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Abstract: The aim of this review is to provide an assessment of mycotoxin contamination in fish
feed. Focusing on major mycotoxins including aflatoxins, fumonisins, ochratoxins, trichothecenes,
and zearalenone, the paper explores their diverse impacts on fish health, from growth inhibition to
immunosuppression. It meticulously examines the sources of mycotoxin contamination in fish feed,
addressing raw ingredients, storage conditions, and feed manufacturing processes. The review
emphasizes the critical role of adherence to Good Agricultural Practices (GAP) and Good
Manufacturing Practices (GMP) in preventing mycotoxin risks. Additionally, the paper elucidates
mitigation strategies, encompassing the use of mycotoxin-binding feed additives, feed formulation
optimization, and technological advancements for early detection. This comprehensive overview
serves as a valuable resource for aquaculture practitioners, researchers, and policymakers aiming to
enhance the safety and sustainability of fish production amidst mycotoxin challenges.
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1. Introduction

In recent years, the burgeoning global demand for fish and seafood has led to an unprecedented
intensification of aquaculture practices, significantly impacting the quality and safety of the final
product [1,2]. Among the myriad challenges faced by the aquaculture industry, mycotoxin
contamination of fish feed has emerged as a critical concern, posing substantial threats to fish health,
immunity, and overall production [3]. Mycotoxins, secondary metabolites produced by various
fungi, have been identified as potent contaminants in fish feed, leading to adverse effects on growth,
immune response, and overall physiological well-being of aquatic organisms [4—6].

This review paper endeavors to provide a comprehensive exploration of the multifaceted impact
of mycotoxins on fish production, with a particular focus on major contaminants such as aflatoxins,
fumonisins, ochratoxin, trichothecenes, and zearalenone. By delving into the intricate interplay
between mycotoxin exposure and fish health, this review aims to shed light on the underlying
mechanisms through which these toxic compounds exert their influence. Additionally, it will
scrutinize the potential consequences of mycotoxin-contaminated fish products on human consumers
and the broader implications for global food safety.

Furthermore, the paper will critically assess current mitigation strategies employed by the
aquaculture industry to curb mycotoxin contamination in fish feed. Through an integrative analysis
of research findings, this review seeks to contribute valuable insights to the scientific community,
aquaculture practitioners, and policymakers, fostering a better understanding of the challenges posed
by mycotoxins in fish production and paving the way for the development of effective preventive
and remedial measures. As we navigate the intricate web of mycotoxin-fish interactions, the synthesis
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of existing knowledge presented herein aims to inform and guide future research endeavors toward
sustainable and resilient aquaculture practices.

2. A comprehensive examination of mycotoxin contamination of fish feed

The escalating demand for fish and seafood products worldwide has prompted a significant
intensification of aquaculture practices [7]. As the aquaculture industry strives to meet the growing
needs of the global population, it faces an array of challenges, with mycotoxin contamination
emerging as a critical concern, particularly in the context of fish feed [8]. Mycotoxins, secondary
metabolites produced by fungi, have been identified as potent contaminants in various agricultural
commodities [9], and their presence in fish feed (Figure 1) raises profound implications for fish health,
production efficiency, and the safety of seafood products for human consumption [10,11]. In this
comprehensive exploration, we delve into the intricacies of mycotoxin contamination in fish feed,
examining the types of mycotoxins involved, their sources, the mechanisms through which they
impact fish, and the current strategies employed to mitigate these threats.
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Figure 1. Natural contamination of aquaculture feeds with mycotoxins (ug/kg feed) [12].

