, new processing technologies for plant protein extraction of undesirable components such
as fertilisers, pesticides, persistent organic pollutants and heavy metals have allowed the transition
from marine to agricultural sources [6]. The growth performance of plant-fed fish has been found to be
adequate in short feeding studies [7], but concern about potential negative health effects from natural
toxins and anti-nutritional factors including phytoestrogens remains [4,8]. Some anti-nutritional factors
are considerably resistant against heat and digestion and have the potential for carry-over into the
food chain. Several studies have shown that bioactive compounds may affect physiological functions
in animals and humans including negative effects on intestinal health [9]; however, information for
fish is limited [4]. The potential transfer of undesirable substances from new sources of aquafeeds
might thus lead to potential health risks for consumers of fish products [10]. The assessment of
transmissibility requires analytical methods that can be reliably applied for the detection of relevant
natural contaminants in agricultural crops, and the considerable prevalence of mycotoxins and
phytoestrogens makes them priority target analytes. However, only a few recent studies have
surveyed mycotoxin levels in fish feed or farmed fish [11–16], and phytoestrogens are even less
investigated [17,18].

There is a risk of mycotoxicosis in farmed fish due to the presence of mycotoxins in plant feed
ingredients, but information on effects in fish is limited [11,19]. Mycotoxins comprise a large variety
of secondary metabolites produced by fungi such as Fusarium spp., Aspergillus spp., Alternaria
spp. and Pencillium spp. that infect agricultural crops both in the field and during storage,
depending on their preferred growth conditions [20]. The presence of mycotoxins in practically
all feed- and foodstuffs worldwide, although at different levels, is critical for nutritional security and
safety, and important for animal and human health and welfare [21]. In moderate climate zones,
major mycotoxin classes associated with Fusarium crop infections are trichothecenes, zearalenones
and enniatins. The most important trichothecenes (polycyclic sesquiterpenoids) are A-type HT-2
toxin (HT-2) and T-2 toxin (T-2) and B-type deoxynivalenol (DON), including the acetylated and
glucosidated derivatives 3-acetyl-deoxynivalneol (3-ADON), 15-acetyldeoxynivalenol (15-ADON) and
deoxynivalenol-3-glucoside (DON-3G), as well as nivalenol (NIV). Furthermore, the mycoestrogen
zearalenone (ZEN) shows considerable occurrence and toxicity. The ionophoric enniatins (ENN) B, B1,
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A, and A1 are detectable in almost all grain samples and considered an emerging threat [22]. In contrast,
toxicity caused by ergot alkaloids such as ergosine, ergonovine, ergotamine, ergocristin, ergocornine
and α-ergocryptine in Claviceps purpurea-infected cereals has been known as ergotism for centuries.
Ergot contamination is a sporadic issue but appears to have increased in recent years. The storage
mycotoxin of main concern in Nordic countries is ochratoxin A (OTA), a pentaketidic isocoumarin
produced by Penicillium or Aspergillus sp. In contrast, aflatoxins and fumonisins normally do not occur
in Norwegian feed commodities [23]. The European Commission has recommended maximum levels
for important mycotoxins in different feed commodities [24]. Fish ingredients and composite fish feed
are not specifically mentioned but the guidance levels for DON (5 mg/kg); ZEN (2 mg/kg) and OTA
(0.25 mg/kg) also apply to aquaculture. Additionally, an indicative value for the sum of T-2 and HT-2
(250 μg/kg) in compound feed is provided by the EU Commission recommendation [25]. Comparable
values have not been established for NIV, enniatins or ergot alkaloids because of the limited occurrence
and toxicity data.

Phytoestrogens are plant-derived polyphenolic non-steroidal compounds with structural and
functional similarity to animal oestrogens, which can bind to oestrogen receptors and activate oestrogen
receptor-dependent pathways in mammals and fish [26]. Thus, they have the potential to disrupt
the endocrine system by competing with endogenous hormones. Phytoestrogens can be broadly
differentiated into isoflavones, coumestans and lignans, depending on the alkylation pattern in the
basic isoflavone molecule structure [27]. Legumes, especially soy, are rich in isoflavones, which occur
in plants mainly in glucosidated form, whereas the unconjugated molecules are prevalent after uptake.
Important representatives of this substance class are the glucosides daidzin, genistin, glycitin and their
respective free counterpart’s daidzein, genistein and glycitein [28]. They are also potential substrates
for metabolic glucuronidation or sulphatation reactions in the liver and kidneys due to the hydroxyl
groups in the molecule and could be excreted as conjugates [29]. Processed soy protein concentrates
have an increased aglycon content, which results in improved phytoestrogen absorption from the
diet [30]. Exposure of fish to phytoestrogens in feed has been shown to cause reproductive effects and
to affect growth and metabolism [31], but the levels in the edible tissue of soy-fed fish and potential
human exposure have not been investigated so far.

The assessment of possible health risks from the consumption of fish fed with plant-derived
feed requires the development of appropriate analytical methods for the detection of transferred
contaminants and bioactive compounds. Mycotoxins are usually analysed by liquid chromatography
tandem mass spectrometry (LC-MS/MS) with different multi-toxin methods and in various matrices
such as bulk cereals, flour, nuts, food products and hay bales [32–40]. Advanced sampling schemes
and extraction protocols have been developed, resulting in improved homogeneity and recovery
so that method validation can be performed [41]. Sample preparation often includes single-step
solvent extraction using acidic acetonitrile/water mixtures, followed by solid-phase extraction (SPE) or
immunoaffinity purification [39]. Matrix effects can be controlled by using matrix-matched calibration
and isotope-labelled internal standards (ISTD), which are available for trichothecenes but not for
enniatins and ergot alkaloids [32,33,36–38,40]. Notably, fewer LC-MS/MS methods have been described
for ergot alkaloids than for Fusarium toxins, focussing on rye, feed and seeds as typical matrices [34,37].
In contrast, phytoestrogens are mostly measured in physiological samples including human and animal
plasma, milk and urine in connection with monitoring of dietary exposure [42,43]. The LC-MS/MS
methods developed for the detection of phytoestrogens in soy and food items use methanol-water
extraction and reversed-phase (RP) chromatography [44,45].

Earlier studies have measured several mycotoxins in feed ingredients, aquafeeds and fish
fillets [11,13,14,16,46] but ergot alkaloids were not among the analytes. In addition, we have found one
report of the occurrence of phytoestrogens in foods of animal origin, including a few fish samples [47].
Considering the potential consumer health risk resulting from the extensive introduction of agricultural
crops into fish feed and contaminant carry-over, analytical methods for the reliable detection of natural
toxins and bioactive compounds are required. The present study was thus intended to fill this gap
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by developing a multiplexed LC-MS/MS method for the simultaneous quantification of 25 relevant
feed-borne mycotoxins and phytoestrogens in feed and fish.

2. Results and Discussion

2.1. Fish Feed with Fixed Contents of Wheat Gluten, Soy Protein or Pea Protein

Finished feed has to comply with national and international legislation regarding maximum
contents of certain contaminants including some mycotoxins [24,25]. In the present study, the fish
diets were prepared in a fully equipped feed technology research facility based on materials that
are commonly used in Norwegian aquaculture. Since the focus of the fish experiments was the
potential transfer of natural contaminants from feed into fish, and not digestibility or feed utilisation,
the composition was balanced with regard to plant-based ingredients (Table 1). Constant levels of 15%
or 30% wheat gluten, soy protein concentrate or pea protein concentrate were achieved by adjusting
the amount of fishmeal, which resulted in slight differences in the total crude protein and total lipid
contents between the diets (Table 1). By keeping the ratio of plant-derived ingredients constant,
comparability of the analytical results for the targeted metabolites was ensured.

Table 1. Composition of customised salmon and zebrafish feed (FM, fish meal; SPC, soy protein
concentrate; PPC, pea protein concentrate).

Diet Composition
(g/100 g)

FM
(Control)

SPC15 SPC30 WG15 WG30 PPC15 PPC30

Salmon

Fish meal 63.35 48.35 33.35 48.35 33.35 - -
Wheat 12.0 12.0 12.0 12.0 12.0 - -

Soy prot. conc. - 15.0 30.0 - - - -
Wheat gluten - - - 15.0 30.0 - -

Fish oil 20.0 20.0 20.0 20.0 20.0 - -
Additives # 4.65 4.65 4.65 4.65 4.65 - -
Total protein 45.2 44.6 44.0 46.7 48.1 - -
Total lipids 26.5 25.1 23.8 25.4 24.3 - -
Zebrafish

Fish meal 79.35 64.35 49.35 64.35 49.35 64.35 49.35
Wheat 12.0 12.0 12.0 12.0 12.0 12.0 12.0

Soy prot. conc. - 15.0 30.0 - - - -
Wheat gluten - - - 15.0 30.0 - -

Pea prot. conc. - - - - - 15.0 30.0
Fish oil 4.0 4.0 4.0 4.0 4.0 4.0 4.0

Additives # 4.65 4.65 4.65 4.65 4.65 4.65 4.65
Total crude protein 56.2 55.6 55.0 57.7 59.1 53.1 49.9

Total lipids 12.0 10.7 9.4 10.9 9.8 11.3 10.7
# Additives: Vitamin mix (2%), Mineral mix (0.59%), Monosodiumphosphate-24% P (2%), Yttrium oxide (0.01%),
Carophyll Pink-10% (0.05%).

2.2. Exposure of Zebrafish and Salmon to Plant-Derived Aquafeeds

The zebrafish and salmon included in the feeding experiments showed an overall normal
growth performance (data not shown). Observable differences in growth rate between diet groups in
on-growing salmon in the order of SPC15 > SPC30 >WG15 ≈ FM >WG30 were small but proportional
to the feed intake by the same groups. The zebrafish study also included an exposure to PPC15
and PPC30 feed compositions, resulting in a slight growth reduction that had previously also been
described for rainbow trout [48]. We considered, however, that the small weight gain differences
observed in the present study would not significantly affect the analysis of potentially transmitted
contaminants in fish muscle.
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2.3. Characteristics of Targeted Analytes in Method

The mycotoxins and phytoestrogens included in the multi-analyte LC-HRMS/MS method had
considerable differences in their molecular weights and structures (Table S1). Furthermore, there were
sizeable differences in compound solubilities, e.g., between the hydrophilic DON, DON-3G, 3-ADON,
15-ADON and NIV and the lipophilic enniatins. These differences, as reflected by the logP (Table S1),
became obvious in the order of retention on the reversed-phase LC-column (Figure 1). Molecular
structure and logP were obtained from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/).
Retention times differed with up to 30 min under the optimised chromatographic conditions of
the ammonium acetate/MeOH gradient, while peak widths were small demonstrating good signal
resolution. MeOH proved to be the best eluent for combining the different analytes in one LC
method. Previous studies have shown that MeOH improves peak shape and sensitivity in the
analysis of trichothecenes [32,33,35,37–39] and the same solvent has been used for phytoestrogen
chromatography [45].

Figure 1. Chromatograms of targeted analysis of 100 μg/L in solvent of the 25 mycotoxins and
phytoestrogens included in the multi-analyte LC-HRMS/MS method.

During method development, all compounds were analysed in positive and negative ESI mode
for the determination of the highest peak intensities and best target ions, which included proton,
ammonium, sodium and acetate adducts (Table 2). The HRMS/MS parameters were adjusted
accordingly so that each compound was measured in targeted analysis under optimal conditions.
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2.4. Optimisation of Sample Preparation

Appropriate sampling and sample extraction are prerequisites for the reliability of analytical
methods [39–41]. Several studies describing sampling strategies for the mitigation of uneven
contaminant distribution in different matrices have been published [34]. Sampling plans should
aim at achieving pragmatic fit-for-purpose results, providing homogeneity while limiting sample sizes
and numbers. In the present experiment, potential distributional heterogeneity was not an issue in the
preparation of zebrafish samples since the whole carcasses of three fish were ground and extracted
together. In contrast, the salmon fillets were of considerable size and could not be processed in total.
Consequently, we attempted to obtain representative samples by punching out tissue at different places
in fillet and combining aliquots after grinding (Figure 2a). Additional tissue punches were gathered
for proteomic and immunological analyses that were foreseen for subsequent studies (Figure 2b).
The composite diets had already a high degree of homogeneity due to the production process. We
assumed therefore that the targeted analytes were evenly distributed in samples taken from a few
places in the storage bags and ground together.

Figure 2. (a,b) Sampling scheme for homogenous sampling of representative aliquots from a salmon
fillet. C: samples used for the chemical analyses in the present study. P and I: samples used for
proteomic and immunological analyses in the same project.

Matrix effects impairing analytical method performance can be managed by using clean-up
procedures, sample extract dilution, precipitation, filtering, matrix-assisted standard calibration curves
and stable-isotope labelled ISTD [34,39]. Clean-up during sample preparation may include passing
the extract through immunoaffinity columns or solid-phase extraction (SPE) cartridges, which can be
filled with a variety of adsorbents. In the present study, we have not applied clean-up methods during
sample preparation to avoid the potential loss of target analytes from surface adhesion. Additionally,
the different molecular properties of the 25 compounds would optimally require the use of specific
SPE materials. We have therefore attempted to develop a generally applicable sample preparation
method by diluting the homogenised material with eight- to tenfold excess of adjusted solvent and
using a one-step extraction procedure with subsequent submicron filtering.

Extraction conditions were optimised in a number of preliminary trials by determining recovery
rates from spiked matrices with different acidic MeCN/water solvent compositions and, additionally,
with a two-step MeCN/water approach [36,40]. However, the two-step extraction produced multiple
aqueous and organic layers in the extract, making separation difficult and decreasing analyte recovery.
The overall best results for the extraction of the target analytes from feed and fish were achieved with
acidic MeCN/water (70:30) (Figure 3), similar to what has been described for other multi-mycotoxin
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methods [36,37]. This solvent was also suitable for the phytoestrogens that have been extracted with
MeOH/water in previous studies [44,45].

Figure 3. Recovery rates from spiked fish and feed matrices for the mycotoxins and phytoestrogens
included in the multi-analyte LC-HRMS/MS method using optimised extraction solvent.

2.5. Performance of the Multi-Analyte LC-HRMS/MS Method

The performance characteristics of the new LC-HRMS/MS method for 25 mycotoxins and
phytoestrogens were determined with regard to international standardised guidelines [49,50].
The specificity of the method for the selected analytes was excellent due to the high mass accuracy
in full scan mode and targeted fragmentation (dd-MS2) (Figure 1; Table 2). The total run time was
slightly increased in comparison to other multi-mycotoxin methods [32,33,35,37–39,41], leading to
good chromatographic separation of the analytes. The high resolution of the analysis allowed us to
resolve between isomers such as 3-ADON and 15-ADON, which previously has been sometimes a
challenge [41].

The 25 analytes were detected with different sensitivities in fish and feed matrices differed
considerably between the 25 analytes. The salmon matrix-assisted standard calibration curves showed
high sensitivities for the enniatins, ZEN and the phytoestrogens daidzein and genistein, whereas the
curve slopes were less steep for the trichothecenes, OTA, ergot alkaloids and remaining phytoestrogens.
Interestingly, this order was not identical for solvent, zebrafish and feed matrices, comparable to results
reported for other multi-mycotoxin methods that achieved different analyte sensitivities in matrices
such as fruit, yoghurt, soya, hazelnut, pepper, wheat, maize, oat, rice, pasta and bread [33,35–38].
The effect of the signal enhancement or suppression by a specific matrix type can be illustrated by the
connected SSE% value. Matrix impact is considered as insignificant for SSE 80-120%, while lower
values indicate significant signal decrease and higher values signal increase [32,33,35,37–40]. In the
present study, SSE varied from 67% to 115% for control fish feed, 58% to 173% for salmon, and 89% to
181% for zebrafish, with ENN A showing the highest signals in the feed and fish matrices (Table 3).
Considering all analytes, the feed matrix generally suppressed signals, whereas the fish matrix caused
signal enhancement.

Linearity of the standard calibration curves in different matrices was achieved for all analytes in
the range 1.0 to 200 μg/L, with the exception of NIV, OTA, DON-3G and 15-ADON that were linear in
the range 5.0 to 200 μg/L. The correlation coefficients (Table 2) were R2 > 0.98 for all calibration curves,
irrespectively of whether or not stable-isotope labelled ISTD, similar analogue-ISTD or no ISTD were
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included. Considering the eight times or 10 times sample dilution during matrix extraction, the linear
ranges corresponded to 8.0 (40)–1600 μg/kg for feed and salmon and 10 (50)–2000 μg/kg for zebrafish.

The limits of detection (LOD) and quantification (LOQ) in solvent, fish feed, salmon and zebrafish
matrices are presented for the undiluted commodities (Table 3). The LOD ranged in solvent from
1 μg/L for ENN A1, B, B1 and genistin to 19 μg/L for NIV, in fish feed from 6 μg/kg for 15-ADON
to 85 μg/kg for ENN A, in salmon from 21 μg/kg for glycitein to 144 μg/kg for NIV, and in zebrafish
from 8.0 μg/kg for ergonovine and α-ergocryptine to 176 μg/kg for DON-3G. The corresponding LOQ
were, as per the definition, 3.3 times higher (Table 3). The values were similar to data shown for
comparable multi-mycotoxin methods. LOD ranging from 5.4 to 24 μg/kg for DON, 36 to 50 μg/kg for
15-ADON, 2.8 to 50 μg/kg for NIV, 0.2 to 47 μg/kg for ZEN, 1.0 to 18 μg/kg for T-2, and 0.7 to 12 μg/kg
were reported in a number of different matrices [32,35–38]. In contrast, two methods that had been
specially developed for the analysis of phytoestrogens in food products had established group LODs
of, respectively, 250 μg/kg [44] and 15 μg/kg [45].

The precision of our multi-analyte LC-HRMS/MS method was demonstrated on the one hand
by good day-to-day congruency of the solvent and matrix-assisted standard calibration curves.
The coefficients of variation (% CV) for all data points in six independent experiments were generally
less than 20% in solvent and less than 25% in feed, salmon and zebrafish matrices (data not shown),
which was well within the guidance criteria [49]. On the other hand, precision was also assessed
by intra-day and inter-day analysis of spiked quality control samples. The total within-laboratory
precision was in the range of 1% for ZEN and ENN A to 17% for NIV in the feed matrix and 1% for
ergonovine to 41% for NIV in the salmon matrix (Table 3). The precision data were comparable to
values reported for other multi-mycotoxin methods in a variety of matrices [32,35,37,38,41]. Published
precision data for phytoestrogen analysis in food commodities are scarce. When control samples were
analysed using standard calibration in solvent, intra-day and inter-day% CV in the range of 1–13%
were reached for a number of analytes [45].

Recovery rates in fish feed ranged from 19% to 161% for all mycotoxins and phytoestrogens in the
newly developed method, with the exception of DON-3G, NIV, ergosine, ergotamine, ergocornine and
α-ergocryptine that were retrieved less efficiently, and ENN A and ENN A1 that showed enhanced
recoveries (Table 3). In the salmon matrix, the analytes were recovered with 69–127% except for a
reduced performance for NIV and enhancement for genistein. In the zebrafish matrix, recovery rates of
41–98% were reached, except in DON-3G and NIV, which showed reduced values. The recovery rates
established in the present study were similar to those determined with comparable methods ranging
from 50% to 150% for a number of mycotoxins [32,35–41]. For phytoestrogens, recoveries between 89%
and 107% in spiked solvent have been reported [45]. However, in different food matrices the rates were
widely varying and in part very low, which is in strong contrast to our new LC-HRMS/MS method,
showing remarkably low interference for phytoestrogen analysis in the three matrices considered
(Table 3). Spiking experiments are widely used for the determination of recoveries in the validation of
analytical methods, although they only can emulate naturally-contaminated samples to a certain extent.
Preferably, the accuracy should be verified with a certified reference material, but this is currently not
available for all target analytes and selected matrices of the LC-HRMS/MS method.
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2.6. Mycotoxins and Phytoestrogens in Fish Feed, Zebrafish and Salmon Tissues

The in-house-validated multi-analyte LC-HRMS/MS method was used for the analysis of the
customised fish feed and dietary exposed salmon and zebrafish. The feed analysis did not detect
any of the targeted mycotoxins, with the exception of ENN B that was found in concentrations close
to LOD in WG30 (data not shown). Norwegian aquafeeds ingredients contain generally only low
amount of mycotoxins [13,23]. The highest mean contents were found in wheat (DON: 94 μg/kg;
T-2+HT-2: 28 μg/kg) and maize (ZEN: 246 μg/kg), which was in compliance with the recommended
maximum levels [24,25,51]. Considering that in the present study, the feed contained a maximum of
42% wheat-derived components (WG30) (Table 1), we did not expect sizable levels in the five diets.
In contrast, survey data for finished feeds from Central Europe and Asia contained on average 165 μg
DON/kg, 188 μg ZEN/kg and 2 μg OTA/kg [11]. Interestingly, our finding of ENN B in WG30 diets
is in line with the relatively high prevalence of enniatins in cereals in Northern Europe. ENNs have
shown considerable toxicity in in vitro studies and in mice [52]. Carry-over of ENN B and B1 from
poultry feed into eggs has been demonstrated [22], but maximum levels for animal feed have not been
established yet.

In view of the low mycotoxin content (<LOQ) in the customised feeds in the present study, we
consequently did not detect any of the targeted analytes above the respective LOQ in salmon or
zebrafish tissues. There were, however, traces of ENN B in several of the WG30-exposed salmon at
concentrations close to the LOD, suggesting the carry-over potential of enniatins. A relatively high
occurrence of ENNs, especially ENN B, in fish muscle and livers has been previously reported [22,53]
and correlates with our data. Transfer of mycotoxins such as DON, T-2 and OTA from low-level
contaminated wheat gluten-containing feed into fish fillets has also been demonstrated [13]. In contrast,
when salmon was fed with diets containing 2 and 6 mg DON/kg or 0.8 and 2.4 mg OTA/kg for eight
weeks, up to 19 μg DON/kg was measured in the muscle, whereas up to 5 μg OTA/kg was detectable
in the fish livers [46]. Human exposure following high consumption of salmon fillets with the highest
DON concentrations was estimated to amount to only 2% of the established tolerable daily intake
(TDI) [46,54]. Consequently, our results in the present study show that the use of plant-based fish feed
containing mycotoxins below the recommended maximum levels results in negligible health risks
for consumers.

