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Abstract
Alternaria mycotoxins are emerging contaminants frequently detected in food
products and threaten human health. This systematic review aims to provide
an up-to-date overview of scientific data and knowledge and gaps therein of
natural occurrence, toxicological effects, dietary exposure, and prevention and
control management of Alternaria mycotoxins in food and feed. A systematic
review has been performed, using the databases Scopus and PubMed, retriev-
ing relevant scientific papers published in English from 2011 to 2024. Alternaria
mycotoxins are widely present in various food and feed products, with tomatoes
and cereals being the most contaminated products. From the Alternaria myco-
toxins, tenuazonic acid (TeA) and alternariol were reported with the highest
detection rate and concentrations. Identified toxicological effects vary between
the different Alternaria mycotoxins and include carcinogenicity, immune toxi-
city, cytotoxicity, and genotoxicity. Dietary exposure assessments for Alternaria
mycotoxins have been conducted in several countries but vary in their scope. The
calculations and risk values suggest that exposure of children to TeA via their
diet is close to their tolerable daily intake. A similar finding has been reported
for exposure of adults to alternariol and alternariol monomethyl ether via food
consumption. Most Alternaria mycotoxins are heat-stable and cannot easily be
removed during food processing; therefore, prevention and control measures
for Alternariamycotoxin contamination in food and feed are crucial. Fungicide
and biocontrol applications have been shown effective in reducing Alternaria
fungal growth and toxin production, and the development of predictive models
may be promising. Collectively, they can contribute to mitigating the impact of
Alternariamycotoxins on human health.
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1 INTRODUCTION

Alternaria species are typically saprophytes, often found
in soil or decomposing plant tissues (Thomma, 2003).
Most Alternaria species can produce over 70 different
secondary metabolites, part of which include mycotox-
ins that are harmful to both humans and animals.
In 2011, the European Food Safety Authority (EFSA)
proposed several Alternaria mycotoxins to be of food
safety concern, including alternariol (AOH), alternar-
iol monomethyl ether (AME), altertoxins (ATXs), ten-
toxin (TEN), tenuazonic acid (TeA), and altenuene (ALT)
(EFSA, 2011).
Alternaria mycotoxins have been reported in a vari-

ety of food and feed products, such as fruits, grains,
vegetables, processed food, coffee, animal feed, and alco-
holic beverages (Burkin & Kononenko, 2015; Delgado
& Gómez-Cordovés, 1998; Gruber-Dorninger et al., 2017;
Zhao et al., 2015). Tomato products are particularly sus-
ceptible to being contaminated by Alternaria mycotoxins
due to their high water content, pH, and nutrient levels
that are suitable for the growth of Alternaria species and
subsequent mycotoxin production. Research on the toxi-
cological effects of Alternaria mycotoxins is ongoing, and
it is clear that—based on the results—mycotoxins can be
divided into two groups. One group consists of genotoxic
substances, represented by AOH, AME, and ATXs, which
act at the DNA level and have been demonstrated to cause
DNA damage in various cell lines, such as Caco-2, HepRG,
and HT29 (Aichinger et al., 2018; Fernández-Blanco et al.,
2016). The other group consists of non-genotoxic sub-
stances represented by TeA and TEN, which have been
found to cause cytotoxicity under in vitro conditions.
Currently, there are no legal limits for the presence of
Alternaria mycotoxins in food and feed products world-
wide. Only the European Union has published guidelines
for the maximum allowable concentration of AOH, AME,
and TeA in specific food products (EU, 2022).
Alternaria mycotoxins have a stable chemical structure

and, hence, are difficult to reduce or eliminate during
food processing. Additionally, Alternaria species are plant
pathogens commonly found in Solanaceae plants, such
as tomatoes, potatoes, and peppers. Early blight disease,
caused by Alternaria species, is one of the most common
tomato plant diseases, resulting in production losses from
35% to 78% and decreasing food quality through subse-
quent mycotoxin production (Barkai-Golan, 2008; Grigolli
et al., 2011; Zubrod et al., 2019). Therefore, it is important to
effectively control plant infection with Alternaria species
and the subsequent production of mycotoxins. Traditional
management strategies, such as the use of fungicides
and biological control, can effectively reduce Alternaria
species infection and ensure yield (Leiminger et al., 2014;

Raymaekers et al., 2020). Additionally, predictive models
focusing on fungal infection ormycotoxin production have
been introduced as supportive tools for decision-making
to control plant diseases and reduce the production of
harmful metabolites such as mycotoxins (Casu et al., 2024;
Marín et al., 2021). In addition, adhering to good agricul-
tural practices during the cultivation process and applying
proper post-harvest control strategies, such as those related
to storage conditions, and implementing Hazard Analysis
and Critical Control Point systems can also help manage
contaminations (Al-Dairi et al., 2023; Schmidt et al., 2018).
Although EFSA raised concerns about Alternariamyco-

toxins in food back in 2011, to date, there is no comprehen-
sive overview of the state-of-the-art insights intomanaging
such food safety risks. This study aims to provide a com-
prehensive synthesis of the scientific literature on natural
occurrence, toxicological effects, dietary exposure assess-
ments, and prevention and control measures of Alternaria
mycotoxins in food and feed products. A systematic lit-
erature review procedure was applied for each of those
four aspects, and a meta-analysis was conducted for two of
them, being the reported Alternariamycotoxin concentra-
tions and dietary exposure assessment results in food and
feed products.

2 METHODOLOGY

2.1 Search strategy

A systematic literature search was conducted to identify
peer-reviewed articles published between 2011 and 2024.
The search was conducted using the online databases
PubMed (National Library of Medicine, NIH, Bethesda,
MD, USA) and Scopus (Elsevier B.V.). The search strategy
covered four domains relevant to Alternaria mycotoxins,
including natural occurrence in food and feed products,
toxicological effects, dietary exposure assessment, and pre-
vention and controlmeasures. Table S1 provides the search
terms and corresponding results for each of these four top-
ics. Only English documents were included, and patents,
conference abstracts, conference communications, and
letters were excluded.
The procedure for collection of results is outlined

in Figure 1. All articles meeting the selection criteria
were gathered and organized using Endnote after hav-
ing removed duplicates. The screening process involved
two steps. First, articles were reviewed based on title,
keywords, and abstracts, and search outcomes were cate-
gorized as relevant, potentially relevant, and non-relevant
based on the predefined exclusion criteria. These included:
no patents, conference abstracts, conference communica-
tion and letters, and non-English written articles. Sub-
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F IGURE 1 Systematic literature review selection process
performed in this study.

sequently, the articles falling within the relevant and
potentially relevant categories were read in full to identify
the final selected articles.

2.2 Data analysis on Alternaria
mycotoxin occurrence and dietary exposure
assessment in food and feed products

A data analysis was conducted to assess the natural occur-
rence and dietary exposure associated with Alternaria
mycotoxins in food and feed products. Data on the natural
occurrence were manually extracted from selected arti-
cles (listed in Table S2), being concentration data (either
specific values, such as average and median values, or
ranges) for one or more Alternariamycotoxins in different
food and feed products. In order to compare the presence
of different Alternaria mycotoxins in fresh and processed
tomatoes and cereals, the average concentrations of posi-
tive samples for each of fresh and processed tomatoes and
fresh and processed cereal products are selected and plot-
ted using GraphPad Prism (9.5.0). Regarding the dietary
exposure assessment, all estimated probability intake val-
ues (probable daily intake [PDI]) and referred safety dose
values (threshold of toxicological concern [TTC]) were
summarized, and corresponding risk values, hazard quo-
tients in percentage (HQ%), were calculated (Equation 1)
to provide an overview of health concerns related to dietary

exposure to Alternariamycotoxins via food consumption:

HQ% =
PDI

TTC
× 100 (1)

When the HQ% is less than 100, the dietary risk is
considered acceptable. Otherwise, it indicates a potential
public health risk related to the intake of the contaminant
(HQ% > 100).