Among the diverse array of mycotoxins, aflatoxins stand out as particularly notorious
contaminants in fish feed [13]. Aflatoxins are produced primarily by Aspergillus species and are
known for their potent carcinogenic properties. The susceptibility of fish to aflatoxin exposure varies
across species, with catfish and tilapia being notably sensitive. The ingestion of aflatoxin-
contaminated feed can lead to bioaccumulation in fish tissues, posing risks to both aquatic health and
human consumers [14]. Fumonisins, produced by Fusarium species, are another group of mycotoxins
that frequently contaminate fish feed [15]. These toxins are implicated in various health issues,
including liver and kidney damage, as well as disruptions in sphingolipid metabolism.
Understanding the prevalence and impact of fumonisins in fish feed is crucial for mitigating their
adverse effects on fish health and the subsequent implications for human consumption [16].
Ochratoxins, produced by Aspergillus and Penicillium species, have been identified in fish feed, raising
concerns about their potential impact on fish health [17]. With nephrotoxic effects and potential
carcinogenicity, ochratoxins warrant careful consideration in the context of aquaculture, as their
presence can compromise the physiological integrity of fish and the safety of fish products for human
consumption [18]. Trichothecenes, produced by various Fusarium species, are mycotoxins with
immunosuppressive and cytotoxic effects [19]. In the context of fish feed, the impact of trichothecenes
on the immune system and overall health of aquatic organisms is a critical area of investigation [20].
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Understanding the mechanisms through which trichothecenes exert their influence is essential for
developing targeted mitigation strategies. Zearalenone, produced primarily by Fusarium species, is
known for its estrogenic properties [21,22]. In fish, exposure to zearalenone can lead to reproductive
abnormalities and disturbances in the endocrine system [23]. Examining the prevalence of
zearalenone in fish feed and its implications for reproductive health in aquatic organisms is essential
for ensuring the sustainability of aquaculture practices [24].

3. Sources of mycotoxin contamination in fish feed

The quality and safety of fish feed play a pivotal role in determining the health and productivity
of aquaculture systems [25]. One of the major challenges confronting the aquafeed industry is the
contamination of raw ingredients by mycotoxins, secondary metabolites produced by fungi [26].
Mycotoxins pose a significant threat to fish health [27], growth [16], and overall aquaculture
sustainability [28]. In this comprehensive exploration, we delve into the various raw ingredients
commonly used in fish feed formulation and the inherent risks associated with mycotoxin
contamination. Understanding the sources and dynamics of mycotoxin contamination in raw
ingredients is paramount for the development and implementation of effective preventive measures,
ensuring the production of high-quality and safe fish feed for sustainable aquaculture practices.

Mycotoxin contamination often originates in the raw ingredients used in fish feed formulation
[29]. Crops such as maize, peanuts, and soybeans, which are commonly used in aquafeed, are
susceptible to fungal contamination during cultivation, harvest, and storage (Figure 2).
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Figure 2. Contamination of the feed ingredients with mycotoxins in the final fish feeds (ug/kg
feed) [12].

Understanding the factors that contribute to mycotoxin contamination in these raw materials is
crucial for implementing preventive measures at the early stages of feed production. Cereals and
grains such as maize (corn), wheat, rice, and barley are primary sources of energy in fish feed [30].
They contribute to the overall structure of the feed and serve as a crucial energy source for fish
metabolism [31]. However, these raw materials are particularly susceptible to fungal contamination,
making them potential sources of mycotoxins in fish feed. Oil seeds like soybeans, sunflower, and
canola, along with their processed meals, are valuable sources of protein and lipids in fish feed
[32,33]. These ingredients provide essential amino acids and fatty acids necessary for fish growth and
development [34]. Nevertheless, the production and storage of oilseeds are associated with
mycotoxin contamination risks, as fungi can proliferate under conducive conditions. Fish meal,
derived from fish processing by-products, is a high-quality protein source in aquafeed. While fish
meal is prized for its nutritional profile, the raw materials used in its production can also be prone to
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mycotoxin contamination. This is especially true if the fish processing by-products include offcuts
and trimmings from fish with mycotoxin-contaminated feed. Legumes such as peas, lentils, and
chickpeas are utilized in fish feed formulations as alternative protein sources [35]. While legumes are
nutritionally valuable, they, too, are susceptible to fungal contamination during cultivation,
harvesting, and storage. Mycotoxin contamination in raw ingredients often begins in the field, where
crops are vulnerable to fungal infestations during cultivation. Factors such as climatic conditions, soil
health, and agronomic practices influence the growth of mycotogenic fungi [36]. Aspergillus,
Fusarium, and Penicillium species are common culprits, producing mycotoxins such as aflatoxins,
fumonisins, and ochratoxins. The combination of various raw ingredients in feed formulations can
lead to synergistic effects that amplify the risks of mycotoxin contamination [37]. Different fungi may
thrive in specific ingredients, and their mycotoxins can accumulate in the final feed product. The
interactive effects of mycotoxins, known as mycotoxin interactions, add complexity to the risk
assessment process [38].