The phytoestrogen analysis of the diets included in the salmon and zebrafish feeding experiments
showed dose-dependent levels of all targeted analytes in the soy protein containing feeds (data not
shown). Mean concentrations ranged in SPC15 from 21 μg glycitein/kg to 786 μg daidzin/kg and
in SPC30 from 40 μg glycitein/kg to 1356 μg daidzin/kg. Glucosidated forms occurred in higher
concentrations than the corresponding aglycons, whereas an increase of the free form had been
previously observed in extruded protein preparations [30]. In PPC15 and PPC30, 26 and 54 μg
glycitein/kg were detected, respectively, confirming results from a screening study on fruits and
vegetables [45]. Phytoestrogen levels in food and feed are not regulated so far, and the health
risks or benefits of dietary exposure in humans and animals are still under discussion [28,44]. Still,
considerable oestrogenic and thyrogenic activities have been determined in vitro in commercial Spanish
fish feeds [18], and further evaluation is required. A survey of the phytoestrogen content in food
products of animal origin detected the highest concentrations in soy-containing milk products and
farmed salmon contained up to 40 μg/kg [47].

In the present experiment, we did not find phytoestrogen concentrations above LOQ in dietary
exposed zebrafish or salmon, not even in the respective SPC30 groups. Information on the uptake of
isoflavones in fish is not available, but considerable differences in bioavailabilities and biotransformation
are reported for warm-blooded vertebrate species [55]. We have recently studied the metabolism of
isoflavones in salmon liver microsomes (article in progress) and characterised the major metabolites.
Chromatographic peaks corresponding to the retention times and m/z of these metabolites were,
however, absent in the muscle of the dietary exposed fish suggesting an efficient detoxification
mechanism and excretion of isoflavones without accumulation in the edible parts of fish. Equol,
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an intestinal metabolite of daidzein, has not been studied in our experiment. Previous studies have
suggested that isoflavone metabolisation by the intestinal microbiome varies considerably between
producers and non-producers of equol [55]. When gibel carp (Carassius auratus gibelio) were exposed to
40–400 mg daidzein/kg in feed, the unchanged compound was recovered with 128 and 261 μg/kg in
the fish muscle [56]. In contrast, equol was not found in any of the samples suggesting that fish could
lack the necessary gut bacteria. Considering that the highest daidzein level in our experiments was
with 0.2 mg/kg in SPC30, about 200-fold smaller than the lowest feed concentration in the gibel carp
study, and considering the LOQ of the LC-HRMS/MS method in the fish matrix, the non-detectability
of the targeted isoflavones in the salmon fillets was conclusive. However, we intend to investigate the
metabolic fate of important isoflavones in fish in depth in a follow-up study.

3. Conclusions

The increasing use of vegetable ingredients in aquafeeds has motivated risk evaluations for
mycotoxin exposure of farmed fish, which has resulted in the establishment of recommended maximum
levels. Furthermore, the potential consequences of the presence of bioactive compounds such as
isoflavones in plant-based feed should be monitored. We have therefore developed and validated a
25-in-1 LC-HRMS/MS method that is suitable for the survey of compliance to feed regulations and
for the detection of undesirable compounds in fish fillets. The new method has excellent specificity
for all analytes, while there are some differences in sensitivity due to the great diversity of molecular
structures. The LOD and LOQ in fish feed, zebrafish and salmon matrices are sufficient to ensure
that mycotoxin and phytoestrogen levels are below concentrations that might cause negative health
effects. The accuracy of the method, described by precision and recovery of the included analytes, is
satisfactory, confirming its applicability for screening and surveillance purposes. The applicability
range is limited at present, however, due to the exclusion of aflatoxins. They will be added during
the planned extension of the multi-analyte method. In zebrafish and salmon exposed to customised
feed containing up to 30% wheat gluten, soy or pea protein concentrate, carry-over of mycotoxins or
phytoestrogens could not be detected, confirming that fillets from fish fed commercial plant-based
diets are safe for consumption.

4. Materials and Methods

4.1. Chemicals

LC-MS grade acetonitrile (MeCN), methanol (MeOH) and water (Optima, LC/MS grade,)
were provided by Fisher Scientific (Loughborough, Leics., UK), and ethanol (EtOH) was obtained
from VWR International (Lutterworth, Leics., UK). Acetic acid (CH3COOH) (>99.8%), formic acid
(HCOOH) (>98%) and ammonium acetate (CH3COONH4) (>98%) were purchased from Merck KGaA
(Darmstadt, Germany).

The mycotoxins deoxynivalenol (DON), 3-actetyl-deoxynivalenol (3-ADON), nivalenol
(NIV), T-2 toxin (T-2), HT-2 toxin (HT-2), zearalenone (ZEN), deoxynivalenol-3-glucoside
(DON-3G), 15-acetyl-deoxynivalenol (15-ADON), ochratoxin A (OTA), ergosine, α-ergocryptine
and ergocristine as well as the stable isotope-labelled analogues U-[13C-15]-NIV, U-[13C-15]-DON,
U-[13C-21]-DON-3G, U-[13C-17]-3ADON, U-[13C-17]-15ADON, U-[13C-22]-HT-2, U-[13C-24]-T-2,
U-[13C-20]-OTA, U-[13C-18]-ZEN were provided by Romer labs (Tulln, Austria) as solutions in
MeCN, ranging from 10 to 100 mg/L. Intermediate standard solutions at 10 mg/L were prepared
for DON-3G and 15-ADON by dilution of stock solutions with MeCN. The enniatins A, A1, B, and
B1 (ENN A, A1, B, B1), ergonovine, ergotamine, ergocornine, methysergide maleate salt (MetErg)
and bromocriptine mesylate (BromCri) were provided as solids by Sigma-Aldrich (St. Louis, MO,
USA). Stock solutions in MeOH or MeCN were prepared for ergot alkaloids in the range of 100 to
500 mg/L, and for enniatins with 200 mg/L in MeOH. A combined intermediate standard solution with
10 mg/L was prepared for both enniatins and ergot alkaloids by combining appropriate aliquots of

138



Toxins 2019, 11, 222

stock standard solutions, evaporating the mixture with a gentle stream of nitrogen and re-dissolving in
MeCN/water (50:50). Finally, a combined standard solution containing all mycotoxins (Set A) was
prepared by combining aliquots of stock or intermediate standard solutions, evaporating the solvent
and re-dissolving in the appropriate volume MeCN/water (50:50) to obtain final concentrations of
about 200 μg/L (200.0–200.12 μg/L, depending on the stock solution provided by the manufacturer).

The phytoestrogens daidzin, genistin, glycitin, daidzein, genistein, and glycitein were bought
in crystalline form from Sigma-Aldrich (St. Louis, MO, USA), and stock solutions were prepared in
MeOH or DMSO (glycitein) ranging from 500 to 1000 mg/L. Individual intermediate standard solutions
at a concentration of 5 mg/L were prepared by dilution with MeOH. A combined standard solution
(Set B; 200 μg/L) containing all phytoestrogens was prepared by further dilution in MeCN/water (50:50).
The finished Set A and Set B solutions were stable at −20 ◦C for several months and used for the
preparation of standard calibration curves.

Additionally, a 25-in-1 multi-analyte mixture was prepared and used in spiking experiments.
All analytes were combined with regard to the concentrations of their respective stocks or intermediate
standard solutions so that a final concentration of 25 μg/L per analyte was reached after spiking into
feed, zebrafish and salmon samples. The multi-analyte mixture was evaporated and re-dissolved in
MeCN/water (50:50). It was stable at −20 ◦C for about a month.

A combined internal standard (ISTD) solution for 15 mycotoxins, containing stable isotope-labelled
analogues and the ergot homologues MetErg and BromCri, was prepared in MeCN/water (50:50) to reach
final concentrations of 251 μg/L U-[13C-18]-ZEN, 500 μg/L U-[13C-22]-HT-2, 443 μg/L U-[13C-22]-T-2,
506 μg/L U-[13C-15]-DON, 502 μg/L U-[13C-17]-3ADON, 500 μg/L U-[13C-17]-15ADON, 500 μg/L
U-[13C-20]-OTA, 530 μg/L U-[13C-15]-NIV, 530 μg/L U-[13C-21]-DON-3G, 624 μg/L BromCri and
500 μg/L MetErg. The different concentrations were chosen with regard to the respective measurement
sensitivities in the developed multi-analyte LC-HRMS/MS method. The ISTD solution was stored at
−20 ◦C, adjusted to room temperature (RT) and mixed thoroughly prior to use. It was added in a ratio
of 1:5 to the study samples.

4.2. Preparation of Fish Diets

Diets with definite amounts of wheat gluten, soy protein concentrate or pea protein concentrate
were produced at Nofima Feed Technology Centre, Fyllingsdalen, Norway. The diets were based on
fishmeal (FM) as main protein source, which was replaced by 15% or 30% plant proteins. All diets
contained 12% wheat that was required for binding in the extrusion process, in addition to minor
inclusion of wheat as carrier for some of the additives used (Table 1). In total seven diets were produced:
(1) control feed (FM), (2) 15% soy protein concentrate (SPC15), (3) 30% soy protein concentrate (SPC30),
(4) 15% wheat gluten (WG15), (5) 30% wheat gluten (WG30), (6) 15% pea protein concentrate (PPC15),
and (7) 30% pea protein concentrate (PPC30). The ingredients used for the preparation of diets included
FM Norsildmel AS (Bergen, Norway), SPC from Agilia A/S (Videbæk, Denmark), PPC from AM
Nutrition AS (Stavanger, Norway) and WG from Tereos Syral (Marckolsheim, France). All diets had an
inclusion of 4% fish oil at extrusion. The feed were produced on a pilot scale twin-screw, co-rotating
Wenger TX 52 extruder (Wenger, Sabetha, KS., USA) with a die of 2.5 mm diameter. After extrusion,
the diets were dried for 40–70 min in a carousel dryer (Paul Klöckner, Verfahrenstechnik GmbH,
Hachenburg, Germany) at 65 ◦C to a water content of 7–8%. The salmon diets 1 to 5 were, in addition,
oil-coated with 16% fish oil after extrusion by vacuum-coating (Dinnissen, Sevenum, Netherlands) to
meet the standard dietary inclusion of oil for the fish size studied. The salmon feed had a pellet size of
3.5 mm, while the zebrafish feed were ground and sieved to a pellet size of 0.6–0.8 mm.
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4.3. Feeding Studies in Zebrafish and On-Growing Salmon

4.3.1. Zebrafish

Four-month-old zebrafish (Danio rerio) (AB strain) with a mean weight of 0.214 g were distributed
into 28 tanks (n = 16) and were maintained in a flow-through system with 20 % water exchange per hour
(ZebTEC Stand-Alone Toxicology Rack, Techniplast, London, UK) under daily-monitored standard
husbandry conditions, including a stable temperature of 28 ± 0.5 ◦C, pH 7.5, water conductivity of
1500 μS/cm and photoperiod of 12 h light:12 h dark at the Faculty of Biosciences and Aquaculture,
Nord University, Bodø, Norway. The feeding study included 336 fish that were distributed into the
system’s 3.5-litre tanks according to the seven experimental diets. Four replicate groups per diet, each
consisting of 12 fish (six per gender) in one tank (and an additional four fish to compensate for potential
losses during the study period), were hand-fed twice daily with a total feed amount equal to 2.5% of
their body weight over a period of 46 days. The feeding behaviour and health and welfare of the fish
were regularly controlled. At the end of the study, the fish were not fed for 24 h prior to sampling.
They were separated by gender and euthanised individually by transfer into a tank containing a lethal
dose of 200 mg/L tricaine methanesulfonate (MS222) (Sigma-Aldrich, St. Louis, MO, USA), buffered
with an equal amount of sodium bicarbonate. The liver, spleen and intestines were carefully dissected
under a light microscope and immediately frozen in liquid nitrogen along with the rest of the carcass.
All samples were stored at −80 ◦C for further analyses.

The zebrafish feeding study was conducted in compliance with the guidelines provided by the
Norwegian Animal Research Authority (FOTS ID 12581, 27 July 2017) and approved by the Nord
University (Norway) ethics committee.

4.3.2. Salmon

One-year-old post-smolt Atlantic salmon (Salmo salar; salmo breed strain) with a mean weight of
223 g were randomly distributed into 15 experimental tanks (1 m3; n = 32) filled with seawater at the
Nofima Research Station, Sunndalsøra, Norway. The oil-coated diets 1–5 were given to randomised
triplicate tanks by automatic disc feeders. Excess feed was collected once daily for calculation of feed
intake. The water temperature was maintained at an average of 10.6 (±0.6) ◦C. The oxygen level at the
tank outlets was higher than 90% at study start and about 80% at the study’s end. The water flow in
each tank was set to 20 L/min.

The feeding was conducted for nine weeks. At the start of the experiment, 15 fish were sampled,
and the muscle, liver and intestine were collected. After five weeks, muscle was sampled from one fish
from each tank of the FM, SPC30 and WG30 groups. At the termination of the study, five fish from
each tank were collected and weighed. The sampled fish were anaesthetised with 60–80 mg/L MS222,
transferred and euthanised with a double dose (120–160 mg/L) MS222. Blood was drawn from the
caudal vein using 2.5-mL vacutainers (VACUETTE® 2.5 mL Z serum separator clot activator; Greiner
Bio-One, Kremsmünster, Austria) and centrifuged at 2500× g for 15 min at 4 ◦C (Allegra 6R Centrifuge,
Beckman, Indianapolis, IN, USA), and sera were stored at −20 ◦C. The livers and intestines of the fish
were removed, and tissue samples were frozen with liquid nitrogen and stored at −80 ◦C. Fillets were
stored at −20 ◦C. The remaining fish in each tank were weighed in bulk, and their mean weight was
calculated, including the sampled fish.

The salmon feeding study was performed in compliance with the national regulations for the use
of animals in experiments [57]. The experiment was classified as not requiring a specific license [58] as
none of the planned experimental treatments were expected to cause any distress or discomfort for
the fish.
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4.4. Extraction of Fish Feed, Zebrafish and Salmon Samples

4.4.1. Fish Feed

Fish feed pellets were homogenised with a grinding mill (Retsch, Haan, Germany), and 2.5 g were
weighed into 50-mL polypropylene tubes. After the addition of 20 mL extraction solvent, the samples
were vortexed for 1 min, extracted on a horizontal shaker (Edmund Bühler, Tübingen, Germany) with
200 min−1 at room temperature (RT) for 30 min, and centrifuged with 2000× g for 10 min at 4 ◦C
(Beckman Coulter, Brea, CT, USA). The supernatants were transferred into fresh 50-mL tubes and let to
settle overnight (ON) at 4 ◦C. Subsequently, 0.5 mL of the supernatants were centrifuged for 1 min at
20,000× g through 0.22 μm nylon filters (Costar Spin-X; Corning, Inc., Corning, NY, USA) and 40 μL of
the filtrates were transferred into LCMS vials. Finally, 10 μL ISTD solution were added to each vial.
Samples were store refrigerated until analysis by LC-HRMS/MS.

The composition of the extraction solvent was optimised during method development in spiking
experiments. Multi-analyte mixture (50 μL) was added to 2.5 g ground feed, which was then kept
under a laminar hood for 30 min, allowing the solvent to evaporate. Extractions were performed either
in one step with 20 mL acidic (0.1% formic acid (FA)) MeCN/water mixtures of different compositions
(50:50; 60:40; 70:30; or 80:20) or in two steps with acidic MeCN/water (I: 80:20; II: 20:80). Based on the
best recovery rates for mycotoxins and phytoestrogens, MeCN/water (70:30; 0.1% FA) was selected for
all further experiments.

4.4.2. Zebrafish

Three frozen, gutted zebrafish, for each replicate and diet, were thawed and, after separation
of the heads, ground to a fine powder with pestle and mortar in liquid nitrogen. The powdered
tissue (0.1 g) was weighed and extracted with 1 mL extraction solvent (MeCN/water 70:30; 0.1% FA).
The mixture was homogenised by ultra-sonication (Branson, Danbury, CT, USA) for 10 min at 30 ◦C,
centrifuged at 4000× g for 10 min at 4 ◦C (Thermo Scientific, Waltham, MA, USA), and the supernatant
was transferred into fresh 5-mL tubes. An aliquot (0.5 mL) was filtered as described before, and 40 μL
of the filtrates were transferred into LCMS vials, mixed with 10 μL of the ISTD solution, and analysed
by LC-HRMS/MS.

The recoveries of mycotoxins and phytoestrogens from the zebrafish matrix was investigated
during method development by different acidic MeCN/water extraction solvents in spiking experiments
with multi-analyte mixture.

4.4.3. Salmon

The salmon fillets were half-thawed. Tissue pieces of equal size were sampled from four different
areas using a steel puncher (0.5 cm in diameter) (Figure 2). The tissue samples were ground with
a pestle and mortar, combined, and 2.5 g were transferred into a 50-mL tube, extracted with 20 mL
extraction solvent (MeCN/water 70:30; 0.1% FA) and thoroughly homogenised for 40 s by ultra-turrax
(Janke & Kunkel, IKA-Werke, Staufen, Germany). To avoid cross-contamination, the ultra-turrax was
washed with water for 20 s between samples from the same fish tank and with water and MeOH for
40 s between samples from different tanks. The samples were vortexed for 30 s and extracted using a
horizontal shaker (Edmund Bühler) with 200 min−1 at RT for 1 h. Subsequently, they were centrifuged
with 2000× g for 10 min at 4 ◦C (Beckman Coulter), and the supernatants were transferred into fresh
50-mL tubes and let to settle overnight at 4 ◦C. Subsequently, 0.5-mL aliquots were filtered as described
before, and 40 μL of the filtrates were transferred into LCMS vials, mixed with 10 μL of the ISTD
solution, and analysed by LC-HRMS/MS. The recovery of mycotoxins and phytoestrogens from the
salmon matrix was investigated as described for zebrafish.
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4.5. Preparation of Matrix-Assisted Standard Calibration Curves

Calibration curves in solvent were prepared by evaporating 200 μL Set A solution with nitrogen
and re-dissolving with 200 μL Set B, resulting in a standard solution with 200 μg/L for all 25 analytes
included in this study. The standard solution was serially diluted with MeCN/water (50:50) to produce
calibrants with 200, 100, 50, 10, 5 and 1 μg/L. For the preparation of the matrix-assisted standard
calibration curves, 40 μL aliquots of the calibrants were transferred into LCMS vials and 10 μL ISTD
solution was added. They were evaporated with nitrogen at 40 ◦C and re-dissolved in the same volume
of blank matrix extract that had been prepared either from control feed or from zebrafish or salmon in
the respective FM-control groups by pooling equal volumes of replicates. The calibration standards
were transferred into LCMS vials and analysed by LC-HRMS/MS.

4.6. Development of the Multi-Analyte Liquid Chromatography High-Resolution Mass Spectrometry
(LC-HRMS/MS) Method

Multi-analyte analysis was performed on a Q-Exactive™Hybrid Quadrupole-Orbitrap HRMS/MS
equipped with a heated electrospray ion source (HESI-II) and coupled to a Vanquish UHPLC system
(Thermo Scientific). The instrument setup was similar to that described in a previous study [36];
however, there were several modifications and different analytes were included. The HESI-II interface
was operated at 300 ◦C, alternatively in positive and negative mode during one run. The parameters
were adjusted as follows: spray voltage 3.2 and 2.5 kV (positive and negative mode, respectively),
capillary temperature 280 ◦C, sheath gas flow rate 35 L/min, auxiliary gas flow rate 10 L/min, and
S-lens RF level 55.

The Q-Exactive HRMS/MS was operated in full scan (FS) mode with the inclusion of targeted
fragmentation (data-dependent MS/MS: dd-MS2). For full scans, the mass ranges were set to m/z 90–900
and 200–900 in negative and positive mode, respectively. FS data were acquired at a mass resolution of
70,000 full width half-maximum (FWHM) at m/z 200, while mass resolution was set to 17,500 FWHM
at m/z 200 during dd-MS2. The automated gain control (AGC) target was set to 5 × 105 ions for a
maximum injection time (IT) of 250 ms in the FS mode, whereas for dd-MS2 mode the AGC target was
1 × 105 and the IT was 100 ms. The inclusion list for the targeted analysis contained the m/z, retention
times (RT), and normalised collision energies (NCE) (Table 2). NCE values were determined by direct
infusion of standard solutions in the mobile phase (MeCN/water (50:50), containing 5 mM ammonium
acetate and 0.1% acetic acid) by using a syringe pump at a flow rate of 5 μL/min. The quadrupole mass
filter was operated with an isolation window of m/z 3. External mass calibration of the Q-Exactive
HRMS/MS was performed every three days over the mass range m/z 90–2000, in accordance with the
manufacturer’s instructions. The identification of the 25 mycotoxins and phytoestrogens included in
the multi-analyte method was supported by the determination of specific retention times, fragmentation
patterns and accurate masses, which were obtained using a mass accuracy window of ±5 ppm with
respect to the theoretical accurate masses (Table S1). Chromatographic separation was achieved at
30 ◦C on a 150 × 2.1 mm Kinetex reversed-phase F5 column (2.6 μm, 100Å; Phenomenex, Torrance, CA,
USA) with a 0.5 μm × 0.004” ID, HPLC KrudKatcher Ultra Column In-Line filter. The flow rate of the
mobile phase was 0.25 mL/min, and the injection volume was 1 μL. Eluent A was water and eluent B
was MeOH (both containing 5 mM ammonium acetate and 0.1% acetic acid). Since the solubility of
ammonium acetate in MeOH is limited, it was first dissolved in 25 mL water before MeOH was added.
The total run time was 43 min, and gradient elution was employed starting at 3% B for 1 min, linearly
increasing to 15% B in 15 min, to 79% B in 10 min, and finally, to 100% B in 13 min. After washing
the column for 2 min with 100% B, the mobile phase was returned to the initial conditions and the
column was eluted isocratically for 2.5 min. The column was regularly washed with 70% methanol to
prevent cross-contamination. Calibration standards and samples were analysed in randomised order
and intercepted with blank solvent samples to minimise analytical bias from sample positions and to
reduce sample-to-sample carry-over.
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4.7. Validation of the Multi-Analyte LC-HRMS/MS Method

The method was validated with regard to the guidelines established by the International
Organization for Standardization [49,50]. The analytical selectivity was determined by the combination
of LC retention time and high-resolution mass detection including dd-MS2 product ion qualifying of
the different analytes. Measured peak areas were used for quantification. Sensitivity for the different
analytes was expressed, by the slope of the respective six-point standard calibration curves (mean
of three to four independent experiments) that were calculated by linear regression analysis in both
solvent (MeCN 50:50) and the different matrices. The linear range was defined as the concentration
interval, in which the regression coefficient R2 was ≥ 0.96. Although internal standard calibrations
were used for 15 of the analytes for the compensation of matrix interferences, potential suppression and
enhancement (SSE%) of signals from the co-eluting matrix were estimated for all analytes as the ratio
of the slope of the matrix-assisted standard calibration curve to the calibration curve in MeCN/water
(50:50). If SSE values were above or below 100%, signal enhancement or suppression by the matrix
could be assumed.