3 RESULTS

3.1 Overall results

Applying the search strategy as described in Section
2.1, in total 106, 79, 29, and 108 articles were included
for, respectively, natural occurrence, toxicological effects,
dietary exposure assessment, and prevention and control
measures of Alternariamycotoxins (Table 1).
Selected articles were classified based on the geographi-

cal location of the conducted study (Figure 2). This figure
also presents the numbers of articles for the different topics
(Figure 2). The natural occurrence of Alternaria mycotox-
ins in food and feed products is a global concern, with
European countries reporting the highest number of cases.
This is probably due to the EFSA designating Alternaria
mycotoxins as potential food hazards in 2011 and calling
formore data to support risk assessment (EFSA, 2011). Sub-
sequently, an increasing number of reports have emerged
from Asia, particularly China, regarding the presence of
Alternariamycotoxins in tomato and cereal products. This
can be explained by China being a major producer of
tomatoes and cereals. Given many of these products are
exported to Europe, there is a need to meet the require-
ments of the importing countries, driving monitoring and
reporting in China (to ensure compliance with the EU’s
food safety standards for Alternaria mycotoxins), leading
to an increase in detected occurrences in Chinese tomato
and cereal products (FAOSTAT, 2022). Notably, only a few
studies have reported the presence of Alternaria myco-
toxins in food products from the Americas, with 90% of
the data coming from South America. No reports have
been found from theUnited States, likely because the Food
and Drug Administration does not consider Alternaria
mycotoxins a health threat to the United States, resulting
in no legislative efforts and thus less frequent monitor-
ing and research targeting these mycotoxins. Additionally,
the local growing climates are unsuitable for Alternaria
species to survive, or the effective control of them through
long-term use of fungicides and good agricultural prac-
tices. As a result, there have beenno large outbreakswithin
the years covered by the literature review, leading to a
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TABLE 1 The number of selected studies (references) for each reviewed topic (natural occurrence, toxicological effects, dietary exposure
assessment, and prevention and control measures) based on the search strings listed in Table S1.

Search result Natural occurrence
Toxicological
effects

Dietary exposure
assessment

Prevention and
control measures

All results 751 229 169 264
After removal duplicates 544 185 144 180
After title and abstract screening 198 111 51 122
Final selection 106 79 29 108

F IGURE 2 Number of selected articles, with region of study,
per review topic.

lack of research attention on this topic. Furthermore, only
one study detected Alternariamycotoxin concentration in
food products in Oceania, likely for reasons similar to
those in North America, indicating that Alternaria myco-
toxins have not yet gained notable attention from local
governments or research institutions on this continent.
Regarding the toxicological effects of Alternaria myco-

toxins, nearly half of the studies originate from Europe,
which might be because of EFSA’s data call on Alternaria
mycotoxins to support risk assessment. Sufficient funding
and support from the EU for food safety and toxicol-
ogy studies might be another reason for this focus (Stelzl
et al., 2023). In terms of dietary risk assessment, the num-
ber of selected articles is lower as compared to the other
three review topics. Most of the exposure data comes from
Europe and Asia, consistent with the natural occurrence
data, which is logical because natural occurrence data are
an essential part of dietary exposure assessment.
For the prevention and control measures, most selected

articles are from Asia, particularly India, focusing mainly
on tomato cultivation. This emphasis likely stems from
India’s status as a major global tomato producer and the
substantial threat posed by Alternaria species, which can
cause early blight diseases that severely impact crop yield
and quality, leading to economic losses (Mugao, 2023). Fur-
thermore, the high humidity in Indian tomato-growing
regions fosters an ideal environment for fungal growth,

driving extensive research and management strategies to
controlAlternaria species infections and reduceAlternaria
mycotoxin contamination (Khapte et al., 2022). Interest-
ingly, based on the selected articles, there are no studies
from Oceania and North America focusing on the pre-
vention and control of Alternaria mycotoxins, which are
consistent with the lack of occurrence data from these two
continents.

3.2 Natural occurrence of Alternaria
mycotoxins

An overview of Alternaria mycotoxin occurrence results,
based on the selected articles, is presented in Table S2. It
summarizes, per Alternaria mycotoxin, the reported con-
centrations, analytical methods used, sample size, and
research site of Alternaria mycotoxins in various food
or feed products. Liquid chromatography with tandem
mass spectrometry (LC–MS/MS) is the predominant ana-
lytical technique used to quantify Alternaria mycotoxin
concentrations in food and feed products, even though
no inclusion or exclusion criteria were applied to the
analytical methods used in our literature search.
Globally, Europe and Asia have the highest number of

research articles on the occurrence of Alternaria myco-
toxins in food and feed products, followed by Africa, the
Americas, and Oceania. Among these continents, Italy,
China, South Africa, and Argentina are the countries
providing the most data on Alternaria mycotoxin concen-
trations. Interestingly, as time progresses, an increasing
number of reports on Alternaria mycotoxins are emerg-
ing, with both the overall sample size and the number
of positive samples rising, signifying a growing focus
on mycotoxin contamination. Nevertheless, the enhance-
ment of the detection methods may have resulted in a
greater sensitivity of the detection limit, thereby caus-
ing an increase in the number of concerns. Figure 3
presents the top 10 food products mostly investigated for
the presence of Alternaria mycotoxins, with the num-
bers of articles presented with the bars. Among all
food and feed groups, fruits and their derived products
have been analyzed most, with AOH and TeA being the
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F IGURE 3 The number of articles reporting on the presence
of Alternariamycotoxins in various food and feed groups.

most frequently detected Alternaria mycotoxins. Next are
cereal and cereal-based products, followed by juices and
beverages. Notably, 15 studies have investigated and
detected Alternaria mycotoxins in various animal feeds,
including homemade and commercial feed products, indi-
cating potential animal health issues and/or human food
safety risks.
Tomatoes and tomato-based products are the primary

food items found to contain Alternaria mycotoxins in the
category of fruits and their derivatives, which are reported
as frequently as cereal and cereal-based products, col-
lectively contributing to 50% of all selected studies. We
conducted a data analysis on the concentrations (average
values) of Alternaria mycotoxins, focusing on the positive
samples detected in tomato and tomato-based products
and cereal and cereal-based products, respectively, and a
classified comparison based on different types of prod-
ucts, such as fresh and processed (Figure 4). All selected
studies were included. Average concentration data for
positive samples alone are insufficient to provide a com-
plete overview of theAlternariamycotoxin contamination.
Therefore, the sample size data and percent positive sam-
ples, as presented in Table S2, should be taken into
consideration when assessing the overall occurrence of
Alternaria mycotoxins in fresh and processed tomato or
cereal products. As can be seen from this table, however,
not all included studies reported sample size in fresh and
processed tomato or cereal products, making it impossible
to estimate average concentrations weighted with sam-
pling size. Despite that, the weighted concentration was
also calculated using the available data. Results (data not
shown) were comparable with using unweighted concen-
tration data. In tomatoes and tomato-based products, six
different Alternariamycotoxins were detected (Figure 4a).
For instance, tomato powder sold in China had the highest
concentration of TeA (1853.4 µg/kg), likely due to dehydra-
tion and concentration during processing (Ji, Deng, et al.,