The process of feed manufacturing itself can contribute to mycotoxin contamination. Inadequate
processing conditions, such as suboptimal temperature and humidity control, can facilitate the
growth of mycotogenic fungi and the production of mycotoxins. Examining the critical control points
in feed processing and implementing good manufacturing practices are essential steps in minimizing
the risk of mycotoxin contamination [39]. In the intricate web of aquaculture production, the
manufacturing process of fish feed stands as a crucial determinant of the quality, safety, and
nutritional adequacy of the final product. However, the very processes designed to transform raw
ingredients into nutritionally balanced pellets can inadvertently contribute to mycotoxin
contamination. Feed manufacturing involves a series of intricate processes designed to transform raw
ingredients into a palatable and nutritionally complete diet for aquatic organisms [40]. Raw
ingredients, such as cereals, grains, and oilseeds, undergo grinding to achieve a consistent particle
size. This process enhances the uniformity of the feed and facilitates optimal nutrient utilization by
aquatic organisms. However, the grinding process can inadvertently introduce mycotoxins if the raw
ingredients are already contaminated. After grinding, various raw ingredients are combined in
precise proportions to create a homogenous feed mixture. The mixing process aims to achieve a
uniform distribution of nutrients and additives. If mycotoxin-contaminated raw ingredients are
present, the homogeneity of the mixture may result in the even distribution of mycotoxins
throughout the feed batch. Conditioning involves the application of heat and steam to the feed
mixture, improving its physical and nutritional properties. While conditioning contributes to pellet
formation and palatability, it may not be sufficient to eliminate mycotoxins, especially heat-resistant
ones. In some cases, conditioning can even lead to the concentration of mycotoxins in the final feed.
The conditioned feed mixture is subjected to the pelleting process, where it is compressed through
dies to form pellets of a specific size. Pelleting enhances feed stability, reduces waste, and facilitates
ease of handling [41]. However, the high temperatures involved in pelleting may not always be
effective in eliminating mycotoxins, and there is a risk of recontamination during the cooling and
storage phases. Pellets exit the pelleting machine at elevated temperatures and are cooled to ambient
temperature before packaging. The cooling phase is critical for preventing the degradation of heat-
sensitive nutrients. However, it also provides an opportunity for mycotoxin contamination if cooling
is not swift or if the cooling equipment is contaminated. In some cases, additional coatings or
additives may be applied to the pellets after the pelleting process to improve palatability or enhance
specific nutritional aspects [42]. This step introduces another layer of complexity, as the coating
materials and additives must be carefully sourced to avoid mycotoxin contamination. The final
pellets are packaged and stored under controlled conditions to prevent moisture absorption,
maintain nutritional integrity, and deter the growth of mold and fungi. However, if mycotoxin-
contaminated raw ingredients are not adequately addressed during the manufacturing process, there
is a risk of further mycotoxin development during storage, particularly if storage conditions are
suboptimal [43].