Considering the negligible noise in the extracted high-resolution mass chromatograms, the limits
of detection (LOD) and limits of quantification (LOQ) of the 25 analytes were calculated based on the
standard deviation of the y-intercept of the respective calibration curves and their corresponding slopes
(m) as LOD = 3× SD

m , LOQ = 10× SD
m [59]. The accuracy of the method was assessed by determining

recovery by spiking experiments and precision in terms of total within laboratory precision (RSiR)
considering intra- and interday variabilities together [60]. Furthermore, coefficients of variation (% CV)
were determined for all concentration points in the solvent and matrix-assisted standard calibration
curves. Recovery rates were calculated for all analytes as the mean of three to four experiments
at a spiking level of 25 μg/L. In a few cases, where the matrix-assisted standard curves in feed or
fish matrices did not pass through the origin but showed a positive signal on the ordinate due
to background noise, this was corrected by virtually moving the curve with parallel shift on the
abscissa. The corresponding concentration difference was added to the spike concentration used in the
recovery experiments according to Recovery(spike corrected) = (measured concentration − blank)/(spiked
concentration + concentration difference to origin).

Measured results for fish feed and fish study samples were converted from concentrations (μg/L)
into content in the respective matrix (μg/kg) by using the factors 0.1 for zebrafish and 0.125 for salmon
and feed.

4.8. Data Analysis

The Q-Exactive was calibrated using Xcalibur software, version 2.2 (Thermo Scientific).
The molecular formulas and exact masses of the target analytes were calculated using the built-in
Qualbrowser of the Xcalibur 2.2 software, which was also applied for signal quantification. Microsoft
Excel (Version 2016, Microsoft Corporation, Redmond, WA, USA) was used for basic statistics
(e.g., calculation of mean, minimum and maximum values, regression and relative standard deviation).

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/11/4/222/s1,
Table S1: Molecular characteristics of target analytes.
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Abstract: Aflatoxins continue to be a food safety problem globally, especially in developing regions.
A significant amount of effort and resources have been invested in an attempt to control aflatoxins.
However, these efforts have not substantially decreased the prevalence nor the dietary exposure to
aflatoxins in developing countries. One approach to aflatoxin control is the use of binding agents
in foods, and lactic acid bacteria (LAB) have been studied extensively for this purpose. However,
when assessing the results comprehensively and reviewing the practicality and ethics of use, risks are
evident, and concerns arise. In conclusion, our review suggests that there are too many issues with
using LAB for aflatoxin binding for it to be safely promoted. Arguably, using binders in human food
might even worsen food safety in the longer term.

Keywords: Aflatoxins; binding; food safety; biocontrol; food discipline

Key Contribution: Aflatoxin control by binders in human foods as a food safety measure raises
concerns and risks not previously discussed. These issues have to be taken into consideration in
research planning targeting improved food safety.

1. Aflatoxins in Developing Country Food Chains with a Special Focus on Kenya

Mycotoxins, including the important fumonisins, trichothecene toxins, zearalenone, and especially
aflatoxins, have caused great concern in African and especially Kenyan markets over the last four
decades. These mycotoxins are widespread, contaminating cereals, potatoes, bananas, cotton, and
other plants. Additional mycotoxins, such as ochratoxins and patulin, are found in coffee, apples, and
citrus fruits [1].

Aflatoxins are an important group of mycotoxins because there is strong evidence of their
severe health impacts, causing liver cancer, especially among hepatitis B–positive people [2–4].
Extended exposure is implicated in immunodeficiency, immunosuppression, stunting, kwashiorkor,
and interference with the metabolism of micronutrients in children [4]. High prevalence of aflatoxins
in staples and consequently chronic exposure is common in regions where control and monitoring
systems are poor and regulations are not enforced. Many studies find aflatoxins are present in high
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levels in both feed and food chains in Africa, exposing consumers to aflatoxins, especially through
staple foods [5].

Aflatoxins are produced by toxin-producing fungi Aspergillus, but fungal growth does not
necessarily entail toxin production. Naturally occurring, there are non-toxic and toxic strains that
produce aflatoxins at different levels [6]. Fungal growth and aflatoxin production are driven by climatic
conditions. Any pre-harvest contamination of maize with Aspergillus fungi can lead to the accumulation
of considerable aflatoxin levels when post-harvest conditions are adverse. However, post-harvest
preventive measures against fungal contamination are more common than pre-harvest measures [7].

Acute aflatoxicosis is caused by consumption of large amounts of aflatoxins. This has occurred
repeatedly in Kenya and other countries resulting in outbreaks with hundreds of human and thousands
of animal deaths in the worst cases [8–10]. These widely reported cases have led to increased public
concern and stimulated research efforts, policy changes, and investments into the research of suitable
and effective mitigation interventions, and increased awareness of safety measures. However, these
efforts have not been shown to decrease either the prevalence nor the dietary exposure to aflatoxins [9].

Kenya, a hot-spot of aflatoxins, has frequent, high, and not consistently improving prevalence
of aflatoxins in staples and animal feeds. Aflatoxin studies report high proportions of cereals
and feeds contaminated to some extent, and many samples exceed the allowable limits [8,11–14].
Likewise, fumonisins are found in almost all crops, often in co-occurrence with aflatoxins [8,15–22].
In consequence of the crop and feed contamination, almost all cattle milk is contaminated with
aflatoxins [8,11–13,22–24].

Compared with other common foodborne hazards, aflatoxins are unusual because they can be
formed only as a result of fungal infestation, usually at the farm level. This is exacerbated and spread
by poor storage conditions. Once the aflatoxins are introduced, products are contaminated, and, if not
removed from the chain at the control point when detected, they move further along the food chain and
through processing. Heat treatments used in food production cannot eliminate the formed aflatoxins.
Aflatoxins and other mycotoxins are invisible and can be detected only with modern analytical methods.
However, if visible Aspergillus mould is present, this is an indicator of risk. The lack of control and
monitoring in developing regions enables the supply of contaminated crops to reach the consumers.

Exposure to aflatoxins can be assessed through blood samples detecting albumin adducts or
through detection of metabolites in milk or urine. Surveys report a wide range of exposure levels,
from nondetectable to very high. Aflatoxin levels reported from Kenya during the 2010 outbreak were
the highest ever reported (even up to 1200 pm/mg albumin) [5,10,25–27]. An indirect assessment of
human exposure is the contamination level in food products.

Poverty is associated with poor availability and quality of foods, and this is also associated
with aflatoxin exposure levels. Higher aflatoxin exposure levels were associated with the lowest
socio-economic conditions in a study in Kenya, although all the women sampled were exposed [28].
In Africa, many small-holder farmers are women, who farm mostly for household consumption and
informal markets and lack resources to avoid aflatoxin exposure.

Many mitigation methods have been suggested, from farm- to consumer-level interventions. Wild
and Gong [29] have listed reasons for failures in aflatoxin control strategies. This list, which is relevant
still a decade later, includes

• The perceived value of interventions may be low and a main reason for this could be the broken
food chains where farmers, producers, and supply chain actors are working in isolation from each
other, their efforts are not clearly rewarded, and (probably even more importantly) negligence is
not sanctioned;

• Toxins are invisible and tasteless, making them difficult for both producers and consumers
to assess;

• Control is required along the food chain in several points, and currently, the ability to cover the
food chains throughout by food inspectors is poor in developing regions;

• The highest exposure may be in informal markets where regulations and control do not reach;
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• Aflatoxins are a multidisciplinary problem of agriculture, public health, and economics.

Staple foods in Africa are the most contaminated with aflatoxins and other mycotoxins. Promotion
of healthy diets and diversification of food sources in the diet, e.g., increased diversity of legumes and
vegetables, could be one significant way to decrease the levels of exposure. However, most people in
Africa cannot afford diverse diets. Nonetheless, diversification of nutrient sources should be promoted,
not only from the contamination exposure point of view, but also from agricultural and environmental
diversity and nutritional perspective. Focus on staples and fungus-resistant maize can further decrease
the promotion of diversity in diets and in agriculture, promoting further monocropping leading to
decreased biodiversity levels, which are declining globally in alarming levels.

2. Binding of Aflatoxins as a Biocontrol Method

Novel approaches and new intervention methods focusing strongly on finding solutions to
aflatoxin contamination have been called for. Risk mitigation and food safety improving measures
have attracted funding resources, leaving other issues and problems, including other mycotoxins,
behind. For example, aflatoxin research has benefited from a level of donor support disproportionate
to the health burden it causes. According to the World Health Organisation and World Bank, aflatoxins
are a relatively minor contributor to the overall health burden of foodborne disease [30,31], but the
WHO report only includes the burden from hepatocellular carcinomas.

A specific approach to aflatoxin control is the use of aflatoxin-binding agents in foods. The principle
is as follows: aflatoxins, which have contaminated foods, can be bound to an agent to mitigate the
aflatoxin-induced health risks after consumption. Binders include bacteria cells, yeasts, proteins, and
clays; the latter have been especially analysed for use in animal feeds. The hypothesis is that the
binding agent and the bound toxin would pass through the gastrointestinal tract without, or at least
with less, uptake and thus less damage caused by the toxins. Binding with lactic acid bacteria (LAB) is
discussed below. Some other organic binding agents analysed have been yeasts [32,33].

Evidence of the binding ability of aflatoxins with LAB cells has been shown through a number of
studies in laboratory conditions, some with 100% binding efficiency [32,34,35]. Binding is speculated
to be an instant phenomenon [32,36–39], but also binding levels have been observed to increase over
time [32,36,37,39–43].

Contrary to observed instant binding, some studies have reported no immediate binding at
all [43,44]. Govaris [45] also noted several contradictions among the studies since the 1980s. Conflicting
results have also been reported from storage studies. While Ahlberg [46] observed both increased
binding over time and release of aflatoxins back to the matrix during 21-day trial, Barukčić [47] and
Govaris [45] reported binding levels to remain the same even for 21 days. Sokoutifar [44] recorded
large amounts of aflatoxins bound to LAB strains up to 30 days at 21 and 37 ◦C. In practice, however,
such high temperature conditions cannot be attained due to food integrity and safety risks.

While some authors reported increasing binding efficiency of LAB with increased aflatoxin
concentration, others have reported decreasing effects or no difference or even both [34,41,45,46].
Binding has been shown to be dependent also on the concentration of the LAB cells [34,35,48].

Viability of bacteria strains has been considered a significant factor in binding. However, both
viable and non-viable LAB strains have performed better in binding over the other in different studies,
and no difference between the two has also been found [36,37,42,48–50]. These results have not brought
clarity to the binding mechanisms, whether the binding effect is due to physical binding or influenced
by the components produced by the bacteria.

Other factors affecting binding efficiency have been reported to occur in different food matrices
such as milk or yoghurt, possibly explained by the compounds in the matrix [40,45], lower pH [45], or
even higher pH [37,48]. In conclusion, external conditions seem to strongly affect the binding ability of
aflatoxins by LAB.

One factor to consider in the binding analysis is the stability of the bound complex. Even simple
washing can release 20–70% of the initially categorized bound aflatoxins back to detectable
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forms [32,34,36,37,39,51,52]. The stability of the formed bond is an important factor to assess the
suitability of binding agents in food systems to reduce the harmful effects of aflatoxins.

As LAB are commonly used in dairy fermentation, the binding efficiencies of milk components
have been studied. The milk protein casein is often speculated to be a binding agent in milk, the
cheese making process being an indicator for this phenomenon due to the separation of whey and
casein fractions. Aflatoxin binding has been concluded both to increase and decrease during cheese
making [53]. In some of the binding studies, the controls without LAB cells show very low binding
and reduction in aflatoxin shares (2–5%) compared with the binders [43,44]. These findings do not
support the binding of milk components or casein to aflatoxins to be anything significant.

One of the first studies in binding concluded LAB removed as much as 80% of aflatoxins during
cooking [17], which probably resulted a flourishing of interest in this research sector. Scientific evidence
shows good potential in binding methods if certain criteria for evaluation are selected. However, when
considering binding from wider perspective, serious concerns and problems arise, which have not
been discussed or critically reviewed within these applications.

3. Challenges with Interpreting the Results of Binding Aflatoxins with LAB

Binding mechanisms and efficiency factors for LAB are not clearly understood and are considered
still speculative in publications on binding. There seems to be no predictable factor affecting the
binding efficiency and stability, resulting in the unpredictability and uncontrollability of the binding
process. Optimal conditions for controlled and predictable binding have not been found. One factor
can enhance binding shares in one study, but the same factor decreases the binding shares in another
study. For example, the level of aflatoxin concentration is speculated to be one major factor in binding
efficiency. It is especially important to bear this in mind because, as aflatoxins are contaminants, the
levels and prevalence are unpredictable and vary significantly between batches, commodities, regions,
and seasons. The approach to increase the safety of foods with aflatoxin binding with LAB cannot
depend on the uncontrollable contamination level.

The binding analyses follow fairly simple procedures. Binders and LAB are mixed and possibly
incubated in a liquid media (milk, broth, PBS, etc.) with aflatoxins. The mixture is then centrifuged,
and the pellet is considered containing the bound aflatoxins attached to the LAB, as the free, unbound
aflatoxins are considered remaining in the supernatant, the liquid media. It is possible that in this
method the aflatoxins can be “trapped”: physically pulled down by the other components of the
binding analysis matrix to the pellet during centrifugation. This is even more likely when fermentation
is taking place: LAB produce exopolysaccharides, high in molecular weight and large in structure
constructing extracellular polymeric substances (EPSs) with proteins. These are partly responsible for
the thickening of the product during fermentation. As any high molecular component will be pelletized
during centrifugation, so are the fermenting products, which then can easily trap the aflatoxins and
further falsely be detected as “bound”.

For food safety purposes, both the binding efficiency and the stability of the formed bond are
relevant. A weak formed bond releasing the aflatoxin would not have mitigation potential, despite the
initial binding efficiency. If the binding phenomenon is only temporary, the suitability as a food safety
method will not be relevant due to the uncontrollable conditions and risks induced. Several studies
have reported how different levels of aflatoxins are released from formed aflatoxin and LAB complex
under different conditions [32,34,36,37,39,51,52].

One major flaw in aflatoxin binding studies is the over-optimistic rhetoric used in the studies and
conclusions. A number of studies observed binding in laboratory conditions with limited replications
yet concluded it to be a suitable method of improving food safety. These conclusions contradict
standard approaches to food safety measures, guidance, and regulations development, which would
not support use of additives on the basis of inconclusive evidence. The phrase “aflatoxins could be
removed” is often used in aflatoxin-binding studies, but in practice, the aflatoxins are still present in
the food at the original levels, whether bound or not.
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The analysis of binding of aflatoxins by LAB raises a question about the suitability of the methods.
Aflatoxin contamination methods for screening contamination levels from foods uses the same analyses
as the binding methods. These results of aflatoxin screening in different studies can sometimes show
even higher aflatoxin contamination levels for the fermented food and milk products, which are
incompatible with bound aflatoxins [23]. To further speculate, in principle, if the binding of aflatoxins
to LAB, to milk components, or other food components occurs, all the analysed levels of aflatoxins
from foods would be higher in reality than the given results indicate. Alternatively, it could be implied
that the analysis methods for food contamination levels are not appropriate for the binding trials.

4. Big Picture—Safe Food for All

Promotion of aflatoxin binding at the consumer level of the food chain can signal to the producers
and operators that the production of unsafe foods is acceptable as the problem could be solved later
on. Such new principles can be extremely difficult to reverse later on, especially in poorly regulated
markets. The awareness, knowledge, and practice of safety measures about mycotoxins and aflatoxins
among farmers [7], producers, and consumers is limited [12,24,54], and promoting a method with
uncertainties could easily create new misunderstandings and misperceptions of the causalities behind
the contamination patterns and induced health risks.

Development of binders has taken a highly technological approach with little consideration
to ethical, political, consumer acceptability, or legal implications. Yet using binders raises serious
concerns and questions about risk, trade-offs, and entitlements that have not been discussed, let alone
addressed. Without thoroughly understanding these aspects, it is likely that even if LAB is found
to be technologically effective, it may not be adopted, or that if adopted, it could have unintended
negative consequences.

Today, poor consumers patronising informal market chains cannot enjoy the same fundamental
right to safe food as the wealthy consumers in formal markets in high income countries. In developing
countries, market regulations, although inadequately implemented, mainly cover the formal markets,
leaving informal markets unregulated [23,55]. In Kenya, among branded products sold in formal
markets, lowest priced maize was 25% less likely to meet regulatory requirements for aflatoxins than
the highest priced products [56]. Some indicators show that the situation might be worse in informal
markets, but no systematic comparison has been done between the maize products sold in formal and
informal markets in Kenya [56]. Aflatoxin exposure from milk among low-income consumers in urban
Nairobi is higher than among mid-income consumers due to the higher aflatoxin levels in products
sold in low-income areas and the higher milk consumption [23].

One effect of promoting fermentation with LAB to reduce aflatoxins in the informal sector could
be the development of double standards in the food safety and food production systems. In principle,
promoting different standards and procedures in different markets will create problems later in the
upgrading and formalisation of traditional markets.

While aflatoxins are present in large parts of the world, high exposure levels in humans are mainly
a problem in developing regions, and worst among poor purchasers. These people have often less
access to information, and their understanding about the options, alternatives, and the relationship
between actions at the beginning of the production chain and the consumption level may be lacking.
Consumers in informal markets have limited access to the regulated markets without full market
structure change.

Promotion of the use of aflatoxin binders in foods could potentially create new layers of problems.
These have not received attention because the solution has been developed from a perspective of
scientific functionality. Aflatoxins are by far the most studied mycotoxins [57], and when other
mycotoxins start to gain more publicity, aflatoxin binding may appear inadequate as a solution. The
role of social sciences should be promoted to create collaboration and multidisciplinary academic
knowledge to develop new and suitable ways to work against aflatoxins and increase food safety [9].
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Notably aflatoxin binding research has approached the issue from a one-component “silver bullet”
solution instead of focusing on comprehensive food safety solutions at the farm and value chain level
mitigating all the mycotoxins. Other mycotoxins are prevalent and occur together with aflatoxins.
The binding solution is a rather simplified solution for a complex problem formed due to several
factors and enchased by insufficient practices.

5. Ethical Assessment to Improve Food Safety with Binders in Human Foods

“Humans have a right to food free from mycotoxins that could cause significant health risk”.
Declaration by the United Nations Environment Programme (UNEP) and the World Health

Organization (WHO) International Programme on Chemical Safety (IPCS) [58]
An aflatoxin binding approach to foods inevitably requires testing and efficient analytical methods

at consumer level. This is challenging for a number of reasons. First of all, promoting aflatoxin binding
at the consumer level assumes people will deliberately be exposed to aflatoxins from contaminated
foods and food products to assess the effectiveness, accepting something many citizens feel to be
unacceptable. Second, aflatoxins are more of a problem in poorly regulated countries than in developed
regions, especially among the poorest consumers.

Aflatoxins are one of the most regulated contaminants with allowable legal limits in
commodities [59,60]. The role of the European Union in trading has pushed EU limits to be followed
and adopted in regions with limited resources, creating a situation where limits are strict but resources
are scarce to implement, monitor, and control the set limits. Also, the Codex Alimentarius has
recommended limits for mycotoxins and aflatoxins, which can be adopted to national legislation [61].
The limits, whether reasonable and realistic from economic and trade perspective, are set to harmonize
the safe food production systems to ensure the safety of the products.

The application of binders in human foods is in conflict with the principle of developed food safety
regulations, set allowable limits, and regulation implementation and compliance by the operators.
Even an emergency application can add new problems to the fragile and developing food safety
systems. Officially approving a binder application in foods would be politically ambiguous. It is
highly unlikely that developed regions, with strong regulatory systems, would allow aflatoxin binders
at the consumer level as it is strongly against the principles of the current food regulatory systems.
Implementing such binders legally only in developing regions with poor regulatory systems would
raise concerns in terms of promoted double standards.

Clay supplements and LAB have been tested in human trials aimed to be used during an emergency
aflatoxins outbreak situations [62,63]. In already poorly regulated regions, it would be challenging
to keep the promotion of daily food safety measures and good practices separated from promoting
a temporary solution or a quick-fix. It raises the concern at what threshold level would such an
emergency outbreak be announced for the binding application in human foods to be “legal” or allowed.
For example, in Kenya, many foods continuously contain aflatoxins above the allowable limits. Would
high aflatoxin prevalence above legal limits permit the usage of binders in a specific time and region?
Instead of supplementing binders to people in an aflatoxin emergency situation to encourage them to
eat the contaminated, potentially high-risk maize, it would be more ethical to provide the replacement
of safe maize for consumption.

6. Who Can Choose What to Eat?

A food safety method to control harmful contaminants should be robust, reliable, and functional
in all conditions the contaminants are present. Also, to be suitable for the purpose, the methods needs
to be available, feasible, understandable, and acceptable to the end users.