2023). Overall, TeA had the highest reported concentra-
tions among all Alternaria mycotoxins, ranging from 9.0
to 1853.4 µg/kg. For AOH, the concentrations were mostly
below 100 µg/kg, except for one sample of fresh tomatoes
from Spain, in which concentrations reached 1000 µg/kg
(Estiarte et al., 2018). For 95% of the analyzed tomato and
tomato-based products, AME, TEN, and ALT concentra-
tions averaged below 30 µg/kg. However, in Argentina’s
tomato puree, ALT was found in an average concentra-
tion of 59.8 µg/kg, indicating significant regional variability
(Maldonado Haro et al., 2023). Classifying all tomato and
tomato-based products into two groups (fresh tomatoes
and processed tomato products) and comparing the con-
centration of Alternaria mycotoxins in these two groups,
it was found that Alternaria mycotoxin concentrations
in fresh tomatoes generally are lower than in processed
tomato products (Figure 4b). Thismay be due to the poorer
quality of raw materials used in processed products or the
processing procedures, which may concentrate mycotox-
ins. Notably, ATX-I was detected only in processed tomato
products, with a concentration of 190.2 µg/kg, whereas it
was not found in fresh tomatoes. This could be attributed
to the concentration of mycotoxins during processing,
which reached the detection limit (Maldonado Haro et al.,
2023).
Seven different Alternaria mycotoxins were observed

in cereal and cereal-based products (Figure 4c). Interest-
ingly, the highest concentration of Alternaria mycotoxin
was AME in an Argentina barley sample, at 2201 µg/kg,
whereas other studies reported average AME concentra-
tions below 200 µg/kg.Most AOH and TEN concentrations
were below 150 µg/kg, and the average concentration of
TeA varied from 20 to 2000 µg/kg. Only a few studies
included ALT, ATX-I, and ALS, with reported concentra-
tions below 50 µg/kg (Hickert et al., 2017; Mašková et al.,
2019; Misihairabgwi et al., 2018; Puntscher, Cobankovic,
et al., 2019; Ssepuuya et al., 2018;Woo et al., 2022). Through
classification comparison, it was found that ALT and ALS
were detected only in raw products, and the concentration
of Alternariamycotoxins in raw products was higher than
in processed products, which is opposite to the results for
tomatoes and tomato-based products. This could be due
to cereals typically undergoing cleaning, dehulling, and
milling during processing, effectively removing surface
mycotoxins. Additionally, raw cereals are more suscep-
tible to environmental factors such as temperature and
humidity during storage, which benefit fungal growth and
mycotoxin production (Hoffmans et al., 2022; Karlovsky
et al., 2016).
Specific Alternaria mycotoxins are found in co-

occurrence with other Alternaria mycotoxins or with
other mycotoxins, such as deoxynivalenol (DON), afla-
toxins, and ZEA (Ji Xiao, Lyu, et al., 2022; Juan et al.,
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F IGURE 4 Distribution and comparative analysis results for average Alternariamycotoxin concentrations in tomato (a and b) and
cereal products (c and d), focusing on positive samples of the included studies.

2017; Narvaez et al., 2020). For instance, Ji, Xiao, Jin, et al.
(2022) found that 18.3% (89/486) of food samples from an
online supermarket in China were contaminated with
two Alternaria mycotoxins, 16.5% (80/486) with three
toxins, and 2.1% (10/486) with four toxins, indicating the
co-occurrence of various Alternaria mycotoxins in China
is popular. The most common co-detected combinations
in food commodities were TeA + TEN (7.8%). Jiang et al.
(2021) reported that the combination of TEN + TeA,
AME + TeA, and AOH + AME accounted for 97.2%,
91.2%, and 6.1% of the wheat flour samples, respec-
tively. Alternaria mycotoxins have also been detected in
co-occurrence with other mycotoxins.
Ji, Xiao, Lyu, et al. (2022) reported the simultaneous

presence of DON, AME, AOH, and TeA in cereal-based
food products in China; overall, 39.9% (348/872) of the ana-
lyzed samples were co-contaminated with two or more
toxins; particularly, the combination DON + TeA was
found in 31.2% of the samples. El Jai, Zinedine, et al.
(2021) found that zearalenone (ZEN) and AOH favor-
ably co-occurred in aromatic and medicinal plants in the
Moroccan market with a 20% detection rate. Furthermore,
Carballo et al. (2021) analyzed 110 beverage samples for
mycotoxin concentrations and observed that 45% of beer
samples, 20% of beer samples with lemonade, and 25% of
alcohol-free beers showed co-occurrence between two or

more mycotoxins, with mycotoxin concentrations ranging
from 10.86 to 185.15 µg/L.

3.3 Toxicological effects of Alternaria
mycotoxins

3.3.1 Alternariol and alternariol
monomethyl ether

Alternariol (AOH) and AME are the most studied
Alternaria mycotoxins for toxicological effects (55 out of
the 79 articles). The toxicological effects of AOH and AME
can be divided into six pathways.
First, AOH and AME have the ability to induce cell

cytotoxicity, interfere with the cell cycle, and cause cell
apoptosis. For example, Bensassi et al. (2012) demonstrated
that AOH- and AME-induced cytotoxicity is mediated by
the activation of the mitochondrial pathway in human
colon carcinoma cells. Specifically, AOH and AME lead to
the opening of the mitochondrial permeability transition
pore, resulting in the loss of mitochondrial transmem-
brane potential and the generation of reactive oxygen
species, which disrupts cell processes and causes cell
apoptosis. Fernández-Blanco et al. (2016) evaluated AOH
cytotoxicity using Caco-2 cells and observed that AOH
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induced necrosis, apoptosis, and loss of mitochondrial
transmembrane potential in a dose- and time-dependent
manner.
Second, AOH and AME can trigger mutagenicity in

either bacterial cells ormammalian cells. In bacterial cells,
the Ames test, used with Salmonella strains, has been con-
ducted for AOH and AME, with positive results reported
by An et al. (1989). AOH induced weakly positive results
in revertant colonies in TA100 and TA104 strains and was
clearly positive in TA102 strain. AME clearly showed posi-
tive results in Escherichia coli ND-106 without metabolic
activation (Schrader et al., 2006). In contrast, Davis and
Stack (1994) observed negative results for AOH and AME
in TA98 and TA100 strains, hypothesizing that the con-
tradictory results in the Ames test were caused by the
presence of small amounts of highly mutagenic ATXs in
other studies, which could lead to positive results. Inmam-
malian cells, AOH induced a concentration-dependent
increase in mutant frequency, starting at 10 µM, whereas
AME increased the frequency of hypoxanthine-guanine
phosphoribosyltransferase (HPRT) gene mutations, but
not in a concentration-dependent manner in Chinese
hamster V79 lung fibroblast cells (Fleck et al., 2012).
Third, AOH and AME are known to induce primary