The quality of raw materials significantly influences the potential for mycotoxin contamination
during feed manufacturing [44]. If raw ingredients, such as cereals, grains, and oilseeds, arrive at the
feed mill already contaminated with mycotoxins, the subsequent processes may exacerbate the issue
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[39]. Thus, a critical component of mycotoxin risk management is the rigorous testing and screening
of raw materials for mycotoxin presence before they enter the manufacturing process. Cross-
contamination, wherein mycotoxin-contaminated raw materials introduce mycotoxins into the
overall feed mixture, is a key concern during the mixing and pelleting stages. If mycotoxin-
contaminated ingredients are not identified and segregated during the mixing process, the resulting
feed pellets may contain an uneven distribution of mycotoxins, posing a heightened risk to aquatic
organisms. The effectiveness of heat in eliminating mycotoxins depends on the specific type of
mycotoxin and its heat stability [45]. Some mycotoxins, such as aflatoxins, are relatively heat-stable
and may persist through the conditioning and pelleting processes. Inadequate processing
temperatures or insufficient retention time during these heat-based processes can contribute to the
survival of mycotoxins in the final feed. The cooling phase, designed to solidify pellets and reduce
their temperature, is crucial for preventing nutritional degradation but presents challenges in terms
of mycotoxin control. If the cooling process is not rapid or if the cooling equipment is contaminated,
there is a risk of recontamination. Furthermore, storage conditions post-manufacturing play a pivotal
role in determining the final mycotoxin levels in the feed [46]. Inadequate storage conditions, such as
high humidity and temperature, create an environment conducive to fungal growth and mycotoxin
production. The absence of robust monitoring and quality control measures at various stages of feed
manufacturing can exacerbate mycotoxin contamination risks. Insufficient testing of raw materials,
lack of routine analysis during processing, and the absence of quality assurance programs may result
in the inadvertent incorporation of mycotoxins into the final feed product [47,48].

Post-production, the storage conditions of fish feed play a pivotal role in determining its
susceptibility to mycotoxin contamination. Improper storage practices, including prolonged
exposure to high humidity and temperature, create an environment conducive to fungal growth and
mycotoxin production. Implementing proper storage practices is imperative for preserving the
quality and safety of fish feed [49].

4. Impact of mycotoxin contamination on fish health

Mycotoxin-contaminated fish feed can significantly impair the growth performance of aquatic
organisms [50]. Aflatoxins, for instance, are known to cause stunted growth, reduced feed efficiency,
and compromised nutrient utilization in fish [51]. Understanding the specific mechanisms through
which mycotoxins affect growth parameters is essential for developing strategies to mitigate these
adverse effects. As contaminants in fish feed, mycotoxins can disrupt nutrient utilization,
compromise immune function, and induce physiological stress, collectively hampering the growth
potential of aquatic organisms [27]. One of the primary mechanisms through which mycotoxins
impede fish growth is by disrupting nutrient utilization [52]. Mycotoxins can interfere with the
absorption, metabolism, and utilization of essential nutrients, including proteins, lipids, vitamins,
and minerals. For example, aflatoxins, a group of mycotoxins produced by Aspergillus species, can
impair protein synthesis and lead to reduced growth rates in fish. The competition for nutrient
absorption between mycotoxins and essential nutrients can result in nutrient deficiencies, hindering
the fish's ability to meet its metabolic demands for growth [53]. Mycotoxin-induced
immunomodulation represents another critical mechanism influencing fish growth performance.
Immune system compromise can lead to increased susceptibility to infections and diseases, diverting
energy resources away from growth and toward immune defense. Trichothecenes, a group of
mycotoxins produced by Fusarium species, are known for their immunosuppressive effects in fish
[20]. The suppression of immune responses can create a vicious cycle, with compromised health
further hindering growth potential. Mycotoxins can induce oxidative stress in fish, disrupting the
balance between reactive oxygen species (ROS) production and the antioxidant defense system [54].
Oxidative stress can lead to cellular damage, affecting various tissues and organs crucial for growth
[55]. Aflatoxins, for instance, can generate ROS, contributing to oxidative stress and impairing
growth-related processes in fish. Mitochondrial function, protein synthesis, and overall cellular
integrity can be compromised, directly impacting the fish's ability to achieve optimal growth rates.
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Certain mycotoxins possess estrogenic or antiestrogenic properties, disrupting the endocrine system
and influencing fish reproductive and growth-related hormones. Zearalenone, an estrogenic
mycotoxin, can interfere with the synthesis and activity of reproductive hormones in fish [56]. The
disruption of the endocrine system can lead to disturbances in growth, development, and
reproductive processes, negatively impacting the overall growth performance of fish. A mycotoxin-
contaminated feed can compromise the efficiency with which fish convert feed into body mass,
known as feed conversion efficiency (FCE). The disrupted nutrient utilization and
immunomodulatory effects of mycotoxins can lead to suboptimal FCE, requiring a greater amount
of feed to achieve a given amount of growth. This inefficiency exacerbates the economic impact of
mycotoxin contamination on aquaculture operations, as more resources are expended on feed
without commensurate gains in fish biomass [57]. Oxidative stress induced by mycotoxin
contamination can result in damage to vital organs, further impairing fish growth. Liver and kidney
damage are commonly observed consequences, as these organs play pivotal roles in nutrient
metabolism, detoxification, and overall physiological homeostasis. The compromised function of
these organs can disrupt the fish's ability to process nutrients efficiently and negatively impact its
overall health and growth performance. The immune system of fish is highly susceptible to
mycotoxin-induced suppression [58]. Trichothecenes, for example, have been shown to compromise
the immune response in fish, making them more vulnerable to infections [59]. Investigating the
immunomodulatory effects of different mycotoxins and their implications for disease susceptibility
is crucial for maintaining the health and resilience of aquatic organisms.