As the European Union is the largest economy in the world and a major trading partner for
many countries, the EU legislation and standards are relevant globally. The EU has strict standards
to ensure food safety and comprehensive regulation of practices to ensure the safety and quality
of the products. It should be highlighted that set standards and limits alone cannot create food
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safety, but the comprehensive food industry system from farm practices, through processing to
consumers, all controlled and monitored by relevant institutions, can create a chain of controlled and
traceable practices. This element of comprehensive approach is lacking in poorly regulated and in
informal markets.

Where the legislation is set and executed throughout the practices in food production to protect
consumers, unsafe products rarely enter the market chains and can be recalled if necessary. The binding
application idea is also related to the food security status, but can the science and research community
promote it in regions where people who have no institutional food safety protection, allowing them to
consume foods that in regulated regions would be categorised unsafe and not fit for consumption?
These are fundamental issues that should be discussed before any binding applications are taken to
further testing. Figure 1 illustrates the separation between informal and formal markets and the most
likely binder application channel and consequences.

Figure 1. The most likely application chain for binder method applied in informal markets focusing
strongly to the consumer actually taking the risk. Implementation of binding method in formal markets
would be highly unlikely as the approach conflicts strongly against the regulatory allowable limits
set to the aflatoxins. Informal and formal markets currently are not equal and should be merged into
formal markets to enable the same food safety standards, economic growth, and new value chains in
one coherent food production system.

Consumers and end-users have very little influence on aflatoxin levels. Would consumers
accept contaminated foods and milk for consumption with binding methods compared with better
management at the farm- and supply chain–level to prevent the contamination altogether? Would
poor and less-informed consumers be more approving toward the binding methods than informed,
knowledgeable consumers who have more resources to understand the production chains and the
consequences of the practices?

Judging from past trends, it is unlikely that the food safety standards and measures will be
lightened. Consumers are increasingly conscious, information is ever more readily available, and
consumers are demanding safer, high-quality foods produced sustainably, ethically, and fairly. Enabling
and promoting the development of different food standards and measures in informal market sectors or
poorly regulated regions is a very questionable approach to food safety, and the acceptability of binding
applications should be brought to wider discussions from laboratories and the research community.

One of the most important questions in the binding applications should be, would you take it?

7. Suggestions for Way Forward

Using LAB to bind aflatoxins in foods may pose greater short- and long-term risks than benefits.
Most important aspects are related to regulations, acceptability, and the creation of double standards
when harmonized systems and merged markets are needed. Use of binding agents in foods contradicts
all the existing principles and regulations set to ensure food safety. If such a method is promoted, the
efforts to combat the aflatoxin problem at farm level and throughout the value chain, to eliminate and
reduce the contaminants, could be compromised.
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Aflatoxin control is not simple and needs a comprehensive approach covering food safety and
economic development to address overall good farming and food production practices. Currently,
food safety promotion through binders is discussed as an isolated factor, a magic bullet, to solve the
problem. Over-reliance on technological solutions and inadequate attention to legal, ethical, political,
and behavioural aspects of technologies as well as unintended consequences reduces the likelihood
that agricultural innovations will have beneficial health and development outcomes. Now is the time
to start addressing these neglected and important aspects of aflatoxin control.

Aflatoxin problems are prevalent especially in staples, and promoting diverse diets could reduce
the exposure, especially from maize. Basically, all measures come with a cost, but creating new systems
to promote increasing diversity in diets would directly contribute to diversity in crops in farming,
creating resilience against climate change and unpredictable conditions. Promoting new value chains
for staples and for a larger variety of plant and animal source foods can create new income sources for
farmers while contributing to improved diets and decreased aflatoxin intake, directly contributing
to a decreased public health burden from unsafe foods and unhealthy diets. When people become
richer, they naturally diversify their diets, and aflatoxin exposure reduces. So, the promotion of
development through economic and agricultural policy may be an indirect way of ending the scourge
of aflatoxin [64]. Other public health approaches such as hepatitis B vaccination also have potential.
Finally, the authorities’ role to ensure the food safety in poorly regulated regions covering both informal
and formal markets, but also promoting the merge of the two, should be strengthened significantly.

In final conclusion, there are too many issues with the aflatoxin binding methodology and results
for it to be promoted. This review also highlights that binders for humans may be counter-productive
for food safety.
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Abstract: The fumonisins producing fungi, Fusarium spp., are ubiquitous in nature and contaminate
several food matrices that pose detrimental health hazards on humans as well as on animals. This
has necessitated profound research for the control and management of the toxins to guarantee better
health of consumers. This review highlights the chemistry and biosynthesis process of the fumonisins,
their occurrence, effect on agriculture and food, along with their associated health issues. In addition,
the focus has been put on the detection and management of fumonisins to ensure safe and healthy food.
The main focus of the review is to provide insights to the readers regarding their health-associated
food consumption and possible outbreaks. Furthermore, the consumers’ knowledge and an attempt
will ensure food safety and security and the farmers’ knowledge for healthy agricultural practices,
processing, and management, important to reduce the mycotoxin outbreaks due to fumonisins.

Keywords: Fumonisins; Fusarium spp.; food contamination; health issues; secondary metabolites

Key Contribution: This review gives insight into the occurrence of fumonisins, their outbreak and
effects on human health, and agriculture and food along with their management strategies.

1. Introduction

Fumonisins are secondary metabolites produced in cereals by pathogenic fungi, namely Fusarium
verticillioides, Fusarium proliferatum, and related species [1]. Moreover, Aspergillus nigri also produces
fumonisins in the crop plants of peanut, maize, and grape [2–6]. The maize and maize-based products
are most commonly infected with fumonisins besides their presence in several other grains (rice,
wheat, barley, maize, rye, oat, and millet) and grain products (tortillas, corn flask, chips) [7,8]
which have major influences on health. More than 15 fumonisin homologues have been known
and characterized as fumonisin A, B, C, and P [9,10]. Further among fumonisin B, FB1, FB2, and
FB3 are most abundant with FB1 being the most toxic form that can co-exists with other forms of
fumonisin, i.e., FB2 and FB3 [11]. These (FB1, FB2, and FB3) forms are the main food contaminants.
FB1 consists of a diester with propane-1,2,3-tricarboxylic acid (TCA) and 2-amino-12,16-dime
thyl-3,5,10,14,15-pentahydroxyleicosane where hydroxyl (OH-) groups at the C-14 and C-15 positions
involved with the carboxyl groups (-COOH) of TCA to form an ester. On the other hand, FB2 and FB3
are actually the C-5 and C-10 dehydroxy analogues of FB1 [12].

Toxins 2019, 11, 328; doi:10.3390/toxins11060328 www.mdpi.com/journal/toxins161
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The toxins are linked with several health issues like cancer of the esophagus as evident from
different regions of the world. Fumonisins are a very sensitive issue all around the world, which
occur in Europe (51%) and Asia (85%) [13]. The occurrence of fumonisins with other related toxins in
feed and food is reported in various countries like Argentina [14], Brazil [15], China [16], Italy [17],
Portugal [18], Spain [19], Tanzania [20], and Thailand [21]. They are also reported to have toxic effects
on the liver and nephron in all the tested animals [22]. In addition, FB1 is implicated with the incidences
of hepatocarcinoma, stimulation and suppression of the immune system, defects in the neural-tube,
nephrotoxicity, as well as other ailments. It is prominent as a promoter of hepatocarcinoma [23] where
its synergistic interactions with aflatoxin B1 (AFB1) has been exhibited in animal models (rainbow trout
and rats) for two stages, i.e., initiation and promotion of cancer [24–26]. The international agency for
Research on Cancer (IARC) characterized FB1 as a group 2B possible carcinogen for human. Besides
this, it can cause toxicity in several animals like rats, mice, and rabbits [27]. Further, a temporary
maximum tolerable daily intake for fumonisins has been set as 2 μg/kg bw/day based on the lack of any
observed adverse effects for nephrotoxicity in male rats by the joint Food and Agriculture Organization
(FAO) and World Health Organization (WHO) [28].

2. Major Source of Fumonisin

Fumonisins are mainly produced by F. verticillioides and F. proliferatum and other Fusarium spp.
The genus Fusarium, belonging to the family Nectriaceae, can be found as saprophytes in soil and plants
worldwide [29]. Fusarium spp. colonize to the rhizospheres of plants and then subsequently enter into
the plant system. Furthermore, F. verticillioides and F. proliferatum are known to be the most common
pathogens of maize (Zea mays) [30]. Not only the crops, but also many popular ornamental plants (e.g.,
aster begonia, carnation, chrysanthemum, gladiolus, etc.) are frequently attacked by different Fusarium
species, viz., F. oxysporum, F. foetens, F. hostae, and F. redolens at various stages of production [31].

Fusarium, on the other hand, infects orchids in both pathogenic and non-pathogenic forms.
The non-pathogenic forms are either decomposers [32] or in mutual relation where they help in the
germination of seeds and the color development of seedlings [33]. The non-pathogenic forms also
help to mitigate the infection of Fusarium wilt on various crops [34]. Soils responsible for suppressing
Fusarium wilt are found to be dominant in the Fusarium spp. like F. oxysporum and F. solani which
are of agricultural importance [35,36]. The Fusarium species infect maize and produce fumonisins
mainly at the pre-harvesting stage. Furthermore, fumonisin production has been observed during
the post-harvest period; however, under adverse conditions of storage [37]. Dietary exposure of
fumonisins can lead to several harmful outcomes in both farm and experimental laboratory animals.
For example, these toxins are responsible for leukoencephalomalacia in horses [38], pulmonary edema
syndrome in pigs [39], hepatotoxicity and nephrotoxicity in rats [40], and apoptosis in many other
types of cells [41].

3. Chemistry and Biosynthesis of Fumonisin

Fumonisins (FBs) consist of two methyls (–CH3), one amine (-NH2), one to four hydroxyl (-OH-),
and two tricarboxylic ester groups located at different positions along with the linear polyketide-derived
backbone. The biosynthesis step comprises the addition of two molecules of tricarballylic esters and
one alanine-derived amine to a C-18 polyketide backbone [42]. FBs structural identity has been
established, which are similar to sphingosine and are an integral part of cell signaling, growth, and
communication [43]. It was believed that fumonisin formation could be controlled by disrupting the
biosynthesis of sphingolipids [44]. The biosynthesis process of the toxin has been initiated to illustrate
these cellular mechanisms and to design modified analogs [45,46]; however, to date, single total
synthesis has been achieved by Pereira et al. [47]. There are intra-specific differences in the biosynthesis
of fumonosins depending on the environmental conditions, e.g., temperature, the wavelength of light,
humidity, and media composition for both the Fusarium spp. F. verticillioides and F. proliferatum [48].

162



Toxins 2019, 11, 328

Even the responses of strains were found to be different when the plant extracts were added from
common hosts of F. proliferatum [49].

4. Genes Responsible for Fumonisin Production

Exploring the biosynthesis of trichothecene and fumonisin has revealed the gene cluster fumonisin
biosynthetic gene (FUM in Fusarium and Aspergillus) which is responsible for the production of
fumonisins, two transport proteins, and a transcription factor [50]. The expression of these genes is
co-regulated and related to the FUM genes expression as well; however, it is influenced by ecological
conditions [51,52]. The production of fumonisin is dependent on FUM1 which further expresses
an enzyme complex known as polyketide synthase that catalyzes the initial step for fumonisin
biosynthesis [53]. Furthermore, a positive correlation has been identified between the proportion of
FUM1 transcripts being estimated by real-time RT-PCR and the proportion of fumonisins biosynthesized
by the F. verticillioides and F. proliferatum species [54]. FUM19 lies at a distance of 35 kb downstream
of the FUM1 gene that expresses an ATP-binding cassette responsible for exporting extracellular
fumonisins [51]. Further, the expression of an aminotransferase by FUM8 functions to maintain the
biologically active and mature FB1 molecule [55].

A. niger genome has a Fusarium FUM cluster homologue consisting of eleven homologues of
the Fusarium genes namely fum1 (polyketide synthase), fum3, fum6, and fum15 (hydroxylase), fum7
(dehydrogenase), fum8 (aminotransferase), fum10 (acyl-CoA synthase), fum13 (carbonyl reductase),
fum14 (condensation-domain protein), fum19 (ABC transporter), and fum21 (transcription factor)
genes [56,57]. The FUM cluster in the A. niger, also known to have a dehydrogenase gene (sdr1),
which is of a short-chain length, is absent in the Fusarium FUM cluster and its role in the process of
fumonisin biosynthesis is unknown [56,57]. Further, the Fusarium FUM2 gene is also absent from the
A. niger FUM cluster which causes hydroxylation at the C-10 backbone position of fumonisin [58].
The absence of a FUM2 homologue in the A. niger cluster has been seen to be consistent with other
studies as well revealing that A. niger produces fumonisins (FB2, FB4, and FB6) only when it lacks a
hydroxyl at C-10 [59–61]. In addition to these, genes like FUG1 and FST1 have been also confirmed
to have an important role in fumonisin biosynthesis in F. verticillioides besides their role in maize
kernel colonization [62,63]. Furthermore, Niehaus et al. [64] have identified 21 polyketide synthase
(PKS) in the genome of the F. proliferatum where PKS3 and PKS11 are predicted to be linked with the
biosynthesis of fumonisin.

5. Occurrence in Food

The contamination of foods by fumonisin depends on agroclimatic conditions (Table 1). The most
commonly infected groups in food are the cereals (rice, wheat, barley, maize, rye, oat, and millet).
The FB1 has been reported to contaminate numerous food products like asparagus and garlic [65],
barley foods [66], beers [67], dried figs [68], and milk [69]. Maize (Zea mays L.) and maize-based
products are one of the most commonly infected foods by FB1 [70]. Maize is used for manufacturing
several products like tortillas and tortilla chips, corn flakes and corn starch, popcorn, grits, flour, and
oils. However, the contamination by FB1 and FB2 is decreased by 59% during the manufacturing of
tortilla chips from maize flour, while 60% for flour and 50% for grits and snack products due to the heat
treatment by extrusion [71]. Further, several other products like cornflakes [72], the Portuguese maize
bread [73], tea (black and herbal), along with some medicinal plants [74] have also been contaminated
by fumonisins.
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Table 1. Occurrence of Fumonisin B1 and FB2 in cereals and cereal-based foods around the world.

Country Food Matrix
FB1 (Range,

μg/kg)
FB2 (Range,

μg/kg)
Detection
Technique

Reference

UK Corn 200–6000 - TLC [75]
The

Netherlands Corn flour 40–90 - HPLC [76]

Switzerland Corn grits 0–790 0–160 HPLC [77]
Turkey Cornmeal 250–2660 550 HPLC [78]
Ghana Corn 11–1655 10–770 HPLC [79]
Malawi Corn 20–115 30 HPLC [80]
Zambia Corn inbred lines 20–1420 10–290 HPLC [81]
Bahrain Corn kernel 25 - HPLC [82]
Kenya Corn kernel 110–120 - HPLC [83]

Venezuela Yellow corn 40–15,050 - HPLC [84]

Korea Corn for popping 23–1210 -
direct competitive

(dcELISA) and
HPLC

[85]

India Corn seed samples 133 to 1617 - HPLC [86]
Iran Corn 10–3980 <10–1180 HPLC [87]

Thailand Corn 63–18,800 50–1400 HPLC [88]
Nepal Corn kernels 50–4600 100–5500 HPLC [89]

Indonesia Corn kernels 51–2440 <376 HPLC and GCMS [90]
Argentina Durum wheat 10.50–987.20 15–258.50 HPLC-MS/MS [91]

Brazil Wheat 958–4906 - HPLC-FL [92]
Canada Wheat - - HPLC [93]
Central
Europe Wheat/wheat bran - - ELISA [94]

China Wheat flour 0.30–34.60 - UPLC-MS-MS [95]

France
Organic Oat, rye and

wheat flakes with maple
syrup

75.70–98.10 62.10–81.10 HPLC-MS/MS [96]

Germany Organic wheat flakes 20.20–59.80 25.40–41.80 HPLC-MS/MS [96]
Iran Stored wheat samples 15–155 12–86 HPLC [97]
Italy Cereals, whole meal flours 10–2870 10–420 LC-MS [98]

Japan Wheat >10 - LC-ESI-MSMS [99]
Serbia Wheat 750–5400 - ELISA [100]
South
Africa Wheat and wheat products 1000–30,000 - TLC, HPLC,

Ms/MS [101]

South
America Wheat/wheat bran - - ELISA-HPLC [94]

South-East
Asia Wheat/wheat bran - - ELISA-HPLC [94]

Southern
Europe Wheat/wheat bran - - ELISA-HPLC [94]

Spain Wheat Gofio 787.50–1001.40 645.20–952.10 HPLC-MS/MS [96]
Syria Durum wheat 5–6 12 HPLC-MS/MS [102]

Tunisia Wheat-based products 88.33–184 121–158 LC-MS/MS [103]
United States Wheat 5–2210 2-249 LC-MS [104]

Zimbabwe Wheat 2500–6000 - HPLC [105]

6. Effects on Agriculture and Food

Annually 25% of harvested crops are contaminated by mycotoxins, causing huge economic losses
to agricultural and industrial commodities. These mycotoxins are stable in nature and do not eliminate
during food processing, cooking, baking, roasting, and pasteurization. The meagre agricultural,
as well as post-harvest practices like inappropriate drying techniques, handling procedure, packaging
materials and methods, and storage and transport conditions, are responsible for the increased risk of
fungal growth and fumonisin contamination [106]. Cao et al. [107] investigated the accumulation of
fumonisins at different kernel developmental stages as well as during the drying of the kernel of hybrid
varieties of white maize. They observed Fusarium (especially F. verticillioides) to be the most prevalent
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genus for growth and contamination as compared to Aspergillus and Penicillium. The lower humidity of
kernels favoured damage by insects along with fungal growth and accumulation of fumonisins [107].
The occurrence of fumonisins have been reported in edible plants like onion, garlic, asparagus, and
pea seed [108,109]; in other cereals, mainly in wheat [84,110] as well as in crops like sorghum, beans
(white, adzuki, mung), barley, soybean, asparagus spears, and figs [111,112]. Besides this, fumonisins
have been found to impact the performance of aquatic animals like the Nile tilapia fingerlings and
juveniles [113]. Fumonisins affected the hepatic expression of growth hormone receptor (GHR) and
insulin like growth factor 1 (IGF-1) in these species, which is an indication that other aquatic animals
and plants could also be affected by fumonisins posing a serious threat to food safety and security.

Fumonisins are an important class of mycotoxins produced by F. proliferatum and F. verticillioides
along with others such as F. napiforme, F. oxysporum, F. dlamini, F. nygamai and F. anthophilum that are
widely distributed, having potential health hazards to humans and animals [9]. These toxins are
widely distributed in crops like corn, rice, sorghum, barley, and coffee. The exact causes of ear rot
and kernel rot diseases is not well known but may be due to changes in weather such as dry weather
followed by warm wet weather during flowering. The damage caused by the insect at the time of
maturity allows strains present in nature to enter the ear and kernels. Rain before harvest may intensify
the contamination of fumonisins in corn. Sometimes there are substantial amounts of fumonisins
present in the non-symptomatic kernels of corn [114]. Yoshizawa et al. [103] reported the occurrence
of fumonisins and aflatoxins in eighteen samples of corn in Thailand and found FB1 and FB2 and
isolated F. moniliforme and F. proliferatum from the corn grit samples. Studies carried out in the USA
reported the presence of FB1 and moniliformin in 34% of corn samples and 53% of corn-based food
products, respectively [115]. A study in Brazil was conducted (during 2007–2010) to detect fumonisins
in corn-based food products and reported that FB1 and FB2 were present in 82% and 51% of the
examined products, respectively [116]. Contaminations by FB1 and FB2 observed in poultry broiler
and feed fatting calves in South Korea [117]. Abdallah et al. [118] found the co-occurrence of FB2 and
ochratoxin A and B in the date palm. In Brazil, it was reported that the production of fumonisins by
F. verticillioides is found in both symptomatic and asymptomatic grains [119].

Furthermore, a survey was conducted in Japan for aflatoxin, ochratoxin A, and fumonisins
contamination using HPLC and LC-MS. Results revealed that peanut butter is contaminated by
aflatoxin, while orchratoxin A infection in oatmeal, rye, buckwheat flour, green coffee beans, roasted
coffee beans beers, wheat flour, and wine. However, fumonisins were observed in popcorn, frozen
corn, corn flasks, and corn grits [120]. Noonim et al. [59] analyzed the aflatoxin and fumonisin
contaminations in different samples of Thai dried coffee, and it was noted that no Fusarium spp. were
observed; however, A. niger was present in the coffee beans and produced fumonisins along with
aflatoxins. A variable range of acetyldeoxynivalenol, deoxynivalenol, neosolaniol, fumonisin B1, and
ochratoxin A contaminations were observed in Spanish coffee, and this variation was due to different
methods of coffee brewing [121].