DNA damage in vitro and in vivo. AOH has been demon-
strated to cause DNA strand breaks in various human cell
lines in vitro, such as HT29 cells (Schwarz, Tiessen, et al.,
2012), humanA431 cells (Fehr et al., 2009), V79 cells (Fleck
et al., 2012), human HepG2 cells (Pfeiffer et al., 2007), and
in the murine macrophages RAW 264.7 (Solhaug et al.,
2012). However, Tiessen et al. (2013) did not observe DNA
damage after exposure of HT29 cells to 50 µM AOH for
either 3 or 24 h incubation, suggesting that AOH toxicity
was decreased by rapid biotransformation reactions such
as glucuronidation and glutathione conjugation, which
protected the cells from DNA damage. In contrast, AOH
has been shown to induce DNA damage after 24 h of expo-
sure in HepG2 cells as well as in RAW 264.7, Caco-2, and
HeK239 cells. Nevertheless, it cannot be concluded that
the observed DNA damage under a long incubation period
is directly and only caused by AOH and/or by the pro-
longed exposure time. AME-induced DNA strand breaks
in HT29 and A431 cells at concentrations lower than 10
and 1 µM, respectively, indicating a substantial genotoxic
potential. Notably, AME showed slightly more effective-
ness than AOH at low concentrations for increasing DNA
strand breaks in V79 cells after 1.5 h exposure. Few stud-
ies have investigated AOH and AME genotoxicity in vivo.
A study in orally treated NMRI mice showed that AOH
did not cause DNA damage in the liver at 2000 mg/kg
bodyweight (bw) regardless of sex, neither after a single
dose nor with three repeated doses (Solhaug et al., 2014).
Miao et al. (2022) observed no DNA damage in peripheral

blood and liver cells of male Sprague–Dawley rats after
orally feeding them with 22 µg AOH/kg bw for 28 days.
In contrast, a single oral dose of 10 mg AOH/kg bw in
Wistar rats significantly increased DNA damage in aci-
nar cells (Samak et al., 2019). Tang et al. (2022) found
that AME is able to cause DNA damage in the blood and
liver of male Sprague–Dawley rats after orally feeding with
7.35 µg/kg bw/day AME for 28 days.
Fourth, AOH and AME are known to exert endocrine-

disrupting effects, potentially interacting with the andro-
gen receptor (AR) or acting as synthetic estrogen-
mimicking substances, thereby disrupting hormone gen-
eration and function (Lehmann et al., 2006; Vejdovszky,
Schmidt, et al., 2017). Various studies have observed the
interaction between AOH and the AR using androgen-
dependent cell systems. Stypula-Trebas et al. (2017)
demonstrated an androgenic response at 0.01–400 µM
AOH in a yeast bioassay resulting in a remarkably high
EC50 of 270 µM. Consistently, a possible antagonistic activ-
ity of more than 50% was observed with AOH exposure
above 4.8 µM to TARM-Luc cells after 48 h incubation
(Frizzell et al., 2013). Moreover, AOH was successfully
docked into the active pocket of the wild-type AR in
a molecular docking study, suggesting possible binding
(Agwupuye et al., 2021). Regarding estrogen-mimicking
effects, several studies have demonstrated that AOH acts
as an estrogen receptor (ER) antagonist with low potency
in reporter gene assays and a yeast estrogen-sensitive
bioassay (Demaegdt et al., 2016; Frizzell et al., 2013;
Stypula-Trebas et al., 2017). Notably, AME was found to
fit better than AOH into the binding pocket of ER and
hadmore potential in the alkaline phosphatase assay, indi-
cating thatmethylation enhanced estrogenicity (Dellafiora
et al., 2018).
Fifth, AOH and AME have been shown to influ-

ence the NF-κB signaling pathway, leading to increased
pro-inflammatory immune responses (Kollarova et al.,
2018; Kowalska et al., 2021). Exposure of THP1-Lucia-
derivedmacrophages toAOHresulted in a dose-dependent
suppression of the LPS-induced NF-κB pathway activa-
tion (Dellafiora et al., 2018). Del Favero et al. (2020)
observed that AOH affects the signal transduction of
pro-inflammatory stimuli by inducing increased mem-
brane fluidity, suggesting that AOH may inhibit immune
responses. Besides AOH, AME demonstrated suppressive
effects on IL-8, IL-6, andMCP-1/CCL2 protein secretion in
LPS-stimulated BEAS-2B cells at concentrations of 10 µM
after 24 h of incubation, suggesting slightly inhibitory
effects on immune system (Grover & Lawrence, 2017).
Finally, some studies suggest that AOH and AME

accumulate in the gut, disrupting gut pH balance and
microbiota diversity, which can further exacerbate their
toxic effects (Crudo et al., 2021; Pfeiffer et al., 2009).
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3.3.2 Tenuazonic acid

Chemically, TeA is a tetrameric derivative and an amide
metabolite. Regarding its cytotoxicity effects, TeA has
been shown to inhibit newly formed proteins from the
ribosomes, resulting in reduced cell viability across mam-
malian cell lines, including 3T3, CHL, and LO2 (Lebrun
et al., 1988; Zhou & Qiang, 2008). For example, den Hol-
lander et al. (2022) observed cytotoxic effects of TeA at
concentrations between 60 and 90 µM in Caco-2 cells,
whereas in HeLa cells, the EC50 was 146 µM (Mahmoud
et al., 2022). Hessel-Pras et al. (2019) observed a dose-
dependent TeA cytotoxicity in HepG2 cells. In contrast,
cell viability was not decreased in pig granulosa cells
exposed for 24 h to 100 µM TeA (Tiemann et al., 2009).
In animal tests, TeA cytotoxicity effects involved liver
damage, diarrhea, mortality, cardiovascular collapse, and
gastrointestinal hemorrhage in various animal species,
including guinea pigs, young mice, rabbits, dogs, and rhe-
sus monkeys (Giambrone et al., 1978; Yekeler et al., 2001;
Youngner et al., 1965). Regarding genotoxicity effects, TeA
was shown to lead to negative results in the Ames test.
No in vivo studies have been carried out to date for TeA
(Schrader et al., 2006, 2001). Under the in vitro system,
TeA was mutagenic in HPRT/XPRT assays carried out in
V79 cells but was negative in HepG2 cells and HT29 cells
(Hessel-Pras et al., 2019; Schwarz, Tiessen, et al., 2012).
These uncertain genotoxic effects raise concerns about the
potential carcinogenicity of TeA and its long-term health
implications.

3.3.3 Altertoxins I, II, and III

ATXs I, II, and III are Alternaria mycotoxins categorized
within the perylene quinone group (Pinto & Patriarca,
2017). Thesemycotoxins share a similar chemical structure
and can interconvert in vivo (Fleck, Pfeiffer, Podlech, et al.,
2014; Puntscher, Marko, et al., 2019; Puntscher, Aichinger,
et al., 2019).
Several researchers have shed light on the intricate

molecular mechanisms underlying the toxic effects of
ATX-II, the most critical mycotoxin within the perylene
quinone group (Boutin et al., 1989; Fleck, Pfeiffer, &
Metzler, et al., 2014; Stack et al., 1986). Studies have demon-
strated ATX-II’s ability to induce DNA damage in various
mammalian cell lines, including V79, Caco-2, and HT-29,
without significantly impacting the cell cycle (Aichinger
et al., 2018; Fleck et al., 2012; Schwarz, Kreutzer, et al.,
2012; Schwarz, Tiessen, et al., 2012). This DNA damage is
of particular concern as it can lead to genomic instability
and potentially contribute to the development of cancer-
ous lesions. Investigations into the cellular response to

ATX-II exposure have revealed its influence on the regula-
tion of γ-glutamate cysteine ligase expression, suggesting
a potential role in disrupting cellular antioxidant defense
mechanisms and exacerbating oxidative stress-induced
damage (Del Favero et al., 2018; Jarolim et al., 2017). Recent
findings by Soukup et al. (2020) have unveiled the for-
mation of covalent adducts between ATX-II and guanine
residueswithinDNAmolecules under cell-free conditions.
This discovery implicates ATX-II as a potent mutagen,
capable of directly modifying DNA bases and inducing
genetic mutations. However, the precise molecular mech-
anisms underlying ATX-II’s DNA modification and the
subsequent cellular responses remain incompletely under-
stood and warrant further investigation. Compared to
ATX-II, ATX-I is less potent but still has considerable DNA
strand-breaking potency with about the same genotoxic
activity as AOH (Fleck, Pfeiffer, & Metzler, et al., 2014).
Only one study conducted ATX-II genotoxicity under

in vivo conditions. The study was performed in rats with
single-bolus applications, resulting in enhanced levels of
RH2AX in the colon of the animals after 24 h. Besides
ATX-II, ATX-I was reported to induce DNA damage in the
peripheral blood and liver of male Sprague–Dawley rats
after oral exposure for 28 days (Zhu et al., 2022).