Different fish species exhibit varying degrees of susceptibility and responses to mycotoxin
contamination [60]. Catfish and tilapia, for example, are particularly sensitive to aflatoxin exposure,
experiencing significant growth inhibition and liver damage [61,62]. Rainbow trout and salmonid
species, on the other hand, may exhibit different sensitivities to various mycotoxins, emphasizing the
need for species-specific assessments of mycotoxin impact. Understanding the nuances of species-
specific responses is crucial for tailoring mitigation strategies and optimizing the selection of fish
species in aquaculture operations. Aflatoxins, produced primarily by Aspergillus flavus and
Aspergillus parasiticus, are highly relevant contaminants in catfish farming. Catfish, known for their
susceptibility to aflatoxin-induced toxicity, often experience compromised growth, liver damage, and
immunosuppression when exposed to aflatoxin-contaminated feed [63]. Aflatoxin B1, the most
potent and prevalent aflatoxin, poses a significant risk to catfish health and growth performance [57].
Mitigation strategies in catfish farming involve rigorous testing of raw ingredients, implementing
effective feed management practices, and utilizing mycotoxin-binding agents in feed formulations.
Tilapia, a widely cultured fish species, is susceptible to fumonisin contamination in feed, primarily
from Fusarium verticillioides [64]. Fumonisins interfere with sphingolipid metabolism, leading to
disruptions in cell membrane function and integrity. Tilapia exposed to fumonisin-contaminated feed
may exhibit stunted growth, liver and kidney damage, and increased susceptibility to diseases [65].
Mitigation strategies for fumonisin contamination in tilapia production involve screening and
sourcing low-fumonisin raw materials, optimizing feed formulations, and incorporating mycotoxin
binders to reduce fumonisin bioavailability. Rainbow trout (Oncorhynchus mykiss), a prized species in
aquaculture, is susceptible to various environmental stressors that can impact its growth and overall
health. Among these stressors, mycotoxin contamination, particularly by trichothecenes, poses a
significant threat to rainbow trout farming [66]. Trichothecenes constitute a diverse family of
mycotoxins produced by various Fusarium species. Common types include deoxynivalenol (DON),
T-2 toxin, HT-2 toxin, nivalenol (NIV), and diacetoxyscirpenol (DAS). These mycotoxins can
contaminate a variety of cereal crops, including wheat, barley, maize, and oats, which are commonly
used in aquafeed formulations. The prevalence of trichothecenes in these raw ingredients poses a
significant risk to rainbow trout farming when contaminated feed is consumed [66]. Trichothecenes,
particularly DON, have been linked to stunted growth in rainbow trout. The presence of DON in feed
has been associated with reduced feed intake and impaired nutrient utilization, leading to slower
growth rates [67]. The mechanisms underlying this growth inhibition involve the disruption of
protein synthesis and the modulation of appetite-regulating hormones, impacting the overall
metabolic processes essential for growth. The effects of trichothecenes extend beyond growth rates,
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influencing the efficiency with which rainbow trout convert feed into body mass. DON, in particular,
has been shown to reduce FCE by affecting the fish's ability to digest and absorb nutrients efficiently
[68]. Suboptimal FCE can contribute to increased production costs and decreased profitability in
rainbow trout farming operations. One of the distinctive characteristics of trichothecenes is their
immunosuppressive impact. Rainbow trout exposed to these mycotoxins may experience
compromised immune responses, rendering them more susceptible to infections and diseases [68].
The immunosuppressive effects of trichothecenes exacerbate the challenges of maintaining optimal
health and growth in rainbow trout populations. Trichothecenes can induce hepatotoxic effects in
rainbow trout, affecting the liver's structure and function. DON, for example, has been shown to
cause histopathological changes in the liver, including vacuolization and degeneration of
hepatocytes. Hepatotoxicity further contributes to the overall stress on the fish's physiological
systems, impacting growth and overall performance. One of the primary mechanisms through which
trichothecenes exert their effects is the inhibition of protein synthesis. DON, as a ribotoxic mycotoxin,
targets the ribosomes and disrupts the process of protein translation. This inhibition affects the
synthesis of essential proteins involved in growth, immune function, and overall metabolic processes,
contributing to the observed growth impairment in rainbow trout. Trichothecenes can modulate the
secretion of appetite-regulating hormones in rainbow trout, influencing their feeding behavior [69].
DON, in particular, has been shown to alter the expression of neuropeptides involved in appetite
regulation. The disruption of normal feeding patterns and reduced feed intake contribute to the
negative impact on growth performance [70].