7. Mechanism of Toxicity and Health Effects of Fumonisins

7.1. Mechanism of Toxicity

FB1 predominates in 70% of the total FBs naturally occurring in infected food and feed samples [122].
FB1 express both acute and chronic symptoms in infected animals. FB1, though being an initiator of
cancer, is non-genotoxic [123]. The major organs affected are liver and kidney; however, the severity of
infection depends upon the strain and species [124]. The intestine, on the other hand, is a possible
target for fumonisin toxicity [125]. FBs contamination has raised higher concern because of their
interference with sphingolipid metabolism that ultimately leads to serious health concerns. Fumonisins
are also linked to esophagal cancer and defects of the neural tube in humans [126]. Further, FB1 is the
major causative agent for porcine pulmonary edema (PPE) [39], the toxicity of the liver and nephron in
rodents [127], as well as cancers of the liver and esophagus in humans [128].
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Franceschi et al. [129] studied the relationship between maize consumption and the risk of cancer
of the upper digestive tract in the Pordenone Province in the north-eastern part of Italy. The population
of this province has a high incidence of these neoplasms and shows particularly elevated levels of
alcohol and tobacco use, in addition to high maize consumption. They observed that there were highly
significant associations with frequent intake of maize emerging for oral cancer, pharyngeal cancer, and
esophageal cancer. Dragan et al. [130] showed that the FB1 caused renal carcinomas in male rats and
liver cancer in female mice. FB1 also induces apoptosis in many kidney cell lines, primary cell cultures,
and also in vivo in rat liver and kidney [130,131]. Sun et al. [132] reported high contamination of FB1
in the food of the Huaian and Fusui city of China and suggested that FB1 may have a contributing role
in human esophageal- and hepatocarcinogenesis. Further, Alizadeh et al. [133] studied 66 samples of
both corn and rice from the Golestan province of Iran and observed high levels of FB1 contamination
in both corn (223.66 μg/g) and rice (21.59 μg/g). They found a significant relationship between FB1
contamination in rice and the risk of esophageal cancer. Besides this, FB1 was found to be toxic to other
cell lines. For example, FB1 triggers dose-dependent apoptosis and necrosis in esophageal carcinoma
(SNO) cell lines in humans. Similarly, FB1 inhibited the activity of ceramide (CER) synthase, which is
responsible for the acylation of sphinganine (Sa) and the recycling of sphingosine (So). This leads to an
increment in the intracellular cytotoxic Sa-compound. Therefore, the variation of Sa/So proportions in
urine and blood samples may denote the exposure of FBs in several animals; however, this has not
been accurately validated [134].

7.2. Health Effects of Fumonisin

Equine leucoencephalomalacia first reported in 1891 is now revealed to be caused by consuming
fumonisin-contaminated maize [135]. Further, the consumption of maize culture material infected by
F. verticillioides [136] is responsible for the occurrence of porcine pulmonary edema (PPE) [30]. Since
then, the outbreaks of PPE in the USA have been identified because of fumonisin infection. Further
intake of fumonisin-affected diets by pregnant women causes neural tube defects in the developing
fetus [126,137]. Sadler et al. [138] reported that FB1 has the potential to inhibit embryonic sphingolipid
synthesis, produce embryotoxicity, and block folate transport and has been associated with increased
prevalence of cancer and neural tube defects. On the other hand, Missmer et al. [126] reported the
prevalence of neural tube defects (NTDs) doubled between 1990–1991 in Mexican–American women
because they consume large amounts of corn in the form of tortillas, due to which they may be exposed
to high levels of fumonisin. Fumonisin exposure increases the risk of NTDs and a dose above the
threshold level may cause fetal death. Similarly, the exposure of fumonisin and its effect on esophageal
and liver cancer is rare [132,139]. While no direct evidence of fumonisin hazard is found, its prolonged
exposure may lead to cancer and birth defects in humans [140]. Moreover, the co-contamination
of foods by fumonisin and aflatoxin has imposed risks of occurrences of outbreaks in southwest
Nigeria [140], and the rural areas of Malawi in sub-Saharan Africa [141].

Besides this, the contamination of breast milk by fumonisins has been reported in several
studies [142–144]. Recent studies have revealed the relationship between exposure to FBs and growth
impairment in children [145–147]. According to Shirima et al. [146], fumonisin exposure negatively
impacted child growth among children in Tanzania, which was confirmed based on urinary biomarker
levels of fumonisin (UFB1). On the other hand, aflatoxin exposure had no significant impact on child
growth. Furthermore, breastfeeding and weaning practices were considered to be associated with
growth impairment in children due to exposure to FB1 [147]. The fumonisin carry-over has been
observed in cow’s milk as well [69]. Therefore, the incidence of fumonisin in human breast milk and
its consumption by infants cannot be ignored, as the milk is a crucial part of infants’ nutrition [148].

8. Effects of Processing on Fumonisin

Fumonisins are known to be comparatively heat-stable and affected only when heated above
150–200 ◦C during food processing techniques like baking, frying, roasting, or extrusion cooking.
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The degree of reduction in their chemical structure and toxicity depends on the cooking conditions
and the composition of the food matrix [149]. However, this reduction could be due to the structural
modifications of fumonisins while interacting with other components of food that leads to the
conjugate’s formation [150]. FB1 interacts with reducing sugars to form strong covalent bonds during
heat treatments. For instance, FB1 reacts with D-glucose of corn grits during the extrusion cooking at
160–180 ◦C and forms a reaction product, N-(carboxymethyl) fumonisin B1 (NCM) [151]. However,
the condensation reaction of FB1 and D-glucose forms N-(deoxy-Dfructos-1-yl) FB1 (NDF) [152].

Besides this, the wet milling causes the reduction of fumonisins to some extent in steep water.
Further industrial milling processes reduce the fumonisin content significantly such that the fractions
obtained (gluten, fiber, germ, and starch) are suitable for animal and human consumption [153].
However, during the dry milling process, there is a negligible reduction in fumonisin content as the
fumonisins are embedded in the germ and pericarp in higher concentrations than in the endosperm and
its derivatives [72,154,155]. Fumonisins are variably distributed in cereals and the fractions depending
upon the type of cultivars, agricultural practices, and the method of milling processes [153,156].
The toxins might be degraded or modified during the processing of Tortillas at high temperatures and
pH [157]. However, the industrial processing methods like roasting, frying, and extrusion cooking are
effective in reducing the fumonisins to significantly low levels [158].

9. Effects of Environmental Temperature on Fumonisin Production

The two main factors impacting on the growth of fungus and the production of fumonisin are
temperatures and water potential [159]. Therefore, the toxins are predominant in temperate and
Mediterranean climatic regions [160–163]. The Mediterranean climate regions experience extreme
temperature, rainfall patterns, as well as longer durations of drought. These conditions might
lead to variation in the population of mycotoxigenic fungi and the fumonisin production by them
which ultimately impacts the control strategies [164]. The infection of maize by F. verticillioides and
accumulation of fumonisins is determined by the climatic conditions, insect damage, as well as the
plant characteristics. The ear rot infection by F. verticillioides occurs during the flowering stage and is
favored by warm and dry conditions; however, both warm and wet conditions following silking have
been found to be favorable for disease development [165]. The weather conditions are critical for toxin
accumulation during flowering as well as prior to harvesting [166,167]. It has been found that the less
rainfall with maximum temperatures of 30–35◦C during flowering induces disease development [168].

Cendoya et al. [169] evaluated the effect of different levels of temperature and water activity
(aw) on the fungal growth and fumonisin biosynthesis in wheat using three strains of F. proliferatum.
Temperatures of 15, 25, and 30 ◦C and aw of 0.99, 0.98, 0.96, 0.94, 0.92, and 0.88 were evaluated. They
found maximum growth of fumonisins at the highest aw of 0.99 at 15 ◦C for two strains while for
the third strain, the maximum growth was observed at 25 ◦C at the same aw level. Furthermore,
environmental factors like light along with nutrients available impacted the growth of F. proliferatum
and the production of fumonisin [48,170]. In addition, Li et al. [171] evaluated the impact of pH levels
on the growth of F. proliferatum culture. It was found that the toxin production was significantly
inhibited in culture maintained at pH 5 compared to the culture at pH 10. However, the acidic pH 3–4,
was found to enhance FB1 production by the fungus F. proliferatum [172].

10. Detection Techniques

The FB1 presence was detected by the Association of Official Analytical Chemists (AOAC)
official method in food and feed samples. The derivatization was done using precolumn with
ortho-phthaldialdehyde (OPA) and the detection by chromatographic techniques like HPLC
(high-performance liquid chromatography) coupled with a fluorescence detector (HPLC-FLD).
However, the drawback of this method is the use of high sample size (around 50 g), more extraction
solvent (methanol:water), and solid-phase extraction (SPE) cartridges [173]. Therefore, methods like
QuEChERS (Quick, Easy, Cheap, Effective, Rugged, and Safe) proved to be ideal for the detection of
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FB1 [174–176]. Some of the commonly used techniques for fumonisin extractions include: (i) solid-liquid
extraction (SLE) [177–180], (ii) liquid-liquid extraction (LLE) [181,182], (iii) matrix solid-phase dispersion
(MSPD) [87,183,184], and (iv) dispersive liquid-liquid microextraction (DLLME) [185]. Recently, it was
observed that the extraction yields were higher in finer flours indicating the importance of sample
particle size on the recovery of fumonisins [11].

The traditional analytical methods to detect and quantify fumonisin include HPLC or
UPLC (ultra-performance liquid chromatography) coupled with detectors such as UV–Vis
spectrophotometric [186], fluorescence [187,188], and mass spectrometry (MS) [176,189–191]; liquid
chromatography-mass spectrometry (LC-MS), and thin-layer chromatography (TLC) [192–194].
As these methods are expensive, tedious, and time-consuming [195], other advanced methods
like the detection of mycotoxins producing fungi, enzyme-linked immunosorbent assay (ELISA),
surface plasmon resonance (SPR), lateral flow immunoassay (LFI), immunosensors, electronic nose,
and hyperspectral imaging are found to be more efficient [194,196]. Fumonisins producing genes have
been amplified by PCR to detect Fusarium species in freshly harvested maize kernels [197]. PCR-based
methods are used for the detection of mycotoxins producing fungal genera Fusarium, Aspergillus, and,
Penicillium [198,199].

Recently, Nagaraj et al. [196] used a multiplex PCR technique to detect fumonisin producing
F. verticillioides strains. ELISA coupled with PCR, i.e., PCR-ELISA by Omor et al. [200] for the detection
of F. verticillioides based on the FUM21 gene in corn. In addition to this, a highly sensitive indirect
competitive enzyme-linked immunosorbent assay (icELISA) and gold nanoparticle-based gray imaging
quantification immunoassay (GNPs-GI) has been developed to detect FB1 in agricultural products [201].
Another important and non-destructive way of identifying toxigenic fungi in maize is by the application
of hyperspectral imaging processes [202,203]. Besides this, the color-encoded lateral flow immunoassay
(LFIA) has emerged as a leading technique for simultaneous detection of aflatoxin B1 and type-B
fumonisins in a single test line [204]. Nowadays, electrochemical immunosensors are employed
for rapid and sensitive detection of FB1 [205]. Furthermore, a rapid and ultrasensitive molecularly
imprinted photoelectrochemical (MIP-PEC) sensing technique has been recently developed to measure
FB1 [206].

11. Masked Mycotoxins as a major concern in detection

The masked mycotoxins issue was initially seen during the mid-1980s due to several mysterious
cases of mycotoxicosis occurrence; however, the symptoms of mycotoxins in affected animals did
not connect with the low mycotoxins content detected in their feed. At the same time, the metabolic
biotransformation of deoxynivalenol (DON) to the less toxic derivatives in planta was first reported
to appear in corn inoculated with F. graminerium [207] and also in naturally infected winter
wheat [208]. In vivo studies for masked mycotoxins were carried out in pig and reported that
zearalenone-14-glucoside was decomposed during the digestion process and zearalenone (ZEN) and
zearalenol (ZEL) were detected in urinary and fecal metabolites [209].

During infection in plants, the mycotoxins produced by fungi are modified by plant enzymes
and often conjugated to more polar substances, like sugars. These form of toxins are often less toxic
metabolites stored in the vacuole in the soluble form or bound to macromolecules and are not detectable
during routine analysis processes; therefore, referred to as masked mycotoxins [210]. These mycotoxins
may not be a homogeneous group of contaminants but somewhat a complex mixture of different plant
metabolites of various classes of mycotoxins and they are overall termed as the ‘maskedome’ [211].
Detection of masked mycotoxins is difficult as they change the physiological properties of their
molecules leading to modified chromatographic behavior [212]. Due to less detectability, these toxins
are a serious concern for food safety and these toxins may be converted back to the parent toxin forms
during the food digestion process [213]. De Boevre et al. [214] analyzed cereal-based food products and
raw feed materials for the presence of mycotoxins including deoxynivalenol, 3-acetyldeoxynivalenol,
15-acetyldeoxynivalenol, zearalenone, α-zearalenol (α-ZEL), β-zearalenol, and their respective
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masked forms like α-zearalenol-1-3glucoside, zearalenone-4-glucoside, α-zearalenone-4-glucoside,
β-zearalenone-4-glucoside, and zearalenone-4-sulfate in fiber-enriched bread, bran-enriched bread,
cornflakes, popcorn, and oatmeal. Binder et al. [215] evaluated the absorption, distribution, metabolism,
and excretion (ADME) of plant (ZEN-14-Glc, ZEN-16-Glc) and fungal (ZEN-14-S) ZEN metabolites in
pigs and found that the total amounts of ZEN-14-GlcA, ZEN, and α-ZEL were excreted into urine after
0–48 hours of administration.

12. Degradation Kinetics

The degradation of FB1 was first revealed by Duvick et al. [216] to occur by microbes like
Exophiala spinifera, Rhinocladiella atrovirens, and Sphingomonas or Xanthomonas having the capacity to
metabolize FB1. These microbes were isolated from various tissues of maize. Further, the fumonisin
metabolism by E. spinifera and the bacterium (deposited as ATCC55552 with the American Type Culture
Collection) was studied by radiochemical and chromatographic (e.g., thin layer chromatography, TLC)
methods. The initial two steps of biodegradation of FB1 were revealed to be due to de-esterification
by a carboxylesterase releasing two tricarballylic acid (TCA) moieties leading to the formation
of hydrolyzed FB1 (HFB1). The bacterial strain ATCC55552 further metabolized 14C-FB1 with
the release of 14 molecules of CO2. However, E. spinifera could not further metabolize the TCA
moieties. Blackwell et al. [217] later studied the oxidative deamination process of HFB1 by E. spinifera
through TLC and mass spectrometry. They found that the HFB1 gets converted to Nacetyl HFB1
and 2-oxo-12,16-dimethyl-3,5,10,14,15-icosanepentol hemiketal. A cluster of genes in the bacterium
ATCC55552 responsible for the degradation of fumonisin is mentioned in a patent, WO 00/04158 by
Duvick et al. [218].

FB1 can be degraded to the less toxic form of hydrolyzed FB1 (HFB1) by an enzymatic process
which could be used to reduce intestinal inflammation in pigs [219]. Further, the gene that catalyzes the
oxidative deamination process of HFB1 in E. spinifera was revealed; however, the responsible enzyme
for the deamination reaction is still unknown [218]. Later, Benedetti et al. [220] screened and isolated a
bacterium related to the Delftia/Comamonas group (known as NCB 1492) from the soil. It was able to
hydrolyze and deaminate FB1, but still, the sequences of the responsible genes are unknown. A year
before, Sphingomonas sp. MTA144 was shown to have fumonisin degrading activity [221]. Further,
Heinl et al. [222] identified two genes (carboxylesterase and aminotransferase) having prominent
fumonisin-degrading activity. In addition to this, essential oils from plants were found to inhibit as
well as degrade FB1 for example anise, camphor, cinnamon, citral, clove, eucalyptus, Litsea cubeba, and
spearmint [223,224].

13. Management and Control Strategies

13.1. Management and Control using Agricultural Practices

As the crop plants like maize are infected by fumonisins during their growth in fields [225],
the implementation of good agricultural practices (GAP), good storage practices (GSP), and good
manufacturing practices (GMP) can mitigate the fumonisin contamination [226]. Harvesting the crop
at earlier stages could be one of the strategies to control fumonisin contamination [227]; however, this
cannot be applied to crops that need to be harvested at full maturity. Instead, the early harvest can be
done for forage maize to increase the digestibility of silage. These practices require careful study as the
farmers prefer a delayed harvest because of advancement in technologies. For instance, the use of
kernel processors during forage harvesting leads to the production of digestible silage from maize
when harvested at later stages [228].

Recently, the Codex Alimentarius Commission has set maximum levels of fumonisin at 4000 μg/
kg and 2000 μg/kg, respectively for raw maize and for maize flour and meal which have been
implemented in South Africa. However, the lowering of fumonisin exposure in subsistence farmers
need an integrated approach, and this cannot be solely achieved by regulatory measures [229]. Besides
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these approaches, the use of nanotechnology and genetic engineering should be encouraged in the
field of agriculture to develop resistant varieties of crops to get rid of Fusarium infection and FB
contamination. The creation of drought and insect-resistant crops can also play a significant role
in the fumonisin control as these factors are responsible, in one or the other way, for the fungal
infection [230]. In addition to this, educating the farmers about the importance of drying and sorting
out of the contaminated kernels from the crops can manage and control the risk of infection to some
extent [231]. The in vitro study of combinations of fungicides (fludioxonil +metalaxyl-M) showed that
it was not sufficient in the growth inhibition of F. verticillioides and even the increase in the production
of FB1 by their strains [232]. A similar study also showed that these fungicides inhibit the growth and
extracellular material formation but enhance the sporulation and fumonisin production in liquid culture
of F. verticillioides [233]. Masiello et al. [234] reported that prothioconazole and thiophanate-methyl
were effective in reducing the F. graminearum (52% and 48%) and F. proliferatum contamination (44%
and 27%) under the field trial.

Fumonisin production and Fusarium growth are the result of interactions with various biotic
and abiotic factors. In the case of abiotic factor temperature, water stress was the most significant
environmental factor which influenced the fumonisin production and Fusarium growth. Several
other stress conditions such as osmotic stress, pH, and fungicides were reported for the production
mycotoxins [235,236]. F. verticillioides isolates were found to exhibit better performance at higher
temperatures and under water stress conditions in comparison to F. proliferatum, another fumonisin-
producing species. Marin et al. [237] suggested that environmental conditions leading to water
stress (drought) might result in an increased risk of fumonisin contamination of maize caused by
F. verticillioides. Drought stress and excess irrigation favor Fusarium infection. Drought stress should be
avoided during the period of wheat seed development and maturation [238]. Excess moisture during
the flowering seasons and early grain-fill periods also supports the Fusarium infection and moisture also
increases the DON contamination [239]. Fungicide treatments were found to be effective against wheat
Fusarium infection and DON contaminations [240,241]. Azole fungicides were found to be effective in
the reduction of DON and other emerging and modified mycotoxins [242]. Therefore, an integrated
approach, involving good agricultural management practices, hazard analysis, and critical control
point production, storage management along with selected biologically based treatments, and mild
chemical and physical treatments could reduce the fumonisin contamination effectively [243].

13.2. Management and Control using Mycotoxin Binder

Mycotoxin binders or adsorbents are substances that bind to mycotoxins and prevent them from
being absorbed through the gut and prevent their entrance into the blood circulation. The mycotoxin
binders can be helpful and utilized when other preventive measures fail against molds and
mycotoxins [244]. The main aim of mycotoxin binders is to prevent the absorption of the mycotoxins
from the intestinal tract of animals by absorbing the toxin to their surface. These binders may be
organic or inorganic in nature, such as clay and yeast derived products, respectively [245]. However,
mycotoxin modifiers are used to alter the chemical structure of mycotoxins and reduce their toxicity.
These are microbiological in origin containing whole bacterial and yeast culture and specifically
extracted compound such as enzymes [246]. In the field during harvesting of the crop, the production
of mycotoxins can be reduced by choosing varieties that are adapted to the growing area and have
resistance to fungal diseases. Mycotoxin production can also be reduced in the field by proper
irrigation and balanced fertilizer applications [247]. These binders bind to the mycotoxins strong
enough to prevent toxic interactions with the consuming animals and their absorption across the
digestive tract. Potential absorbent materials include activated carbon, aluminosilicates (bentonite,
clay, montmorillonite, zeolite, pollyosilicates etc.), complex indigestible carbohydrates (Cellulose,
polysaccharides in the cell wall of yeast and bacteria such as glucomannans, petidoglycans) and
other synthetic polymers such as cholestryamine and polyvinylpyrrolidone and derivatives [247].
De Mil et al. [248] characterized 27 feed additives marketed as mycotoxin binders and screened them
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for their in vitro zearalenone (ZEN) adsorption. Recent studies showed that the addition of the
commercial toxin binders to the aflatoxin B1 (AFB1) containing diets reduced the adverse effects of
AFB1 and could be helpful as a solution to the aflatoxicosis problem in young broiler chicks [249].

14. Conclusion

The contamination of food and feed by fumonisin is a serious threat for disease outbreaks
worldwide. The various techniques ranging from physical to biochemical as well as genetic engineering
can be utilized in an efficient manner to mitigate fumonisin contamination of foods. However, a major
issue of concern lies with the development of fungal and insect resistant crops to combat the fungal
infection and fumonisin contamination. The naturally occurring soil microorganisms have been
reported to have an immense capability of degrading and reducing the biosynthesis of fumonisins
and its contamination in various agricultural crops. Moreover, the application of nanotechnology and
genetic engineering should be given more emphasis to develop resistant varieties of crops and ensure
the safety and quality of food for future generations.
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Abstract: Mycotoxins are low-molecular weight compounds produced by diverse genera of molds
that may contaminate food and feed threatening the health of humans and animals. Recent findings
underline the importance of studying the combined occurrence of multiple mycotoxins and the
relevance of assessing the toxicity their simultaneous exposure may cause in living organisms. In
this context, for the first time, this work has critically reviewed the most relevant data concerning
the occurrence and toxicity of mycotoxins produced by Alternaria spp., which are among the most
important emerging risks to be assessed in food safety, alone or in combination with other mycotoxins
and bioactive food constituents. According to the literature covered, multiple Alternaria mycotoxins
may often occur simultaneously in contaminated food, along with several other mycotoxins and food
bioactives inherently present in the studied matrices. Although the toxicity of combinations naturally
found in food has been rarely assessed experimentally, the data collected so far, clearly point out that
chemical mixtures may differ in their toxicity compared to the effect of toxins tested individually. The
data presented here may provide a solid foothold to better support the risk assessment of Alternaria
mycotoxins highlighting the actual role of chemical mixtures on influencing their toxicity.

Keywords: Alternaria mycotoxins; combinatory effects; food safety; combined toxicity; co-occurrence;
bioactive compounds

Key Contribution: This work provides for the first time an extensive and critical analysis of the
most relevant literature concerning the occurrence and toxicity of Alternaria mycotoxins, studied
either individually or in combination with other mycotoxins or bioactive compounds of food origin.
Overall, this review pinpoints the need to investigate the simultaneous occurrence of diverse
mycotoxins in food and to assess their combined toxicity to better support the risk assessment of
Alternaria mycotoxins.