3.3.4 Tentoxin

TEN, a non-host-specific toxin produced by several
Alternaria species, poses uncertain toxicological effects
to human, mammalian, and plant cells. Its toxicological
effects include inducing necrosis, reducing cell vitality,
and interfering with plant seedlings, as evidenced by sev-
eral studies (De Bruyne et al., 2016; Delaforge et al., 1997;
Hessel-Pras et al., 2019; Liebermann et al., 1996). However,
Hessel-Pras et al. (2019) conducted cell viability test with
TEN in HepaRG and HepG2 cells after 24 h exposure and
observed no significant cytotoxic effects. For the gentoxi-
city test, TEN was consistently negative in the Ames test
with TA98, TA100, TA97, TA102, and TA104 strains, and
only one study checked the gentoxicity of TEN for inducing
DNA strand breaks in HEK293T cells with negative results
(Gruber-Dorninger et al., 2017; Schrader et al., 2006; Tran
et al., 2020).

3.3.5 Altenuene

ALT, as one of the main secondary metabolites from
Alternaria species, has rarely been investigated for its toxi-
city. Only four studies focused on the toxicity of ALT, all
of which only showed cytotoxicity without investigating
the mechanism (Xiao et al., 2014). These studies relied
solely on in vitro bioassay observation results. Dong et al.
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(2021) tested the influence of ALT on cell toxicity inHaCaT
cells and observed no significant effect at a concentration
of 80 µM after exposure for 24 h. Similarly, Hou et al.
(2021) concluded the same after using the HEK-293T cells
to assess cell viability via the MTT assay. Xiao et al. (2014)
found that ALT exhibited strong cytotoxicity in theHCT116
cancer cell line, with a median inhibitory concentration
value of 3.13 µM. ALT was also tested for mutagenicity
using theAmes salmonella strains TA97 under in vitro con-
ditions by Schrader et al. (2006), and the results indicated
no significant mutagenicity effects.

3.3.6 Combination effects of Alternaria
mycotoxins

The co-occurrence of mycotoxins in food and feed is a
well-established phenomenon, and unraveling the poten-
tial synergistic or antagonistic interactions among these
compounds is crucial for accurately assessing their impact
on human health (Abbas, 2019). Research has unveiled
the intricate and often unpredictable nature of these inter-
actions, shedding light on the combined toxic effects
of Alternaria mycotoxins and their interplay with other
fungal toxins.
Studies investigating crude extracts of Alternaria alter-

nata have revealed complex toxicity profiles that surpass
those of individualmycotoxins present in the extract (Dong
et al., 1987; Pero et al., 1973; Schrader et al., 2001). Fur-
thermore, low-concentration combinations of Alternaria
mycotoxins, such as AOH and AME, have been shown
to intensify toxicity compared to either compound alone
(Bensassi et al., 2015). Similarly, synergistic effects have
been observed between AOH and ATX-II, leading to
additive toxic effects in various human epithelial and
mammalian cell lines (Hohenbichler et al., 2020, 2021; Vej-
dovszky, Sack, et al., 2017). Moreover, Ismail et al. (2023)
tested a combined mixture of Alternariamycotoxins (ALT,
AOH, and TeA) on cell viability for human oral epithelial
cells using theMTTassay, observing positive cytotoxicity at
125 µM,whereas it is unclear if this is due to onemycotoxin
or the combined effects.
In addition to interaction within the Alternaria myco-

toxins group, studies have explored the combined effects
of Alternaria mycotoxins with other mycotoxins, such as
aflatoxins, DON, and ZEN. Investigations into the cyto-
toxic and genotoxic effects of these combinations have
revealed heightened toxicity and estrogenic activity when
AOH is combined with DON and ZEN (Balázs et al., 2021;
Juan-García et al., 2016). Interestingly, contrasting effects
have been observed when TeA is combined with DON
or ZEN, suggesting complex interactions among different
mycotoxin groups (Vejdovszky et al., 2016).

3.4 Dietary exposure assessment about
Alternariamycotoxins

A total of 29 articles were found on dietary exposure
assessments on Alternaria mycotoxins, varying in popu-
lations, food sources, and regions of investigation. Nearly
half of the studies were conducted for Asian countries,
with the majority focusing on China and, in particular, on
cereal-related products likewheat,maize, and cereals. This
emphasis may be due to cereals being a staple food for the
Chinese population, constituting a substantial portion of
their dietary intake. Additionally, an increasing number of
fungal toxins are being discovered in cereal-related prod-
ucts. To ensure consumer food safety, conducting dietary
exposure assessments becomes imperative. On the other
hand, because of the different natural occurrence data in
food products, the dietary exposure assessment carried
out in Europe covered a greater range of food categories,
such as fruits, vegetables, infant foods, beverages, and
cereals.
Table 2 presents the calculated HQ% for each dietary

exposure assessment study included in this literature
review, including the focus population, food sources, and
estimated daily intake values extracted from the literature.
Because tolerable daily intake (TDI) for Alternaria myco-
toxins has not been defined yet, the TTC established by the
EFSA has been used as the reference safe dose. The toxic-
ity of Alternaria mycotoxins is varying, and consequently
the TTC values are different among the mycotoxins. For
example, the TTC value for AOH and AME is set at
2.5 ng/kg bw/day, whereas 1500 ng/kg bw/day has been
set as the TTC value for TeA and TEN (Arcella et al.,
2016). Hence, assessing the potential human health risks of
Alternariamycotoxins via food consumption, it is essential
to not only focus on the concentration of the mycotoxins
in food products but also execute a thorough assessment
based on its TTC value. For instance, according to Liu
et al. (2024), the estimated PDI for TeA in coix seeds is
81.4 ng/kg bw/day, which is over 14-fold higher than that
of AOH (5.75 ng/kg bw/day). However, the risk assessment
results, shown by the HQ% values (5.43% for TeA and 230%
for AOH), indicate that dietary exposure to TeA through
coix seeds does not pose a health risk to Chinese adults,
but AOH does.
Overall, approximately 70% of the dietary exposure

assessment studies concluded that one or more Alternaria
mycotoxins pose a food safety exposure risk. Cereal and
tomato products are the primary sources of Alternaria
mycotoxin intake for both adults and children.
AOH and TeA are the two most included Alternaria

mycotoxins in dietary exposure assessments. Figure 5
shows the corresponding risk assessment values (HQ%)
under upper-bound consumption scenarios for AOH and
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TeA across different food groups and locations. Health
risks associated with AOH intake can be observed in all
four general food groups, especially cereals and cereal
products (Figure 5a). No exceeding risk values were
observed in European studies, indicating that AOH might
not pose a threat to European population health through
the consumption of cereal and cereal-based products,
whereas over 90% of HQ% values calculated for Asian and
African populations were higher than 100, suggesting that
cereal and cereal-based productsmay present AOH-related
health risks to local consumers.
For TeA dietary exposure assessments, tomato and