While the focus of mycotoxin research in the context of fish production often centers on the
impact on aquatic organisms, it is imperative to recognize the potential implications for human
health. Mycotoxin-contaminated fish products can serve as a route of exposure for consumers, with
aflatoxins, in particular, posing carcinogenic risks [71]. Assessing the transfer of mycotoxins from fish
feed to fish tissues and evaluating the risks to human consumers are essential components of
ensuring the safety of seafood products [72].

5. Mitigation strategies for mycotoxins

The incorporation of feed additives with mycotoxin-binding properties is a commonly
employed strategy to mitigate mycotoxin contamination in fish feed [3]. Adsorbents such as clay
minerals and activated carbon can bind mycotoxins in the gastrointestinal tract of fish, preventing
their absorption and subsequent adverse effects. Evaluating the efficacy of different feed additives
and optimizing their use is a dynamic area of research [73]. Mycotoxin contamination in fish feed
poses a substantial threat to aquaculture, impacting fish health, growth, and overall production
efficiency. One commonly employed and effective strategy to mitigate the adverse effects of
mycotoxins is the incorporation of feed additives with mycotoxin-binding properties [39]. These
additives act as adsorbents, binding mycotoxins in the gastrointestinal tract of fish and preventing
their absorption into the bloodstream. Understanding the intricacies of this mitigation strategy is
crucial for aquaculture practitioners seeking to ensure the production of safe, high-quality, and
nutritionally balanced fish feeds [74]. Mycotoxin-binding feed additives primarily function through
a process known as adsorption. Adsorption involves the physical or chemical adherence of
mycotoxins to the surface of the binding agent, preventing their interaction with the digestive and
absorptive mechanisms in the gastrointestinal tract. The binding agents possess specific sites that
attract mycotoxins, forming complexes that are subsequently excreted from the body. This prevents
the mycotoxins from exerting their toxic effects on fish tissues and organs [75]. Several types of
binding agents are commonly employed in mycotoxin-binding feed additives (Table 1).