1. Introduction

Mycotoxins are low-molecular-weight toxic compounds synthetized by different types of molds
belonging mainly to the genera Aspergillus, Penicillium, Fusarium and Alternaria [1]. They may enter the
food chain worldwide as a consequence of the ability of mycotoxin-producing molds to infect a wide
number of crops and food commodities [2]. It has been reported that up to 25 % of world crops may be
contaminated with mycotoxins and over 4.5–5.0 billion people are thought to be chronically exposed
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to these food contaminants [3]. However, a much higher prevalence of detected mycotoxins can be
found depending either on the considered mycotoxin or crop (up to 80% in certain circumstances), as
recently reported [4]. Although the highest levels of food contamination are more frequently found
in low-income countries, mycotoxins actually represent a growing threat also on account of climate
changes [5]. The contamination of food and feed by mycotoxins results in significant economic losses
worldwide, not only in terms of food and feed spoilage, but also in terms of a burden on human health,
animal productivity and international trade [6]. In particular, mycotoxins may pose a toxicological
concern for humans and animals since they may exert a wide number of effects including acute toxic,
mutagenic, carcinogenic, teratogenic, estrogenic and immunotoxic actions [7]. Among the various
categories of mycotoxins, those produced by the genus Alternaria are gaining increasing interest due to
their frequent occurrence in food, the recent insights on their genotoxic potential and mechanisms of
action, and their consequent possible effects on human health [2,7]. The Alternaria toxins belong to the
group of the so called “emerging” mycotoxins. They are compounds of possible concern due to their
abundance, occurrence or toxicity, but the limited available data do not allow a comprehensive risk
assessment with an acceptable degree of certainty.

Alternaria species are ubiquitous plant pathogens and saprophytes that may contaminate a wide
variety of crops and raw materials due to their environmental adaptability, particularly to their
tolerance to low temperature and water stress conditions. They produce a cocktail of secondary
metabolites and more than 70 Alternaria toxins have been characterized so far [2]. Based on their
chemical structures, Alternaria toxins may be divided into five groups (Figure 1): (i) dibenzo-α-pyrones,
including alternariol (AOH), alternariol monomethyl ether (AME), and altenuene (ALT); (ii) perylene
quinones, including the altertoxins I, II, III (ATX-I, ATX-II and ATX-III, respectively), stemphyltoxin
I and III (STTX-I and STTX-III, respectively), and alterperylenol/alteichin (ALP); (iii) tetramic acid
derivatives, including tenuazonic acid (TeA) and iso-tenuazonic acid (iso-TeA); (iv) A. alternata f. sp.
lycopersici toxins, which includes several phytotoxins such as AAL-TA and ALL-TB sub-groups (v)
miscellaneous structures, as tentoxin (TEN), which has a cyclic tetrapeptidic structure [2,8]. However,
many other mycotoxins might be produced by Alternaria spp. such as dihydrotentoxin, isotentoxin,
altenuisol (ALTSOH), altenusin, infectopyrone, altersetin, macrosporin A, altersolanol A, monocerin,
altenuic acids I, II, and III [9].

Due to the broad spectrum of adverse effects observed in vitro (e.g., genotoxic, mutagenic,
clastogenic, androgenic, and estrogenic effects) and in vivo (e.g., fetotoxic and teratogenic effects), some
of the Alternaria mycotoxins most frequently found in food may pose a severe threat to human health,
especially for the most exposed categories such as infants, toddler and vegetarians [10]. Nevertheless,
for most Alternaria mycotoxins, neither the toxicity nor the occurrence in food is adequately described.
The current limitation of data hinders the proper assessment of risks to human health and, consequently,
it prevents the establishment of specific regulations [11]. Therefore, the need of additional representative
data to support the proper risk assessment of Alternaria toxins, especially for AOH, AME, TeA, TEN
and ALT, was claimed by the expert Committee “Agricultural Contaminants” of the EU commission in
2012 [12]. In 2016, a call to collect data for the human exposure assessment to Alternaria toxins (AOH,
AME, TeA and TEN) was published by the European Food Safety Authority (EFSA) [13].

In this respect, the chemical risk assessment of food-related compounds is currently based on the
integration of knowledge about the single exposure to a given substance and its potential to individually
cause harmful effects [14]. However, food is typically contaminated simultaneously by more than
one mycotoxin. It is noteworthy that the simultaneous occurrence of compounds (either toxicants or
bioactive food constituents) may lead to combinatory interactions (namely, additive, synergistic or
antagonistic effects) that may significantly change the final toxicological outcome depending on the
overall composition of chemical mixtures (see Section 3.2). In addition, mycotoxins may be present in
food along with a high number of bioactive compounds, showing a huge variety of chemical structures
and mechanisms of action, which may further modify their toxic impact. On this basis, risk assessment
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studies should take into account this complexity rather than relying on individual evidences, to better
evaluate the overall risk associated with the consumption of mycotoxins-contaminated food.

Therefore, in the framework of supporting a better risk assessment of Alternaria mycotoxins, this
work aims at consolidating the current knowledge on occurrence and combined actions of Alternaria
mycotoxins. The relevance of investigating the effects and occurrence of chemical mixtures to support
the thorough assessment of the actual risk this class of mycotoxins may pose to humans is pointed out.
In more detail, this work presents the current state-of-the art in terms of co-occurrence and combinatory
effects of: (i) different Alternaria toxins; (ii) Alternaria toxins in combination with other mycotoxins; (iii)
Alternaria toxins in combination with bioactive compounds of food origin.

 
Figure 1. Chemical structures of the main Alternaria mycotoxins. AOH – alternariol; AME – alternariol
monomethyl ether; ALT – altenuene; ATX-I, ATX-II, ATX-III – altertoxin I, II and III; STTX-III –
stemphyltoxin III; TeA – tenuazonic acid; Iso-TeA – iso-tenuazonic acid; TEN – tentoxin; AAL-TA1-2
Alternaria alternata f. sp. lycopersici toxins sub-group A 1 and 2; AAL-TB1-2 Alternaria alternata f. sp.
lycopersici toxins sub-group B 1 and 2; TCA - tricarballylic acid.

2. Natural Occurrence and Co-Occurrence of Alternaria Mycotoxins in Food

The occurrence of Alternaria mycotoxins in food and feed has been reviewed over the years [8,15–18].
However, in most cases, the occurrence and the relative concentrations of single or a small group of
toxins has been reported, whilst the simultaneous co-occurrence of a high number of mycotoxins likely
co-occurring together was not systematically assessed.

This section presents a collection of the co-occurrence of multiple Alternaria toxins in food
commodities. In addition, data on the co-occurrence of Alternaria mycotoxins along with other
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mycotoxins and food constituents are reviewed. The key references covered in this review addressing
the natural co-occurrence of different Alternaria mycotoxins are summarized in Table 1, while a
schematic overview of the literature concerning the study of the co-occurrence of Alternaria and
other mycotoxins is provided in Table 2. Detailed information concerning the number of samples
analyzed, mycotoxin concentrations, as well as the methods and instruments used are reported in the
Supplementary Materials (Table S1).

2.1. Co-Occurrence of Different Alternaria Toxins in Food

With regard to the co-contamination of food by different Alternaria toxins, AOH, AME, ALT, TeA,
TEN, and ATX-I are the most frequently investigated compounds, while broader sets of compounds,
including for instance ATX-II, IsoALT, AAL-TA1, AAL-TA2, ALP, macrosporin, ALTSOH, and Val-TeA,
are rarely reported.

As shown in Table 1, the presence of Alternaria mycotoxins has been well-documented both in fresh
and processed food, including fruits and vegetables, nuts, seeds, cereals, and fermented beverages.
Among the food commodities investigated so far, apples, tomato, and their derivative products have
been more frequently explored than other types of fruits and vegetables. Notably, most of them were
found simultaneously contaminated by both AOH and AME, and, in some cases, also by up to five
different mycotoxins. One of the first investigations were performed by Stinson and co-workers [19]
who reported the contamination of apples and tomatoes with several Alternaria toxins already back in
1981. The observed contamination determined by HPLC-UV was in the low mg/kg range for AOH
and AME, and in the μg/kg range for ALT and TeA in the case of apple samples. In tomatoes, TeA
showed the highest contamination levels with up to 139 mg/kg. Furthermore, the presence or absence
of ATX-I was assessed by thin layer chromatography. In the last ten years, multi-analyte measurements
using liquid chromatography coupled to mass spectrometry became more and more important. The
contamination with seven different Alternaria mycotoxins (AOH, AME, ALT, TeA, TEN, ATX-I, and
ALP) and two phase-II metabolites (AOH-3-sulfate and AME-3-sulfate) was reported in tomato sauce,
sunflower seed oil and wheat flour samples by Puntscher et al. [20]. In this study, the simultaneous
contamination in the μg/kg range was reported in sample(s) from Austria, Croatia and Italy.

Infant foods were also found to be contaminated by multiple Alternaria mycotoxins. As an example,
Gotthard and co-workers reported that tomato sauce and apple-pear-cherry puree were simultaneously
contaminated by AOH, AME, TeA, and TEN [21]. In addition, those mycotoxins were also found in
cereal-based infant formulas and they were reported along with ATX-I in wheat- and spelt-based food.
These results are particularly relevant considering that the young population (infants and toddlers)
show a higher exposure to Alternaria toxins in comparison to the other population categories due to
their high food consumption in relation to body weight [10]. The most important dietary contributors
to these mycotoxins were fruits and fruit products, vegetable oil, cereal-based foods and fruiting
vegetables (tomatoes) wherein multiple mycotoxins were often found simultaneously, as shown in
Table 1.

This scenario is further complicated by the possible presence of so called “masked mycotoxins”.
This term refers to modified forms of mycotoxins as a result of their metabolic transformations in plants.
Masked mycotoxins have been reported to abundantly co-occur in contaminated food and raw materials
along with their respective parent counterparts [22]. The most common masked mycotoxins covalently
link sulfate or glucoside groups as a result of plant phase-II metabolism [23]. After ingestion, these
phase II plant metabolites can be hydrolyzed during the digestion releasing the respective toxic parental
compounds [1]. The transformation of masked mycotoxins to metabolites with higher toxicity than the
parent compounds was also described in vitro [24,25], further highlighting the toxicological potential of
the masked forms of mycotoxins (referred to as “maskedome”). Nevertheless, masked mycotoxins are
not routinely screened, and this may result in an underestimation of the actual amounts of mycotoxins
in foods. In this respect, Puntscher et al. [26] reported the presence of some modified forms of AOH
and AME (i.e., AOH-3-glucoside, AOH-9-glucoside, AOH-3-sulfate and AME-3-sulfate) in tomato
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sauce samples from Italy. In particular, one sample was found contaminated not only with AOH,
AME, TeA and TEN, but also with AOH-3-glucoside, AOH-3-sulfate and AME-3-sulfate. Similarly,
Walravens and co-workers found tomato products (juices, sauces and concentrates) contaminated with
AOH-3-sulfate and AME-3-sulfate, with a prevalence ranging from 11% to 26% and from 32% to 78%,
respectively [27]. The authors reported the highest prevalence of AOH and AME in tomato sauces
(86% and 78%, respectively), while ALT was most frequently detected in tomato concentrates (56%). In
addition, a prevalence of TEN-contaminated products, ranging from 21% to 64% (in sauces and juices,
respectively), was also reported and, interestingly, all the tested samples showed a high contamination
with TeA. More recently, another study highlighted the contamination of both fresh and dried tomato
samples by different Alternaria toxins, among which TeA was found the most frequent and abundant
compound [28].

The frequent co-occurrence of multiple Alternaria mycotoxins was also described in many other
foods, including peppers. As an example, Gambacorta and co-workers [29] analyzed samples of
fresh, dried, grounded, and fried sweet pepper, wherein AOH, AME, TeA, and TEN were found
together (limit of quantifications in the low μg/kg range). In particular, TeA was detected in all samples,
while AOH was detected in 86%, 43%, 100% and 14% of fresh, dried, grounded and fried products,
respectively. Fresh pepper samples were mostly contaminated by AME (57% of fresh pepper samples),
while fried peppers were the least AME-contaminated samples (14% of fried peppers samples). ALT
was detected only in 43% and 13% of fresh and grounded samples, respectively.

Beside fruits and vegetables, cereals and derived products play an important role in the exposure
to Alternaria toxins, representing the main source of exposure for infants and toddlers [10]. According
to EFSA [2], the highest mean concentrations of AOH, AME, TeA and TEN in grains were observed
as follows: AOH (spelt, oats, rice); AME (oats, rice); TeA (wheat, barley, rye, spelt, oats and rice);
TEN (rye). Nevertheless, in addition to the above-mentioned mycotoxins, some authors reported
also the presence of other compounds in grains, although the actual co-occurrence was not clearly
specified. Specifically, ragi, sorghum and spelt were found contaminated by ALT [30,31], while ATX-I
was detected in spelt and wheat [20,21]. Among the least investigated mycotoxins, macrosporin, which
is produced primarily by the Stemphylium genus but it can be produce by Alternaria spp. too [32],
was found in corn and wheat silage [33], while ALP was detected in wheat flour samples [20]. The
presence of macrosporin was also detected in dried fruits and nuts, such as almonds, dried grape
berries, hazelnuts, peanuts, and pistachios [34], often in combination with other Alternaria mycotoxins.
In a study performed by Mikušová et al. [35], dried grape berries from three Slovak winemaking
regions were simultaneously contaminated by up to eight Alternaria mycotoxins, i.e., AOH, AME, ALT,
TeA, TEN, ATX-I, ATX-II, and macrosporin, whose highest concentrations were 1308 μg/kg, 776 μg/kg,
4120 μg/kg, 159.6 μg/kg, 43.1 μg/kg, 31175 μg/kg, 624 μg/kg, and 762 μg/kg, respectively. Notably, TEN
was detected in all the analyzed samples.

Alternaria toxins can be found also in beverages such as fruit juices, beers and wines [36–41], as well
as in food supplements used for various purposes [42]. Milk thistle-based supplements for liver diseases
were simultaneously contaminated by AOH, AME, TEN, and TeA with maximum concentrations of
4560 μg/kg, 3200 μg/kg, 1280 μg/kg, and 2140 μg/kg, respectively. The same mycotoxins were detected,
even though at a lower concentration, in supplements used to treat menopause symptoms (containing
red clover, flax seeds and soy) or for general health support (containing among others green barley,
nettle, goji berries and yucca). The maximum concentration of TeA was found in supplements for
general health support (6780 μg/kg), while milk thistle-based supplements showed the highest average
concentrations of all mycotoxins. Notably, the beneficial effects of health-promoting compounds of
food supplements might be impaired to various extents by the presence of mycotoxins. In addition,
taking into account that food supplements are thought to supply specific deficiencies, the presence of
mycotoxins might have a higher impact on specific categories of consumers. These aspects require
urgent investigations to timely support the enforcement of specific regulations.
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2.2. Co-Occurrence of Alternaria Toxins with Other Mycotoxins

As discussed above, many food categories may be contaminated by more than one Alternaria
mycotoxin. However, food commodities can be simultaneously contaminated by a high number of
different mycotoxins produced by molds other than Alternaria. In particular, mycotoxins produced by
Aspergillus, Fusarium, and Penicillium genera frequently co-occur with Alternaria mycotoxins (Table 2).
Among them, the most investigated and frequently detected were those produced by the genera
Fusarium and Aspergillus [e.g., aflatoxins, enniatins (ENNs) and beauvericin], while the least frequently
examined or detected were ochratoxins (ochratoxin A, OTA; ochratoxin B, OTB).

A study conducted by Gambacorta et al. [29] investigated the co-occurrence of 17 different
mycotoxins in fresh, fried, dried or grounded sweet pepper products. Notably, all of them were
contaminated by more than one mycotoxin simultaneously. In more detail, 6 out of 39 samples
contained 2, 3 or 4 different mycotoxins, while the remaining samples were positive for a number of
mycotoxins ranging from 5 to 16. The fried peppers showed the lowest average level of contamination
(with an average mycotoxin contamination of 231 μg/kg), while the fresh pepper samples were the
most contaminated (27,280 μg/kg). TeA was the most frequently detected mycotoxin (100% of samples)
with an average concentration of 4817.9 μg/kg. With regard to the other Alternaria toxins, 93%, 56%,
33%, and 9% of pepper samples were found to be contaminated by TEN, AOH, AME and ALT,
respectively. These compounds (except for ALT) were found to co-occur along with 7 other Fusarium
mycotoxins (nivalenol, HT-2 toxin, T-2 toxin, fumonisin B1, fumonisin B2, deoxynivalenol (DON)
and zearalenone (ZEN)), 4 other Aspergillus mycotoxins (the aflatoxins B1, B2, G1, and G2), and OTA
in the most contaminated sample. It is worth mentioning the average low level of contamination
of fried samples. In this respect, the frying process might have a role in lowering the content of
Alternaria mycotoxins, though it was not directly assessed by the authors. It would be in agreement
with other studies pointing to a significant reduction of mycotoxin content upon fry cooking [62].
In addition, high-temperature treatments already proved to be effective in mitigating the content of
certain Alternaria mycotoxins [63], supporting the possible role of fry cooking in reducing the content of
Alternaria mycotoxins. The effects of three extrusion processing parameters (moisture content, feeding
rate and screw speed) on the degradation of TeA, AOH and AME in whole wheat flour have been
investigated. With the optimal parameters, a reduction of 65.6, 87.9 and 94.5% was achieved for TeA,
AOH and AME, respectively [63]. As a general remark, the thermal stability of Alternaria mycotoxins
needs to be further investigated, along with the possible formation of toxic by-products, to identify
effective food processing for reducing their content in food.

The co-occurrence of AOH with the Fusarium mycotoxins ZEN and DON and, with the ergot
alkaloid ergometrine was described in beer [64]. In particular, ergometrine, a toxin produced by
Claviceps spp. used in pharmaceutical applications [65], was detected at low concentrations in 93% of
the beer samples (0.07–0.47 μg/L, median 0.15 μg/ L). AOH (0.23–1.6 μg/L, median 0.45 μg/L) and ZEN
(0.35–2.0 μg/L, median 0.88 μg/L) were detected in all the beer samples, while DON was found in 75%
of samples (2.2–20 μg/L, median 3.7 μg/L). In the light of the low concentrations reported above, the
authors concluded that beer should not be considered among the most important source of dietary
intake of AOH, ZEN and DON.

In another study, 253 samples of dried fruits and nuts were analyzed for the presence of
16 mycotoxins (aflatoxins, ochratoxins, Alternaria toxins and trichothecenes) [57]. The authors reported
that 124 samples were contaminated with at least one mycotoxin, while more than half (66 out of
124 samples) were contaminated by at least two mycotoxins. AME was the most frequently detected
mycotoxin (44/124), followed by AOH (found in 31 out of 124 samples) and enniatin B1 (found in 30 out
of 124 samples). The most contaminated sample contained eight different mycotoxins (i.e., aflatoxins
B1 and B2, enniatins B and B1, beauvericin (BEA), TEN, AOH, and AME). Among the number of
combinations found, the most common were binary (such as BEA + AME) and tertiary (such as BEA +
AME + AOH) combinations. Ochratoxin B was found occurring along with the Alternaria toxins AOH,
AME and TEN only in two samples.
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The co-occurrence of ochratoxin A with AOH and aflatoxin B2 was described with a low frequency
in berry juice (only 1 out of 32 samples was found positive) [37]. Additionally, although 47% of berry
juices were negative for all the investigated mycotoxins, at least one mycotoxin was present in 53%
of the samples, with percentage distributions of 9%, 9%, 22%, and 13% for 1, 2, 3 and 4 co-occurring
mycotoxins, respectively. Moreover, TEN and aflatoxin B1 were not detected in any of the analyzed
samples, while aflatoxin B2 + aflatoxin G2 + AME + AOH and aflatoxin G2 + AME + AOH were the
most frequently found combinations. Importantly, in 87% of the contaminated samples at least one
Alternaria mycotoxin was detected: AOH was most frequently found (73%; concentrations from 2.5 to
85 ng/mL) followed by AME (67%; concentrations from 267 to 308 ng/mL). Similarly, the co-occurrence
of Alternaria toxins with other mycotoxins was also reported in dried fruit samples from China (apricots,
raisins, dates, and wolfberries) [58]. In particular, 64.6% of the samples were contaminated by at
least one mycotoxin, while 31.4% of the samples were contaminated with two to four compounds.
TeA was the most abundant (from 6.9 to 5665.3 μg/kg) and frequently detected compound, followed
by TEN (20.5% of samples) and mycophenolic acid (MPA; 19.5% of samples). MPA is produced by
various Penicillium species and it is used as an immunosuppressant drug to prevent organ rejection
after transplantation. In terms of safety, its occurrence in food may raise concern on account of its
potential to predispose susceptible individuals to infectious diseases [58]. The combinations TeA +
TEN and TeA +MPA were found with a prevalence of 13.2% and 11.4%, respectively [58]. In addition,
TeA was simultaneously detected along with OTA in 7% of samples, with an apparently inverse
relationship: the higher the concentration of TeA, the lower the concentration of OTA. This might be
due to competition phenomena between mycotoxin-producing fungi or due to degrading processes, as
reported by Müller et al. [66]. They described an inverse correlation between the increase of AOH,
AME and TeA production and the decrease of Fusarium toxins (DON and ZEN) possibly due to the
degradation of the latter by Alternaria strains. In this context, in vitro studies on the synthesis of
mycotoxins during the co-incubation of Alternaria strains with other fungi may be useful to investigate
the existence of a possible mutual influence, which seems likely to exist on the basis of low level of
co-occurring mycotoxins reported so far in the literature.