tomato-based products were the main contributors for
both children and adults (Figure 5b). Under lower-bound
scenario, the PDI for children was 2979 ng/kg bw/day, and
for adults, it was 1390 ng/kg bw/day, exceeding the TTC by
198.60% and 92.67%, respectively. In the upper-bound sce-
nario, the HQ% values for TeA ranged from 0.03 to 935.8,
indicating a potential health risk to general consumers (Ji
et al., 2023; Topi et al., 2019).
The PDI and HQ% data for AME consumption ranged

from0.0041 to 96 ng/kg bw/day and 0.15% to 3840%, respec-
tively. Particularly, the estimated AME PDI via tomato and
tomato-based products consumption for Chinese children
exceeded the TTC by 3840% and 1480% under upper- and
lower-bound scenarios, respectively, indicating potential
health risks for Chinese children (Ji et al., 2023). For adults,
sorghum was the main contributor to AME exposure with
a PDI of 60 ng/kg bw/day, exceeding the TTC at 2400%. In
contrast, South Korea assessed the PDI of cereal grains at
0.0041 ng/kg bw/day, contributing only 0.164% of the TDI,
suggesting a large variation of health concerns via cereal
products consumption (Ssepuuya et al., 2018; Woo et al.,
2022).
Themain contributors to TENdietary exposure of adults

were wheat and tomato concentrates, ranging from 7.13%
to 32.27% of the TTC (Fan et al., 2021; Jiang et al., 2021),
whereas plate-ready food and wheat products were the
main contributors to TEN intake for children, ranging
from 2.8% to 6.0% of the TTC (Jiang et al., 2021; Pustjens
et al., 2022). These results indicate that TEN from dietary
consumption does not pose a risk to public health. The PDI
values for ALT ranged from 0.001 to 22.0 ng/kg bw/day,
with dietary data sourced from the consumption of pulses,
cereals, beverages, sweet cherries, and tomato concen-
trates. However, as there is no defined TTC value for ALT,
most studies only calculated the PDI without determining
the safety risk. One study, however, defined the TTC value
for ALT as 1500 ng/kg bw/day and conducted a risk assess-
ment for sweet cherries, observing no public health risk
with an HQ% value of 0.067 (Qiao et al., 2018).
For other Alternaria mycotoxins such as ATX-I and

ALS, only one study, conducted in South Korea, esti-
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24 of 36 ALTERNARIAMYCOTOXINS IN FOOD AND FEED

F IGURE 5 Comparative analysis results of hazard quotient (HQ) for dietary exposure focusing on alternariol (AOH) (a) and tenuazonic
acid (TeA) (b) in different food categories per continent, as based on 29 exposure assessment studies. The red dashed line represents the
maximum safety value (HQ% = 100). HQ%: hazard quotient in percentage (%).

mated the PDI for ATX-I in upper-bound scenarios of
0.0007–0.0951 ng/kg bw/day through consumption of veg-
etables, seasoning foods, cereal products, and beverages
(Woo et al., 2022). The PDI value for ALS from dietary
exposure has not been estimated, and TTC values to sup-
port the dietary exposure risk assessment for ATX-I or ALS
are not defined.

3.5 Prevention and control measures

The primary strategies for reducing the presence of
Alternaria mycotoxins in food are to minimize fungal
infections and to reduce their mycotoxin production in
related commodities. Traditional methods involve using
chemicals to combat pathogenic fungal infection of crops
during the cultivation stage. However, the extensive use
of chemicals often results in toxic residues in soil and
food and leads to the emergence of resistant strains
(Odilbekov et al., 2016, 2019). Therefore, more environ-
mentally friendly and sustainable ways to control fungal
infections and mycotoxin presence are increasingly being
investigated.

3.5.1 Pre-harvest control

Agronomic measures
Using proper agricultural practices related to crop rota-
tion, tillage, planting date, irrigation, and fertilization
can reduce the presence of Alternaria species and related
mycotoxins in crops. Abuley et al. (2019) conducted an
open-field experiment to assess the impact of crop rotation
on reducing early blight disease in potatoes. Their findings
suggest that maintaining at least a 2-year interval among
potato crops in the rotation cycle is necessary to delay the
onset of early blight in the potato fields. Additionally, rotat-
ing Alternaria species host crops, such as tomatoes and
potatoes, with non-host crops like canola and rapeseed can
reduce the presence of early blight disease by breaking the
host–pathogen cycle and enhancing soil microbial diver-
sity (Bernard et al., 2014; Larkin et al., 2010, 2012). Olanya
et al. (2009) also demonstrated that continuous (year after
year) potato production leads to increased presence of early
blight disease.
The irrigation method is crucial in reducing the inci-

dence and severity of early blight disease caused by
Alternaria species in tomatoes and potatoes. Compared to
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furrow irrigation, both sprinkler and drip irrigation sys-
tems significantly reduce the incidence ofAlternaria solani
and A. alternata in potato fields (Nasr-Esfahani, 2022).
However, high-frequency sprinkly irrigation can increase
the incidence of several diseases, including early blight dis-
ease, due to more favorable canopy and soil moisture and
temperature conditions for pathogen infection, growth,
reproduction, dispersal, and survival (Adams& Stevenson,
1990). Therefore, an appropriate irrigation strategy should
be employed to minimize early blight diseases.
Effective planting techniques and seed treatments

highly reduced fungal infections and mycotoxin produc-
tion in crops. Nasr-Esfahani (2022) observed that double-
and single-row planting effectively reduced the fungal dis-
ease. Early planting also benefits crops to evade early
blight infection (Hospers-Brands et al., 2008). Prior to
planting, treating seeds with fungicides such as Mancozeb
significantly reduces early blight severity and increases
yield in tomatoes (Mandal et al., 2019). Additionally, hot
water treatment of seeds at 50◦C for 30 min can control
Alternaria disease in cabbages and has been demonstrated
to eliminate Alternaria species infection in Brassicaceae
seeds (Sivanesan & Holliday, 1972; Walker, 1952).

Fungicide
Fungicides play a pivotal role in minimizing Alternaria
species contamination in crops, with both chemical and
botanical options demonstrating efficacy in inhibiting
fungal growth and reducing mycotoxin production.
Chemical fungicides, particularlyMancozeb and its cop-

per salt formulations, have emerged as prominent choices
for controlling Alternaria species contamination due to
their robust efficacy in inhibiting fungal growth. Sev-
eral studies have assessed the impact of Mancozeb on
reducing Alternaria species growth on tomato plants in
laboratory and open-field conditions, reporting over 90%
inhibition rates (Deshmukh et al., 2020; Gondal et al.,
2012; Yang et al., 2019). Research by El-Ganainy et al.
(2021) evaluated the effectiveness of Mancozeb copper
fungicides in mitigating A. solani infections in tomato
plants under greenhouse conditions in Egypt, resulting
in over 80% reduction. Beyond copper-based fungicides,
a diverse array of chemical agents, including demethyla-
tion inhibitors, quinone inhibitors, dithiocarbonates, and
carboxylic acid amides, have shown potential in reduc-
ing Alternaria species infections in various crops, such as
tomatoes, potatoes, and berries, as demonstrated by Jindo
et al. (2021).
Botanical fungicides, derived from plants, possess inher-