Table 1. Binding agents that are commonly employed in mycotoxin-binding feed additives in
fish production [22,53,76-78].
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Types of Binding Agents Effects or Mechanisms of Binding Agents
Bentonite: A naturally occurring clay with a
high surface area, bentonite is known for its
adsorptive capacity for a variety of mycotoxins.

Clay Minerals Montmorillonite: A type of bentonite,

montmorillonite has layered structures that
provide an expansive surface area for
mycotoxin binding.
Activated charcoal is a porous form of carbon
. that has been treated to increase its surface area.
Activated Charcoal e . . .
It exhibits high adsorption capacity for a wide
range of mycotoxins.
Silicate-based materials, such as hydrated
Silicates sodium calcium aluminosilicate (HSCAS), have
demonstrated mycotoxin-binding capabilities.
Certain yeast strains and microorganisms, such
as Saccharomyces cerevisiae, have been
Yeasts and Microorganisms explored for their ability to bind mycotoxins.
These biological agents often interact with
mycotoxins through specific binding sites.
Enzymes, including carbohydrates and
proteases, have been investigated for their
Enzymes potential to modify the structure of mycotoxins,
rendering them less toxic or facilitating their
elimination.

The effectiveness of mycotoxin-binding feed additives often varies based on the type of
mycotoxin and the binding agent employed [79]. Some binding agents exhibit a degree of specificity
for certain mycotoxins, while others demonstrate broader selectivity. The choice of binding agent
should align with the specific mycotoxin profile encountered in raw ingredients and the desired level
of protection against contamination.

Adherence to good agricultural and manufacturing practices is fundamental in preventing
mycotoxin contamination at various stages of the feed production process [80]. Implementing proper
crop management practices, monitoring raw materials for mycotoxin presence, and ensuring
stringent quality control during feed processing are integral components of mitigating the risk of
mycotoxin contamination [81]. However, this process is susceptible to mycotoxin contamination,
posing a significant challenge to the aquafeed industry. Adherence to Good Agricultural Practices
(GAP) and Good Manufacturing Practices (GMP) emerges as a cornerstone strategy in mitigating
mycotoxin risks at various stages of fish feed production.

GAP encompass a set of principles and guidelines designed to ensure the safety, quality, and
sustainability of agricultural products [82]. In the context of fish feed production, adherence to GAP
begins with the sourcing of raw materials. Key principles include site selection and management,
seed selection, crop rotation and diversity, and water management. GAP in raw material sourcing
involves an in-depth mycotoxin risk assessment, where potential sources of contamination are
identified, and preventive measures are implemented. This assessment includes field surveys and
monitoring, pre-harvest testing, and quality seed and planting material certification [83].

On the other hand, GMP in fish feed production forms the foundation for ensuring the quality
and safety of the final product. Key principles include facility design and layout, equipment and
machinery, personnel training, and record-keeping [84]. GMP in feed production involves specific
measures to control and mitigate mycotoxin risks at various stages of formulation and processing:
Raw material screening, optimized formulation, effective mixing and homogenization, pelleting and
conditioning, and cooling and storage [85].
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Nowadays there are emerging technologies of mycotoxin detection [86]. Advances in mycotoxin
detection technologies, including rapid testing kits, biosensors, and molecular diagnostics, enhance
the efficiency and accuracy of mycotoxin screening in raw materials and finished feeds [87,88].
Precision agriculture technologies, such as satellite imaging and sensor-based monitoring, enable
more targeted and efficient implementation of GAP. These technologies enhance the ability to
monitor fields for fungal infestations and mycotoxin risks. Digitalization and process automation in
feed manufacturing contribute to precision control during mixing, pelleting, and conditioning
processes. Real-time monitoring of critical parameters [89].