As already reported in Section 2.1, food supplements might be highly contaminated by Alternaria
toxins. However, Alternaria toxins can be found in food supplements also along with other mycotoxins.
As an example, Veprikova and co-workers found 66 out of 69 samples contaminated by more than
one mycotoxin. Specifically, 58% of milk thistle-based supplements contained more than 12 different
mycotoxins simultaneously, while one of the most contaminated samples contained 14 different
mycotoxins, i.e., AOH, AME, TEN, 3-acetyl-DON, beauvericin, fusarenon-X, ZEN, HT-2 toxin, T-2 toxin
and enniatins B, B1, A and A1 [42]. The most common combinations described were ENNs + HT-2/T-2
+ AOH + AME + TEN and ENNs + AOH + AME + TEN +MPA. As a general remark, the state-of
the-art of food supplements contamination warns about a potentially dangerous scenario. Indeed,
although to date no maximum limits of Alternaria mycotoxins have been defined for food, the relatively
high concentrations of mycotoxins occasionally detected in food supplements might suggest the need
to perform dedicated risk assessment studies. Therefore, further occurrence and exposure studies have
to be done urgently paving the ground to timely enact specific regulations for food supplements.
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3. Individual Toxicity of Main Alternaria Toxins and Combined Toxicity with Other Mycotoxins
and Bioactive Compounds of Food Origin

Alternaria species may produce a huge variety of different mycotoxins showing a great variability
in terms of chemical structures [68]. AOH, AME, TeA, ALT, and altertoxins (I, II, III) are considered the
most relevant for food toxicology, taking into account their occurrence and/or toxicity. Nevertheless,
in vivo toxicological data currently available are not adequate for a proper risk assessment and,
therefore, they are not sufficient to define toxicological standard values for the establishment of
maximum limits in food and feed. At present, the only LD50 values are available, even if they refer to a
limited number of compounds (Table 3).

Table 3. LD50 values of Alternaria mycotoxins currently available.

Mycotoxin Animal Species Route of Exposure LD50 (mg/kg b.w.) Reference

AOH Mouse (DBA/2) intraperitoneal >400 1
[69]

AME Mouse (DBA/2) intraperitoneal >400 1

TeA

Mouse
intravenous

115 (female)

[70]162 (male)

oral
81 (female)
186 (male)

Mouse (ICR)

intravenous 125 (male)

[71]intraperitoneal 150 (male)
subcutaneous 145 (male)

oral 225 (male)

Rat
intravenous

157 (female)

[70]146 (male)

oral
168 (female)
180 (male)

Chicken embryo injection 548 2 [72]
White leghorn

chicken oral 37.5 3 [73]

1 LD50 values of AOH and AME were not reached at the maximum dose tested, corresponding to 400 mg/kg, 2 Unit
of measurement: μg/egg, 3 Information about sex not available.

As a general remark, except for these few mycotoxins, very few data are available for the other
members of the Alternaria mycotoxin family, which still remain largely uncharacterized in terms of
toxicity and mechanisms of action.

As already discussed, the simultaneous occurrence of more than one Alternaria mycotoxin, also in
combination with other mycotoxins produced by different fungi, is common in food. In this respect,
it is important to remark that the risk assessment of mycotoxins currently relies on single substance
effects [2,74], neglecting any possible mutual combined actions due to simultaneous exposure. These
mycotoxin-mycotoxin interactions might modify the individual toxicity of compounds, likely resulting
in a final toxic outcome different from the single compound tested alone. In addition, it must be
considered that many extra-nutritional constituents (such as bioactive food constituents) are widely
present in food, and their biological activity may also interfere with mycotoxin activity. The combined
actions can be referred to as: (i) additive effects, when the final toxicity is the sum of the individual
toxic effects of compounds; (ii) synergistic effects, when the resulting total toxicity is greater than the
sum of individual effects or iii) antagonistic effects, when the opposite is the case and the combinatory
effect is less than additive [75]. Several mathematical models and methods are commonly used to
evaluate the nature of the combined effects of toxic compounds. Among them, the most common are
the independent joint action model and the combination index-isobologram method. The first one
allows to calculate an expected additive value from the effects of the single compounds [76] that can in
turn be compared to a measured combinatory effect. The combination index-isobologram method
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allows to take into account the shape of dose-response curves when determining the type of interaction
(synergism, additive effect and antagonism) [75,77]. This is considered the state-of-the-art model;
however it can be challenging to meet the requirements to apply it.

As shown below, the evidence collected so far clearly states that synergistic effects of mycotoxins
in mixtures with other compounds (either mycotoxins or other food components) may have important
consequences on the single-compound activity. This might have an impact on the assessment of risk
related to the presence of Alternaria mycotoxins in food, which should consider the mixtures, rather
than focusing on single-compound evidences. The individual toxicity of the main Alternaria mycotoxins
and the effects of their combination with other mycotoxins or food constituents are reported in the
following sections.

3.1. Individual Toxicity of Alternaria Mycotoxins

3.1.1. Genotoxic Effects

Among the best characterized Alternaria toxins, those with genotoxic properties are considered of
most concern for human health by regulatory authorities. This particularly applies to AOH and AME,
for which the EFSA concluded that “the estimated mean chronic dietary exposures at the upper bound
and 95th percentile dietary exposures exceeded the TTC value” in their latest exposure assessment [10],
and thus called for more data regarding exposure and toxicity of those metabolites [13].

In human cells, both AOH and AME have been reported to induce DNA strand breaks in the
comet assay at concentrations ≥1 μM [78], to act clastogenic at ≥2.5 μM [79] and to possess mutagenic
potential at ≥10 μM, as measured by HPRT and TK gene mutation assays [80]. An in vivo study on
mice did not find AOH to cause systemic DNA damages in liver tissue and bone marrow [81]. However,
the authors argue that any toxicity of the substance would probably be limited to the gastrointestinal
tract due to poor bioavailability, but did not include corresponding organs in their survey.

Concerning the mechanisms of action, both AOH and AME were found to act as a topoisomerase
(TOP) poison at micromolar concentrations, affecting the activity of both TOP I and TOP II, with a
certain preference for the α isoform of TOP II [78]. Those enzymes are needed to untangle the DNA for
replication or transcription, a process which involves the induction of a transient DNA strand break
that is re-ligated at the end of the catalytic cycle. Poisoning of these enzymes by small molecules results
in a toxin-dependent stabilization of the covalent DNA–topoisomerase complex (i.e., the so-called
“cleavable complex”). Stabilization of the cleavable complex by TOP “poisons” hinders release of TOP
in the catalytic cycle and re-ligation of the DNA, thus resulting in a persistence of the initially induced
strand break. Thus, TOP poisons are commonly described to act genotoxic [82].

An additional mechanism contributing to the toxicity of Alternaria toxins is the induction of
intracellular reactive oxygen species (ROS), which indicate oxidative stress. ROS production induced
by AOH and AME might play an important role in the inhibitory effects on cell proliferation observed
in different cellular models [83,84].

Of note, ALT and iso-ALT were not found to affect topoisomerase activity [78], probably due to
their less planar structure not allowing for DNA intercalation in comparison to AOH/AME [85].

However, it was observed that extracts from cultured Alternaria strains by far exceeded
the genotoxicity of their dibenzo-α-pyrone contents [86]. This has led to the discovery of the
epoxide-carrying perylene quinone ATX-II as a major contributing factor to the genotoxicity of
naturally occurring mixtures of Alternaria toxins [87,88]. Later on, not only ATX II, but also the
structurally related STTX-III was found to be more mutagenic then AOH. Regarding their mode of
action, these mycotoxins were also found to act as inhibitors of TOPs at high concentrations. However,
their main genotoxic mode of action is thought to be the formation of DNA adducts, a hypothesis
which still awaits experimental confirmation [87–89].
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Of note, there is speculation that yet not characterized secondary metabolites might also possess
genotoxic properties, as an Alternaria extract very low on dibenzo-α-pyrones, which was additionally
stripped off ATX-II and STTX-III, still maintained substantial DNA-damaging properties [90].

3.1.2. Endocrine-Modulating and Other Toxic Effects

AOH and AME, as well as other related metabolites, were reported to elicit estrogenic effects in
cellular systems. In particular, AOH was described to be able to activate both ER-α and β but with
a greater affinity (approximately ten-fold higher) for ER-β [79,91], although the binding strength is
10,000-fold weaker than the endogenous hormone estradiol. AME was found to be slightly more
potent than AOH at 10 μM, and the methylation at the 9-OH group was thought to improve the
molecular fitting within the estrogen receptor pocket [92]. AOH was additionally found to induce
androgenic effects in the yeast androgen bioassay [93]. Recently, computational studies reported that
mutations of the androgen receptors might affect the capability of AOH to bind and possibly stimulate
the activation of receptors [94]. Moreover, increases in progesterone and estradiol levels, as well as in
progesterone receptor expression, were reported in human adrenocarcinoma H295R cells treated with
AOH, supporting its actual role as endocrine disruptor [95]. However, in naturally occurring mixtures
of Alternaria toxins, endocrine-disrupting effects of AOH and related metabolites might be “quenched”
by cytotoxic and anti-estrogenic properties of co-occurring compounds, as recently demonstrated in
Ishikawa cells [90].

In addition to the above listed toxic effects, AOH and AME were found to modulate innate
immunity in both human bronchial epithelial BEAS-2B cells and mouse macrophages RAW264.7,
through the suppression of the lipopolysaccharide-induced innate immune responses [96]. This
activity was also confirmed in THP-1 derived macrophages by Kollarova et al. [97]: AOH, in fact,
suppressed lipopolysaccharide (LPS)-induced NF-κB pathway activation, induced transcription of the
anti-inflammatory cytokine IL-10, and reduced the transcription of the pro-inflammatory cytokines
IL-8, IL-6 and TNF-α.

TeA deserves a particular mention as, unlike the other Alternaria mycotoxins, it exerts toxic
effects mainly by inhibiting the release of proteins from the ribosome. Although a low toxicity of this
mycotoxin has been reported in vitro [86,98], in vivo studies carried out on several animal models
highlighted more severe effects such as emesis, tachycardia and haemorrhages [18].

3.2. Combinatory Effects of Alternaria Mycotoxins

There are only a few studies investigating the combinatory effects of Alternaria mycotoxins, though
food may be quite often simultaneously contaminated by more than one single compound as shown,
for instance, for AOH and AME (Section 2.1). Notably, these two mycotoxins are not of particular
concern in terms of cytotoxic effects, also on account of the high concentrations required to cause
harmful effects when tested individually. However, the simultaneous exposure to AOH and AME may
have significant effects on the overall toxicity in respect to their individual testing. In more detail, their
combined effects (1:1 concentration ratio) were invested by Bensassi et al. on the human intestinal
cell line HCT-116 [99]. No significant difference in cell viability was detected at 25 μM up to 24 h
of exposure when mycotoxins were tested either individually or in combination. Conversely, both
mycotoxins reduced cell viability about 30% after 24 h of exposure when tested individually, while
they reduced viability about 50% when tested in combination. In this study, the nature of interactive
effects was described to be additive, while Fernández-Blanco and co-workers reported synergistic
effects in Caco-2 cells after 24 h of exposure to AOH and AME in a 1:1 binary combination and in a
concentration range from 3.125 to 30 μM [83]. Moreover, the AOH-AME binary combination reduced
cell proliferation to a greater extent than AOH alone at all tested concentrations, while it had greater
effects than AME alone at 15 and 30 μM. The binary mixture also caused a greater dose-dependent
reduction of cell proliferation after 48 h of incubation (in the concentration range 7.5–30 μM) than AOH
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or AME tested alone. In this case, the nature of the interactive effects was described as synergistic or
additive at small or higher fraction affected, respectively.

The effects exerted by the simultaneous exposure to AOH and the genotoxic Alternaria mycotoxin
ATX-II were investigated by Vejdovszky et al. [100] on two intestinal (HT-29, HCEC-1CT) and one
hepatic (HepG2) cell line. Seven different concentrations, ranging from 500 nM to 10 μM for ATX-II and
from 5 μM to 100 μM for AOH were tested for binary combinations (constant ratio of 1:10, ATX-II:AOH).
As a result, the HT-29 cell line was found to be the least sensitive to cytotoxic effects mediated by the two
tested mycotoxins and significant differences in cell viability were found starting from the combination
5 μM:50 μM (ATX-II:AOH). Among the different concentrations tested, the highest decrease in cell
viability observed was of nearly 40%. Notably, the cell treatment at low mycotoxin concentrations
led to an increase in mitochondrial activity in the co-treated samples. HepG2 cells were found the
most sensitive to the cytotoxic effects exerted by AOH, while HCEC-1CT cells proved to be the most
sensitive to the effects of ATX-II. Combining these two mycotoxins, an increased sensitivity to cytotoxic
effects was also found in the HepG2 cell line, leading to a reduction in cell viability starting from
the combination 1 μM:10 μM (ATX-II:AOH). Although most of the tested 1:10 combinations showed
additive effects, antagonistic effects were reported in HCEC-1CT and HepG2 cell lines, while only one of
the combinations analyzed showed synergistic effects on HepG2 cell line (750 nM ATX-II:750 nM AOH,
1:1 ratio). Modifications of microRNAs expression profile after incubation of HepG2 cells with the
mixture 10 μM AOH:1 μM ATX-II may partially explains such effects. The combined exposure caused
a significant increase of miR-224 expression after 12 h of exposure, which was no longer over-expressed
after 24 h, while miR-192 and miR-29a were respectively down-regulated and up-regulated after 24 h.
In addition, miR-29a was up-regulated also in samples treated with AOH alone, suggesting a possible
role in the up-regulation of this miRNA by the binary mixture. Interestingly, these three microRNAs
are involved in the regulation of apoptotic processes and the observed modifications led the authors to
conclude that such miRNAs may be in part involved in the antagonistic effects observed for some of
the combinations tested.

As previously described, Alternaria mycotoxins are often found in food commodities along with
Fusarium mycotoxins. In a recent study [101], the cytotoxic effects and the type of interactions of AOH
combined with Fusarium mycotoxins enniatin B and DON were evaluated after 24, 48, and 72 h of
exposure in Caco-2 cells. For binary and tertiary combinations, five different concentrations, ranging
from 0.3125 to 5 μM for enniatin B and DON, and from 1.875 to 30 μM for AOH, were tested. The
binary combinations enniatin B + AOH (1:6 ratio) led to higher cytotoxic effects compared to AOH
tested alone at all the timepoints and concentrations tested. However, no difference between enniatin B
tested alone and in mixture was observed, suggesting that the cytotoxic effects were mainly mediated
by enniatin B. With regard to the binary combinations DON +AOH (1:6 ratio), the resulting cytotoxicity
after 24 h of exposure was lower than that exerted by DON tested alone. On the contrary, an opposite
trend was observed after 48 and 72 h of exposure. As expected, the tertiary mixtures enniatin B +
DON + AOH (ratio 1:1:6) led to a greater decrease, albeit of slight intensity, of cell viability compared
to the binary combinations. Although the pattern was not uniform along the fraction affected, the
application of the isobologram analysis described the interactions in the binary mixtures as additive
and synergistic, depending on the concentrations and timepoints tested. Interestingly, the ternary
combinations showed antagonistic effects, which were described as due to competition mechanisms at
the same receptor site. In this respect, it is worth mentioning the marked diversity of these mycotoxins
in terms of chemical structures. Taking into account that the competition to the same protein site
usually requires strict conservation of key structural motifs [102], the inherent structural heterogeneity
among enniatin B, DON and AOH is not fully compatible with their capability to physically compete
with the same site. Therefore, both the molecular mechanisms and the network of biological targets
involved in such antagonistic behavior need to be precisely described to better understand the effects
of the enniatin B/DON/AOH ternary combination.
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The effects of binary and ternary combinations of AOH with the DON’s acetylated
derivatives 3-ADON and 15-ADON were also investigated on HepG2 cells up to 72 h of
incubation [103]. Constant ratios of 16:1 (AOH: 3-acetyl-ADON and AOH:15-acetyl-DON) and
16:1:1 (AOH:3-acetyl-DON:15-acetyl-DON) were chosen to test these mixtures, with concentrations
ranging from 3.2μM to 24μM for AOH, and from 0.2 μM to 1.5 μM for DON’s derivatives. Cytotoxicity
ranking was found to be the same for all tested time points (AOH+3-acetyl-DON + 15-acetyl-DON >
AOH + 3-acetyl-DON > AOH + 15-acetyl-DON) and a concentration-dependent decrease in HepG2
cell viability was found in all tested mixtures. The effects caused by binary and ternary mixtures were
described to be mainly synergistic, but some exceptions were found for AOH + 3-acetyl-DON at 72
h (where additive effects were observed at higher fraction affected), and for AOH + 15-acetyl-DON
(where additive or antagonistic effects were observed depending on the concentration and timepoint
tested).

Binary effects of TeA with the Fusarium mycotoxins enniatin B, ZEN, DON, nivalenol and
aurofusarin (AURO) were also evaluated on Caco-2 cells with two different concentration sets, named
“low concentrations” (none or slight cytotoxic effect) and “high concentrations” (pronounced cytotoxic
effect) [104]. TeA combinations at “low concentrations” of mycotoxins did not show significant
differences between the measured and expected effects (calculated on the basis of the Independent
Joint Action model). This indicates that the combinations of TeA at “low concentrations of mycotoxins”
only determined additive effects. On the contrary, binary combinations at “high concentrations” led to
lower cytotoxic effects then the calculated additive effects. Additional investigations allowed getting
more details about the type of interactions between TeA and Fusarium mycotoxins. No difference in
cytotoxicity was found in samples co-treated with enniatin B and ZEN keeping the concentration of
Fusarium mycotoxins constant (from 5 to 50 μM depending on the mycotoxin) and varying that of
TeA (from 1 μM to 250 μM). Indeed, the cytotoxicity of binary mixtures with TeA was found to be
equivalent to the toxicity of toxins tested individually. Notably, the toxic effect induced by 10μM DON
was reduced in a concentration-independent manner by the combination with TeA at concentrations
between 10 μM and 200 μM. A similar trend was found for the combination with 10 μM nivalenol,
although differences were not statistically significant. Keeping in mind that TeA and the Fusarium
mycotoxins DON and nivalenol are known to inhibit protein synthesis in vitro [104], the lower cytotoxic
effects of binary mixtures might be due to a molecular interplay at the level of protein synthesis
inhibition. Nevertheless, considering that nivalenol and DON inhibit protein synthesis by different
mechanisms (i.e., by inhibiting the initiation or elongation-termination steps, respectively) [105], the
observed effects cannot be straightforwardly explained in terms of mechanisms of action pointing out
the need of investigating further the molecular basis of such interaction. In this respect, the inhibition
of protein synthesis by TeA may modify the expression of specific factors, including metabolizing
enzymes, and consequences on the pattern of metabolites produced by cells are thought likely. This is
of particular relevance as some trichothecenes metabolites might be involved in mediating ribotoxic
effects of parent mycotoxins, as supported recently by in silico studies [106]. On this basis, TeA might
have indirect effects on trichothecenes toxicity acting on their metabolism and changing the relative
abundance of ribotoxic metabolites produced.

Recently, an interesting study was performed by Solhaug et al. that investigated the ability
of AOH, DON and ZEN in binary and tertiary mixtures to affect immune response checking the
differentiation of monocytes to macrophages [107]. The differentiation process leads to several changes,
including modifications of the expression of some cell surface markers such as CD14, CD11b and
CD71. AOH, DON and ZEN were able to modify the expression of these markers in THP-1 monocytes,
but with some differences: while AOH affected the expression of the all set of markers, DON did not
modify the expression of CD71 and ZEN altered only the expression of CD-14. Since CD-14 was the
only marker modified by all the three mycotoxins, its expression was used to evaluate the type of
interactions in binary and ternary mycotoxins mixtures by applying the “Concentration Addition”
(CA) and the “Independent Joint Action” (IA) models. Since authors did not find significant differences
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between the experimental data and the predicted models, the type of interaction was described to be
additive. Remarkably, at the lowest concentrations of the AOH + ZEN combination, the confidence
interval of the predicted CA model did not overlap with the experimental values, suggesting a possible
synergistic effect. The same results were obtained for the binary combinations through the application
of the isobologram analysis. To verify if the observed inhibitory effects of AOH, DON, and ZEN on the
up-regulation of CD14 led to a real reduction in macrophage activation, the pro-inflammatory cytokine
TNFα and its gene expression were quantified after incubation with single mycotoxins. Contrary
to what was observed for AOH and ZEN, DON induced an increased secretion of TNFα following
the increase of TNFα gene expression, in spite of its inhibitory action on the up-regulation of CD14.
The expression of NF-kB, a protein complex involved in TNFα expression, might provide a plausible
explanation to these differences. Indeed, ZEN was reported to reduce the expression of NF-kB [108],
and, recently, also AOH showed the ability to suppress the lipopolysaccharide-induced NF-kB pathway
activation, resulting in the reduction of TNFα [97]. In contrast, DON was found to induce both NF-kB
activation and TNF-α expression, but the signaling pathway was different from those activated by
ZEN and AOH [109].

3.3. Combined Effects with Bioactive Food Constituents

Beside the combined action of the different members of Alternaria mycotoxins group, also in
combination with mycotoxins produced by fungi other than Alternaria, it is important to take into
consideration even the complex interactions that these mycotoxins may have with the other bioactive
compounds of food origin.