ent fungicidal properties, offering a sustainable alternative
to chemical fungicides. Extracts from plants have shown
significant inhibitory effects on Alternaria species growth.
For example, crude plant extracts from Calotropis pro-

cera inhibited A. solani growth by 86.3% (Baka & Rashad,
2016). Similarly, clove extracts showed 100% inhibitory
effects against A. solani growth in vitro, illustrating their
strong antifungal properties (Lengai et al., 2021). Further-
more, botanical essential oils, such as those from bergamot
oranges and tea trees, have demonstrated notable anti-
fungal activity against A. solani with growth inhibition
rates of 68.2% and 42.0%, respectively (Hendges et al.,
2020, 2021). Additionally, Wang et al. (2019) observed that
222.5 µg/mL of citral essential oil completely suppressedA.
alternata mycelial growth, and half of this concentration
was sufficient to inhibit more than 97% of mycotoxin pro-
duction, indicating that botanical essential oils are viable
alternatives for developing newbotanical fungicides. How-
ever, the application of plant essential oils in agriculture
remains limited due to potential phytotoxic effects (Chang
et al., 2021).

Biological control
Biological control, involving the introduction of organisms
to inhibit diseases or their causative agents, represents
a promising strategy for addressing mycotoxin contami-
nation while minimizing environmental impact (Collinge
et al., 2022). Notably, bacterial strains have emerged as
prominent agents in limiting the impact of Alternaria
species both pre- and post-harvest. Extensive research has
demonstrated the efficacy of Bacillus and Trichoderma
strains in controlling the proliferation ofAlternaria species
(Dawidziuk et al., 2016; Fontenelle et al., 2011; Shafi et al.,
2017; Tekiner et al., 2020). Specifically, Bacillus velezen-
sis exhibited significant inhibition of A. solani mycelial
growth by over 70% in agar plates (Vignesh et al., 2022).
Similarly, Bacillus lechemiformis strains showed substan-
tial reductions in the incidence of A. alternata in tomatoes
under laboratory conditions (Ramírez-Cariño et al., 2020;
Shoaib et al., 2019). Furthermore, the application of Tri-
choderma species as biocontrol agents has been successful
in decreasing Alternaria species–induced disease severity
by 13.7% under greenhouse conditions (Imran et al., 2022).
Additionally, glucose oxidase generated by Bacillus licheni-
formis ZOM-1 has demonstrated the capability to degrade
AOH and AME in the laboratory, further underscoring the
potential of biocontrol agents (Sun et al., 2023).
The exploration of non-pathogenic antagonistic fungi

as biological control agents is an expanding field in the
management of Alternaria species (Thambugala et al.,
2020). For instance, SRNE2BP, a fungal endophyte derived
from Xylaria feejeensis and isolated from a mangrove
tree, exhibited promising antagonistic effects against A.
solani infections in tomatoes under experimental con-
ditions, resulting in a notable reduction in mycelium
growth and disease severity, with 87.5% and 25.5% inhibi-
tion rates, respectively (Brooks et al., 2022). Yeast strains
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have also demonstrated efficacy in inhibiting Alternaria
species growth and mycotoxin accumulation in the labo-
ratory in general. Prendes et al. (2021) evaluated the effects
of six differentMetschnikowia species strains on the growth
and production of AME, AOH, and TeA by A. alternata in
a synthetic medium with a composition similar to grape
at various temperatures (15, 25, and 30◦C). Their findings
indicate that all strains completely prevented A. alternata
growth and mycotoxin production at all tested tempera-
tures, highlighting antagonistic yeast strains as candidates
for combating A. alternata.

Plant breeding
In the field of plant breeding, genetic modifications and
biosynthetic techniques hold scientific interest as they
offer potential methods for preventing and controlling the
growth of Alternaria species and consequently reducing
Alternaria mycotoxin contamination risks. These tech-
niques aim to replace or complement traditional pre-
vention and control approaches by employing genome
editing strategies such as RNA interference (RNAi) and
CRISPR/Cas9. For example, Thakur and Prasad (2020)
applied the RNAi technique to silence the AcCH37 gene in
Cyamopsis tetragonoloba, associated with Alternaria black
spot disease, and observed that the mycelium growth rate
and disease progression were reduced after the gene mod-
ification. Similarly, Lu et al. (2019) reported that silencing
the AbSte7 gene reduced the enzymes involved in host
cell wall degradation during Alternaria brassicicola infec-
tion, further decreasing pathogenicity. CRISPR/Cas9 has
also been reported for genome editing in filamentous fungi
(Roux et al., 2020). However, few studies have focused on
Alternaria species, so the possibility for genome editing-
mediated plant resistance to these fungi remains relatively
unexploited.
Development of resistance cultivars is another approach

to handle Alternaria species infection from a plant breed-
ing perspective. Nekoval et al. (2022) collected 27 mutant
tomato lines to test the resistance to 5 different A. alter-
nata strains under open field, greenhouse, and laboratory
conditions, finding that only three cultivars exhibited
resistance to A. alternata. Alizadeh-Moghaddam et al.
(2020) conducted genetic diversity analysis on 35 com-
mercial tomato genotypes to evaluate their response to
early blight disease at transplanting and maturing stages,
suggesting that genetic diversity markers can distin-
guish between resistant and susceptible tomato geno-
types. Multi-omics analysis, including genomics, tran-
scriptomics, metabolomics, and proteomics, provides a
novel way to identify plant-resistant genes, aiding in the
modification of current crop cultivars to enhance resis-
tance to pathogen attacks. Yang et al. (2020) conducted
RNA-sequencing and found that 9 out of 331 pear geno-

types were highly resistant to A. alternata, identified using
11 simple sequence repeatmarkers, which could contribute
to the future pear breeding. Similarly, Zhu et al. (2017) used
RNA-sequence technology to analyze how apples resist
A. alternata invasion. The results showed a total of 9080
differentially expressed genes (DEGs), with gene ontol-
ogy (GO) and Kyoto Encyclopedia of Genes and Genomes
analyses indicating half of the DEGs were involved in
photosynthesis and redox-related pathways. Subsequently,
transcription factors and genes involved in cell wall mod-
ification and pathogenesis-related (PR) genes were also
activated. These findings suggest that the vulnerability of
cell wall defenses and the down-regulation of most PR
genes in apples might explain their susceptibility to A.
alternata.
Despite these advancements, crop species that are com-

pletely immune to Alternaria species have not been iden-
tified to date. All resistant cultivars are either partially
resistant or highly reliant on fungicide treatments.