In this contest, Vejdovszky et al. recently investigated the combinatory estrogenic effects of the
isoflavone genistein (GEN) in combination with ZEN and AOH [110]. To elucidate the combinatory
effects, the human endometrial adenocarcinoma Ishikawa cell line was chosen as a model system and
the phosphatase alkaline (ALP) activity assay was used to measure estrogen receptor activation. The
xenoestrogens under investigation were tested at different concentrations (ranging from pM to μM)
after 48 h of incubation. All of them increased the ALP activation when tested individually, with the
following order of potency in terms of EC50: E2 (17β-estradiol; used as positive control) > ZEN > GEN
> AOH. Moreover, these xenoestrogens did not only differ in terms of potency, but also in terms of
efficacy as none of them (at any concentration) was able to determine the same effects induced by 1 nM
E2. A possible explanation for this finding is that AOH, ZEN and GEN might act as partial agonists.
The lower capability to satisfy the pharmacophoric requirements of estrogen receptors pockets in
comparison to E2 [111,112] might provide a structural rational to explain such evidence. With regards
to binary mixtures of GEN with ZEN or AOH, some of them resulted in significantly higher effects than
the respective compounds tested individually, clearly pointing out the existence of synergistic effects.
However, combinations of GEN-AOH activated ALP to a lower extent than ZEN-AOH mixtures. It
must be highlighted that in many studies ZEN was found to be more estrogenic than AOH, and this
could partly justify the lowering of estrogenic effect observed in combinations [110]. In addition, while
the authors noted the preference of AOH and GEN to ERβ, ZEN was previously described with a
higher affinity for ERα [113]. The simultaneous activation of both α and β estrogen receptor isoforms
in the ZEN-GEN and ZEN-AOH binary mixtures may explain the stronger synergistic effects observed.
Although some GEN-AOH combinations showed synergistic effects, other combinations at very low
doses led to antagonistic effects. Indeed, anti-estrogenic effects were found testing the combination
0.001 μM GEN-0.1 μM AOH and observing a reduction of ALP activation (10.9%) compared to the
control (vehicle). A subsequent more-in-depth analysis of the combinatory effects, performed through
the combination index and the isobologram method, allowed to determine the type of interactions
occurring in the different combinations. Both methods showed that the combinatory effects of GEN
and ZEN in the constant ratio of 1000:1 were mainly synergistic and, only at very low or very high
effect levels, additive or antagonistic effects were observed. In the constant ratios of 100:1 and 10:1, the
substances led to a strong antagonism at low effect levels, and to a strong synergism at higher effects.
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Comparable outcomes were reported for the 1:10 GEN:AOH ratio (which showed antagonistic or
synergistic effects at low or high effect levels, respectively), while the 1:5 combination ratio determined
mainly antagonistic effects. Additionally, the 1:1 GEN:AOH ratio resulted in the onset of synergistic
effects up to about 65% of the maximum ALP activation observed (E2 1nM). Above, additive or
antagonistic effects were observed depending on the concentrations tested. Thus, the nature of the
interactions seemed to depend on both the ratio of substances and the specific concentrations tested.

It was also established that AOH is able to cause oxidative stress and to exert genotoxic effects in
different cellular models, mainly by acting as a topoisomerase poison [78]. Aichinger et al. investigated
the effects of AOH in combination with the two polyphenols GEN and delphinidin (DEL) [114].
These two compounds are known for their antioxidant effects at specific concentrations, although
pro-oxidant effects at certain concentrations were also demonstrated [115,116]. Both GEN and DEL
were found to interact, albeit with different mechanisms, with topoisomerases: while GEN usually
acts as a topoisomerase poison, turning the enzyme into a DNA-damaging agent, DEL acts as a
catalytic inhibitor of topoisomerase hindering the formation of the TOP-DNA intermediate. Therefore,
considering both the antioxidant effects and the interaction with the topoisomerases, a modification
of the effects induced by AOH may be expected when the mycotoxin is combined with these two
polyphenols. Preliminary investigations on the combinatory cytotoxic effects were conducted in
HT-29 colon carcinoma cells with concentrations ranging from 1 to 100 μM (1:1 ratio): cytotoxicity
was observed starting from 25 μM for AOH and GEN, and from 50 μM for DEL. Both AOH/GEN
and AOH/DEL combinations led to cytotoxic effects starting from 25 μM (1:1 ratio) and the type
of interactions was described as synergistic, with a tendency to lose synergism when increasing
cytotoxic effects. DNA strand breaks and oxidative DNA damages of the combinations of AOH
(50 μM) with DEL (10–100 μM) or GEN (25–250 μM) were evaluated by performing an alkaline comet
assay with or without treatment with formamidopyrimidin-DNA-glycosylase (FPG). When combined,
DEL and AOH showed marked antagonistic effects at 50 μM in the FPG-untreated samples, while
lower oxidative DNA damages were observed at 25 and 100 μM. Similar results were found for the
combination AOH/GEN at 25 and 100 μM, which showed a lower oxidative damage than AOH tested
individually. The authors also evaluated the influence of the co-incubations on the stabilization of
the topoisomerases/DNA intermediate (the so-called “cleavable complexes”), which is typically due
to the action of topoisomerase poisons (such as AOH). The AOH/GEN combination did not increase
the formation of cleavable complexes, rather an antagonistic effect was found at the highest GEN
concentration tested (100 μM). Antagonistic effects were also found in AOH/DEL combinations starting
from 25 μM. These results were partially attributed to the dual anti-oxidant or pro-oxidant properties
of the polyphenols. In this respect, simultaneous short-time incubations with AOH and DEL led to
a reduction of AOH-induced ROS generation at concentrations of DEL starting from 1μM. On the
contrary, GEN induced oxidative stress per se and did not suppress the pro-oxidative effects induced
by AOH. Moreover, 24-h pre-incubations with polyphenols followed by incubation with AOH, did
not result in any change in pro-oxidant effects of AOH. This evidence led to exclude any possible
modulations of anti-oxidant defense systems as a mechanism underlying the observed antagonistic
effects. Therefore, direct anti- or pro-oxidant activities are reasonably as the base of the effects observed
during the co-incubations with DEL and GEN. On this basis, DEL could help in preventing the
genotoxic effects of AOH, but, considering the low systemic bioavailability of DEL, these protective
effects may be limited to the gastrointestinal tract only [117,118].

The same authors also investigated the effects of DEL in combination with ATX-II, one of the most
genotoxic Alternaria toxins [119]. As reported for the combination with AOH, DEL reduced both DNA
strand breaks and oxidative damage in HT-29 cells after short-time co-incubation with ATX-II. The
type of interaction was found to be antagonistic according to the applied “independent joint action”
model. The production of ROS induced by 10 μM ATX-II was also reduced by DEL in concentrations
from 1 μM to 100 μM, but these reductions cannot fully explain the huge reduction of genotoxic effects
observed following the co-incubation with DEL. Indeed, no increase of ROS production was observed
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at the concentration of ATX-II used in the comet assay (1 μM). In cell-free conditions, a reduction of
the concentration of ATX-II was found upon co-incubation with DEL. The authors suggested that
DEL, after being degraded to phloroglucinol aldehyde (PGA) and gallic acid (GA), might react with
ATX-II neutralizing its epoxy group, which is the reactive chemical moiety presumably responsible for
genotoxicity. Considering the hypothesis that PGA can react with ATX-II, it is important to underline
that the reduction of adverse effects of this mycotoxin may actually occur in subjects that follow diets
with a high content of anthocyanins as they are prone to release PGA during digestion.

In the context of the evaluation of combinatory effects between Alternaria toxins and bioactive
compounds of food origin, polyphenols represent a class of compounds of great interest since they are
widely distributed in those food categories which are prone to contamination with Alternaria mycotoxins.
Quercetin (QUE) is one of the most abundant flavonoids in human diets. QUE has been previously
associated to several potential health benefits mainly related to its antioxidant properties, although
pro-oxidant effects at certain concentrations have also been described [120]. The potential ability of
QUE to reduce the cytotoxicity of AOH and AME was investigated by Fernàndez-Blanco et al. [83].
Although cytoprotective effects were attributed to QUE [121], simultaneous exposure of Caco-2 cells to
AOH and QUE (at concentrations ranging from 3.125 to 100 μM) did not result in any cytoprotective
effect. In particular, no significant differences were found between the QUE-AOH combination and
AOH tested alone after 48 h of exposure. However, the combination significantly affected cell viability
at 24 h of treatment in comparison to AOH tested alone. Similarly, no difference between the binary
combinations QUE + AME and AME tested alone were detected and, additionally, no cytoprotective
effect was found in the tertiary combination AOH + AME + QUE at any of the tested concentrations.
Therefore, QUE was not effective in reducing the effects of AOH and AME.

Possible cytoprotective properties of food components against the effects of AOH were also
evaluated by Vila-Donat et al. in Caco-2 cells [122]. Keeping in mind that AOH may contaminate
legumes (including soybeans and lentils), the authors investigated the effects of AOH in combination
with soy saponin I (Ss-I), which was previously found to possess antioxidant activity, or with a lentils
extract. In particular, the authors used two different approaches to evaluate the effects of Ss-I and
lentil extract: (i) the first one consisted in pre-treating cells with Ss-I (6.25 μM) or with the extract, and
then refreshing the growth medium and testing different dilutions of AOH (ranging from 3.125 to
50 μM); (ii) the second approach aimed at evaluating the combinatory effects and the type of interaction
co-incubating AOH with Ss-I or lentil extract. By using the first approach, no differences were found
between samples pre-treated with Ss-I and samples treated only with AOH. As an exception, the
highest AOH concentration tested (50 μM) caused an increase in cell viability in the pre-treated samples.
In contrast, co-treatments with AOH + Ss-I (1:1 ratio) above 6.25 μM resulted in an increase in cell
viability compared to AOH tested alone. These results suggested that Ss-I likely acted via a direct
interaction rather than modulating intracellular defense systems. With regard to cytoprotective effects
of the lentils extract, only one single combination was tested and about 30% increase in cell viability
was found in comparison to AOH tested alone.

4. The Key Role of Bioactive Compounds

Food is a complex matrix composed by macro- and micro-nutrients, containing also a huge
number of non-nutrient compounds that may exert several biological activities. These compounds
can interfere at different levels with mycotoxin activities. For instance, they can: (i) activate or inhibit
enzymes involved in the metabolism of xenobiotics; (ii) act as anti-oxidant or pro-oxidant compounds;
(iii) act as receptor agonists or antagonists targeting, in some cases, the same biological targets of
mycotoxins; (iv) modify the expression of genes encoding proteins involved in the regulation of
important physiological functions. On this basis, bioactive compounds of food origin may determine
the onset of additive, synergistic or antagonistic effects when combined with Alternaria mycotoxins.
Keeping in mind that the application of mitigating strategies along the food chain are supposed
to progressively reduce the dietary exposure to toxicants, the assessment of combinatory effects
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of mycotoxins with other food constituents will be the most accurate and realistic, but also highly
challenging tasks to achieve in the next decades. The challenge will be even harsher taking into account
that many food constituents potentially interplaying with mycotoxins are generally recognized as
health promoting (i.e., polyphenols) and the consumption of foods rich in such compounds is typically
recommended in healthy diet habits. In this framework, this section focuses on the modulation of
Alternaria mycotoxins toxicity by bioactive compounds.

One of the best characterized toxicological endpoints of Alternaria mycotoxins likely affected by
food constituents is the estrogenic activity. As a matter of fact, estrogenic and anti-estrogenic effects of
bioactive compounds might markedly modify the overall estrogenicity of the Alternaria mycotoxins
AOH and AME. In terms of risk characterization, this might change the toxicological relevance of such
mycotoxins case by case, though they show a weak estrogenicity per se, depending on the composition
of chemical mixtures in given foods. In this respect, foods prone to Alternaria contamination with a
high content of potentially interfering constituents (e.g., polyphenolic phytoestrogens) are legumes
(especially soy) and some alcoholic beverages (especially wine and beer). In particular, soybeans and
derived products are among the richest dietary sources of phytoestrogens, and many of the isoflavones
of soy (including genistein, daidzein, glycitein, and coumestrol) induce estrogen-receptor dependent
estrogenic stimuli [123]. As a matter of fact, combinations of GEN-AOH at specific concentrations have
been demonstrated to determine synergistic or antagonistic effects in Ishikawa cell line [110]. Similarly
to soybeans, hops used to produce beer is characterized by the presence of some prenylflavonoids (e.g.,
naringenin, 8-prenylnaringenin, 6-prenylnaringenin, 6,8-diprenylnaringenin, and 8-geranylnaringenin)
that are potent phytoestrogens with a dual effect being able to bind both estrogen receptor isoforms
and to inhibit specific enzymes involved in the estrogenic cellular responses [124,125]. In this context,
Aichinger et al. [126] demonstrated the ability of the phytoestrogens from hops xanthohumol and
8-prenylnaringenin to antagonize the estrogenic effects of the Fusarium mycotoxins ZEN and α-ZEL.
Therefore, possible interactions can be expected also in combination with the estrogenic Alternaria toxins
AOH and AME. Other important food constituents able to modulate estrogen receptor activity are
resveratrol and β-sitosterol, whose primary dietary sources are peanuts, grapes, and wine. Resveratrol,
in particular, may exhibit a super-agonist activity inducing a stimulation higher than the endogenous
ligand 17β-estradiol in estrogenic gene report assay, even if anti-estrogenic effects were found in the
MCF-7 cell line [127]. Although evidences have been not yet collected, these compounds are likely to
affect the estrogenicity of Alternaria mycotoxins.

Another focal point of the cross-talk between mycotoxins and food components that requires
further investigations is the modulation of the aryl hydrocarbon receptor (AhR) [128]. The cascade
of events following the activation of AhR is of particular interest in toxicological investigations as it
modulates the expression of genes involved in detoxification and transport of various xenobiotics,
including the expression of cytochrome P450 family members. Interestingly, AOH and AME were
able to bind and activate AhR, causing the increase of CYP1A1 expression and promoting their own
metabolism [129]. This process was not affecting the mycotoxin-dependent production of ROS in
murine hepatoma cells (Hepa1c1c7). In addition, the authors showed that mycotoxins reduced the
number of cells via an AhR-independent process, although the apoptotic phenotype was found only
in cells with functional AhR and ARNT [129]. With regard to the ability of AOH to suppress the
lipopolysaccharide-induced inflammation previously mentioned, Grover & Lawrence did not find any
correlation between AOH-mediated AhR activation and the suppression of the inflammation found in
BEAS-2B cells [96]. Thus, despite the increased metabolism of AOH and AME, AhR activation does
not seem to raise much concern for ROS production, cytotoxic and immunosuppressive effects, further
studies are needed to determine the toxicity of hydroxylated metabolites (e.g., estrogenic properties).
In particular, Dellafiora and co-workers showed that hydroxylated forms of AOH and AME cannot
interact with estrogen receptors in vitro, pointing to the relevance of phase-I metabolism to modify the
toxicodynamic of these mycotoxins. However, methylation of respective catecholic metabolites might
reactivate the estrogenic potential [92].
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Besides AOH and AME, many food constituents have been described to activate or inhibit
AhR. Thus, they are likely to interfere with the ability of AOH and AME to bind AhR and/or
with the metabolic processes following the activation of AhR. Foods consumed worldwide such
as potatoes, cruciferous, bread, hamburgers, and citrus juices were investigated for the presence of
natural AhR-agonists (NAhRAs) [128]. Among these, indole-3-carbinol, and many polyphenols and
furocoumarins were found to be responsible for the activities shown by cruciferous vegetables (Brussels
sprouts, broccoli, cabbage) and citrus juices, respectively. On the contrary, the activation of AhR
induced by the baked or fried foods tested is thought due to secondary chemicals originating from the
high-temperature processing, such as polycyclic aromatic hydrocarbons (PAHs), heterocyclic amines or
Maillard products [128]. In addition, many dietary flavonoids showed a significant context–dependent
AhR agonist or antagonist activities, depending on the concentration and cell types tested [130]. As an
example, galangin, GEN, daidzein, and diosmin were found to be AhR agonist only in Hepa-1 cells,
while cantharidin acted as an agonist only in human HepG2 and MCF-7 cells. On the contrary, AhR
antagonist activities were shown both in MCF-7 and HepG2 cells by luteolin, while the antagonistic
activity of kaempferol, quercetin and myricetin was strictly dependent on the cell context [130]. Many
other flavones, flavonols, flavanones, isoflavones, and catechins also showed a high affinity to the
AhR at dietary exposure levels [131]: apigenin, luteolin, quercetin, kaempferol, and myricetin were
found to inhibit the activation of AhR induced by the most potent AhR activator identified so far
(2,3,7,8-tetrachlorodibenzo-p-dioxin at 5 nM in MCF-7 cells) [131]. Taken together, these findings
suggest that the AhR-dependent effects of food constituents strongly depend on both the chemical
environment (which may significantly change among the different type of food) and on the cell type
tested. Therefore, both the metabolism of Alternaria mycotoxins in vivo and their ability to modulate
AhR could change depending on the food-specific chemical mixture.

An additional noteworthy activity of AOH and AME common with a number of food components is
the capability to poison topoisomerases. In particular, many food bioactives naturally occurring in fruits,
vegetables and legumes have been shown to affect the activity of both topoisomerase I and II. Taking into
consideration that some Alternaria mycotoxins exert important genotoxic effects via either the inhibition
or poisoning of these enzyme (see Section 3 for further details), the co-occurrence of other compounds
targeting topoisomerases may reasonably change the overall topoisomerase-dependent genotoxic
effects of Alternaria mycotoxins. Several studies demonstrated the ability of some polyphenols to poison
topoisomerase I and/or topoisomerase II, albeit their specific mechanism of action has been poorly
investigated. Kaempferol and quercetin were reported to be, at specific concentrations, non-covalently
binders of topoisomerase IIα, while myricetin showed the ability to covalently bind to topoisomerase IIα
and cleaving DNA in a redox-dependent way [132]. Additionally, the flavonoids quercetin, myricetin,
fisetin, and apigenin were highlighted by other authors as poisons of topoisomerase I [133], whilst
genistein, daidzein, biochanin A, chrysin, have shown poisoning effects also against topisomerases
II [134]. Interestingly, genistein and especially delphinidin (that acts as catalytic topoisomerase
inhibitor) were found to protect cells from AOH-induced genotoxicity [114]. Grapes and red wines are
characterized by a large amount of resveratrol, belonging to polyphenols’ stilbenoids group, which
has always been regarded to have beneficial effects thanks to its manifold activity. Nevertheless, the
capability to establish non-covalent cross-linking interactions with both topoisomerase II and DNA
leading to cell death was described too [135]. An influence of these compounds on poisoning and/or
inhibition of topoisomerases by Alternaria mycotoxins, also diversifying the outcomes in vivo in a
mixture-dependent way, appears therefore to be possible.

On the basis of the data reported above, Alternaria mycotoxins and a wealth of food constituents
may interfere to each other, mutually influencing their final effects. Moving further steps toward a
more precise molecular-oriented understanding of the food-specific and mixture-dependent outcomes
in vivo will allow mapping those categories of food might pose a higher risk for specific toxicological
endpoints. In the near future, adopting such an approach will effectively pave the ground to set
personalized risk/benefit assessment studies of food prone to be contaminated by Alternaria mycotoxins.
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5. Conclusions and Future Perspectives

Alternaria mycotoxins are frequently occurring in various fresh and processed foods such as
cereals, fruits, vegetables, nuts, fruit and vegetable juices, seeds and oils. In many cases, contaminated
foods have been found to simultaneously contain more than one Alternaria mycotoxin. In addition, the
co-occurrence of Alternaria mycotoxins along with Fusarium, Penicillium and Aspergillus mycotoxins
is also well documented, though not routinely checked. In addition, mycotoxins co-occur with the
huge number of food constituents inherently present in contaminated foods. Notably, a growing
number of data pointing to significant effects of chemical mixtures of mycotoxins in combination
with each other or with food components is available. On this basis, a more precise description of
mycotoxin contamination in food, detailing both the co-occurrence of mycotoxins and the types of
co-contaminated food categories, is urgently required to better support risk assessment studies.

In this respect, the current risk assessment of mycotoxins is mostly based on human exposure
data and animal toxicity evidences of individual compounds, while the evaluation of possible effects
due to chemical mixtures is only occasionally assessed. Studies on the combinatory effects of different
Alternaria mycotoxins, also in combination with other mycotoxins, have already shown that the
co-exposure may result in either additive, synergistic, or antagonistic effects, depending on the doses,
time of exposure or type of combinations assessed. In addition, recent findings have shown that
mycotoxins may interplay with other food constituents, with different outcomes depending on the
nature of combinations tested. Taken together, these results show that the toxicity of mycotoxins
may significantly change depending on the composition of chemical mixtures, whereby not only
co-contaminants but also food bioactives might act as contributors. This evidence pointed out the need
to carefully check the multiple co-occurrence of mycotoxins, also in combination with the other food
constituents. On the other side, it is crucial to characterize the effects the various combinations with
the other food constituents may cause on the toxicity of mycotoxin mixtures. However, the evaluation
of combinatory effects is not easy to perform since the toxic action exerted by individual mycotoxins is
often strictly dependent on the cellular model and the concentrations tested. In addition, the use of
different cellular models and different tested concentrations makes the inter-laboratory comparison of
results difficult. Moreover, from a practical point of view, the number of food constituents possibly
co-occurring with mycotoxins and potentially able to modulate their toxicity is so huge to make
the systematic assessment of any possible combination unaffordable. Therefore, the definition of a
consensus to define the combinations that really deserve investigations is strongly suggested. From a
toxicological point of view, the use of the Adverse-Outcome-Pathway (AOP) approach or the adoption
of grouping criteria, such as read-across methodologies or other computational-based categorizing
methods, might provide a convincing rational to support the early definition of combinations to be
tested. Moreover, in order to improve the interpretability of the data, homogeneity in the expression of
the results, as well as in the tested concentrations, used cellular models, and applied methods, should
become a common objective for researchers dealing with these issues in the future.

In summary, Alternaria toxins in food are not yet regulated mainly as a consequence of the shortage
of toxicological occurrence and exposure data. A more in-depth elucidation of their toxicity, taking
into account the effects of chemical mixtures, will ensure a more precise evaluation of their effects
on human health eventually resulting in a more reliable assessment of risks with an overall lower
degree of uncertainty. In this framework, this review collected the main data available so far in terms
of occurrence and combined actions of Alternaria mycotoxins and it highlighted that chemical mixture
may significantly change the individual toxicity of mycotoxins. Notably, most of the combinations
found naturally in food still need to be tested in terms of toxicity. Therefore, it is hard to infer with
precision the actual toxicological effects due to the consumption of food contaminated by Alternaria
mycotoxins. Nonetheless, the data presented here may serve as a ground to design further studies to
deepen the knowledge about the toxicity of this class of mycotoxins and to support the assessment of
risk taking into account the actual role of chemical mixtures. The proposed paradigm can be logically
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extended to the risk assessment of other mycotoxins, as the relevance of mixtures has been described
also for other classes of mycotoxins.
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