3.5.2 Post-harvest control

Post-harvest strategies are important in controlling
Alternaria mycotoxin contamination in stored crops or
vegetables. These strategies encompass a variety of phys-
ical and processing methods aimed at reducing Alternaria
mycotoxin concentrations in food products, including
cold storage. Cold storage at 4◦C has been found to reduce
Alternaria mycotoxin production in fresh tomato fruits,
apples, and lettuce (da Cruz Cabral et al., 2019; Mao et al.,
2023; Miranda-Apodaca et al., 2023). A proper washing
procedure, especially with sodium hypochlorite solutions,
and heat treatment (110◦C, 30 min) could reduce nearly
half of AOH and AME concentrations in tomatoes (Meno
et al., 2022). Notably, Bretträger et al. (2023) analyzed the
concentrations of Alternaria mycotoxin at various phases
of the beer brewing process and showed that optical sorting
ofmalt batches can inhibit the concentrations ofAlternaria
mycotoxin, particularly for AOH and AME. Additionally,
according to Pavicich et al. (2020), clarifying during the
manufacturing of apple concentrates resulted in lowering
the concentrations of Alternaria mycotoxins, such as
AOH, AME, TeA, and TEN, to non-quantifiable levels.
Applying UV-C irradiation has been effective in inhibiting
Alternaria mycotoxin production and penetration in
tomatoes during storage, where Jiang et al. (2019) reported
reductions of 79.6%, 76.4%, and 51.4% in AOH, AME, and
TeA concentrations, respectively, compared to untreated
fruits. Moreover, adjustments of processing parameters
related to temperature and moisture content have demon-
strated efficacy in minimizing Alternaria mycotoxin
contamination as conducted in whole grain red sorghum
flour extrusion processing method (Hajnal et al., 2024).
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3.5.3 Early warning

For Alternaria species, several predictive models for the
presence of early blight disease in tomato plants have been
developed during the 1970s and 1980s (Adhikari et al.,
2017), including the FAST (Forecasting A. solani on Toma-
toes) model (Madden et al., 1978) and the TOMCAST
(Tomato Disease Forecast) model (Pitblado, 1992). These
models enhance the understanding of disease dynam-
ics and aim to optimize disease management practices.
The FAST model, an empirical model for the relationship
between weather and early blight disease, offers a fungi-
cide spray plan to manage the disease effectively. Initially
applied in Eastern North America in the late 1990s, appli-
cation of the FAST model has shown to reduce fungicide
usage by 30% and to save up to 20% of tomato produc-
tion (Gleason et al., 1995). Later, Shuman and Christ (2005)
extended the FAST model by integrating host resistance
factors and applied it to different cultivars with vary-
ing levels of resistance to Alternaria species infection.
They demonstrated that incorporating these factors from
different cultivars into the FAST model improved its pre-
dictive accuracy and the fungicide spray plan. However,
due to geographical and cultivar limitations, this model
has not been widely adopted. The TOMCAST model uses
temperature and leaf wetness as inputs to estimate daily
disease severity, determining optimal fungicide spraying
times with adaptable local adjustments (Madden et al.,
1978). Field trials in China from 2020 to 2022 using the
TOMCASTmodel and combining different fungicides suc-
cessfully reduced fungicide application frequency and
suppressed the development of early blight disease (Li
et al., 2023). Additionally, Abuley and Nielsen (2019) have
combined TOMCAST with maturity-based plant growth
models to further improve the model’s prediction accu-
racy, reducing fungicide application by over 50% while
increasing yield production by 10%.
Other predictive models, such as the physiological days

model (P-Days) (Pscheidt & Stevenson, 1986; Sands &
Regel, 1983) and growing degree days (Franc et al., 1988),
estimate susceptibility periods for early blight infection
based on plant development stages. These models predict
plant growth stages without considering the pathogen’s
life cycle, relying on a positive correlation between plant
senescence and susceptibility to Alternaria species (Land-
schoot et al., 2017). For example, P-Days uses temperature
values to determine the threshold for initial symptom
observation and fungicide spraying initiation (Meno et al.,
2022). However, due to the limited number of input vari-
ables and inherent uncertainties, the accuracy of those
models needs improvement.
From a post-harvest perspective, current data indicate

that no predictivewarningmodels have yet been developed
specifically for Alternariamycotoxins.

4 CONCLUSIONS AND FUTURE
PERSPECTIVES

This systematic review comprehensively synthesizes
research findings in the field of Alternaria mycotoxins
from 2011 to 2024, with a focus on their natural occurrence,
toxicological effects, dietary exposure assessment, and
prevention and control measures. Alternaria mycotoxins
are emerging toxins that are increasingly detected in a
variety of food and feed products worldwide. They are
most frequently found in fruits and their derivatives,
particularly in tomatoes and tomato-related products,
followed by cereals and cereal-related products. TeA and
AOH are the most reported Alternaria mycotoxins, with
TeA concentrations being higher than those of AOH.
Current data indicate that reports of Alternariamycotoxin
contamination are primarily from Europe and Asia,
followed by Africa and South America, whereas data from
North America and Australia are scarce. The underlying
reason is not clear. The field of toxicological effects of
Alternariamycotoxins is relatively unexplored. Among all
Alternaria mycotoxins, research on AOH and AME is the
most extensive, primarily elucidating their mechanisms of
cytotoxicity, teratogenicity, genotoxicity, and immunotoxi-
city, followed by TeA, mainly for non-genotoxicity-related
mechanisms. Additionally, dietary exposure assessment
results observed that the cumulative intake of Alternaria
mycotoxins through various food products may compro-
mise human health risks, particularly among vulnerable
populations such as infants and children. Notably, most
existing research data on the occurrence and exposure
assessment of Alternaria mycotoxins in food and feed
products originates from European and Asian countries.
Information from other regions, such as Oceania and
Africa, is scarce. Consequently, future research should pri-
oritize those areas to comprehensively assess the impact of
Alternaria mycotoxins on human health. Besides, current
toxicological and exposure assessment studies focused on
several Alternaria mycotoxins, such as AOH, AME, and
TeA. Other Alternaria mycotoxins, like ALT, TEN, and
ATXs, have rarely been investigated for at least one of
these two aspects. Thus, future research could focus on
those Alternariamycotoxins to allow for a comprehensive
risk assessment.
Different prevention and control measures at both the

pre- and post-harvest stages can be applied to manage
the presence of Alternaria mycotoxins in foods and their
commodities. During the pre-harvest stage, employing
good agricultural practices, such as crop rotation, irriga-
tion management, seed treatment, as well as the use of
fungicides, applying biological control approaches, and
cultivating resistant varieties, can reduce the presence
of Alternaria species, and thereby Alternaria mycotox-
ins. Fungicide application is the most common approach
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to control Alternaria mycotoxin contamination currently,
which may worsen the environment and lead to an
increase in fungal resistance. Biocontrol measurements
have primarily been demonstrated in lab settings rather
than in the field; hence, their preventative potential is
unclear. Therefore, future research should focus on reduc-
ing the use of fungicides and accurately analyzing the
performance of biocontrol measurements in open-field
conditions. At the post-harvest stage, adjusting storage
temperature and lighting conditions and parameters dur-
ing food processing can be applied to manage Alternaria
mycotoxin presence. For example, cold temperature and
UV-C irradiation under storage conditions help to con-
trol Alternariamycotoxin concentrations in tomatoes. The
application of predictive models can provide early warn-
ings about the potential presence ofAlternariamycotoxins
and offer stakeholders rapid and accurate information
to support decision-making. Despite the potential ben-
efits, challenges persist in predictive modeling, such as
data scarcity, model complexity, and validation limita-
tions. Addressing these challenges necessitates interdis-
ciplinary collaboration, data harmonization efforts, and
robust validation protocols. Future research should pri-
oritize enhancing model interpretability, scalability, and
user-friendliness to facilitate adoption by stakeholders
with varying technical intelligence, and blockchain can
further enhance mycotoxin control strategies and promote
transparency in the food supply chain. Moreover, exist-
ing prevention and control measures have primarily been
tested in laboratory settings; therefore, scaling experiments
to greenhouses or open fields is imperative. Additionally,
research is needed to identify plant defense mechanisms
that effectively deter Alternaria species invasion in crops.
A comprehensive understanding of the interplay between
fungal infection, host crops, and mycotoxin production is
crucial for refining risk management approaches, ensur-
ing food safety, and maintaining the integrity of the food
industry.
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