Advancements in biotechnology offer promising avenues for mitigating mycotoxin
contamination in fish feed [90]. Bioremediation approaches, utilizing microorganisms capable of
degrading mycotoxins, are under investigation as potential strategies to detoxify contaminated feed
[39].

6. Conclusions

The review paper provides a thorough and insightful examination of mycotoxin contamination
in fish feed, shedding light on the diverse range of mycotoxins, their mechanisms of action, sources
of contamination, and strategic mitigation approaches. It serves as a valuable resource for
aquaculture practitioners, researchers, and policymakers seeking to enhance the safety and
sustainability of fish production in the face of mycotoxin challenges.

Acknowledgments: Improving the competitiveness of organic food products in functions of sustainable
development of AP Vojvodina, grant No. 142-451—2570/2021.

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

References

1. Fatima, N.; Shuaib, S.E.; Kong, J.D. Predicting Adaptations of Fish and Fishing Communities to Rapid
Climate Velocities in Canadian Waters: A Systematic Review. Environmental Advances 2023, 14, 100452,
doi:10.1016/j.envadv.2023.100452.

2. Houston, R.D.; Bean, T.P.; Macqueen, D.J.; Gundappa, M.K.; Jin, Y.H.; Jenkins, T.L.; Selly, S.L.C,;
Martin, S.A.M.; Stevens, J.R.; Santos, E.M.; et al. Harnessing Genomics to Fast-Track Genetic
Improvement in Aquaculture. Nat Rev Genet 2020, 21, 389-409, d0i:10.1038/s41576-020-0227-y.

3. Puvaca, N.; Ljubojevi¢ Peli¢, D.; Tufarelli, V. Mycotoxins Adsorbents in Food Animal Production. J
Agron Technol Eng Manag 2023, 6, 944-952, d0i:10.55817/GY1C7602.

4. Reverberi, M.; Ricelli, A.; Zjalic, S.; Fabbri, A.A.; Fanelli, C. Natural Functions of Mycotoxins and
Control of Their Biosynthesis in Fungi. Appl Microbiol Biotechnol 2010, 87, 899-911,
doi:10.1007/s00253-010-2657-5.

5. Nielsen, K.F.; Mogensen, J.M.; Johansen, M.; Larsen, T.O.; Frisvad, J.C. Review of Secondary
Metabolites and Mycotoxins from the Aspergillus Niger Group. Anal Bioanal Chem 2009, 395, 1225-
1242, doi:10.1007/s00216-009-3081-5.

6. Streit, E.; Schwab, C.; Sulyok, M.; Naehrer, K.; Krska, R.; Schatzmayr, G. Multi-Mycotoxin Screening
Reveals the Occurrence of 139 Different Secondary Metabolites in Feed and Feed Ingredients. Toxins
2013, 5, 504-523, doi:10.3390/toxins5030504.

7. Henriksson, P.J.G.; Rico, A.; Troell, M.; Klinger, D.H.; Buschmann, A.H.; Saksida, S.; Chadag, M.V.;
Zhang, W. Unpacking Factors Influencing Antimicrobial Use in Global Aquaculture and Their Implication



J Agron Technol Eng Manag 2024, 7(5), 1158-1172. https://doi.org/10.55817/FCYV1095 1167

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

for Management: A Review from a Systems Perspective. Sustain Sci 2018, 13, 1105-1120,
doi:10.1007/s11625-017-0511-8.

Tirado, M.C.; Cohen, M.J.; Aberman, N.; Meerman, J.; Thompson, B. Addressing the Challenges of
Climate Change and Biofuel Production for Food and Nutrition Security. Food Research International
2010, 43, 1729-1744, doi:10.1016/j.foodres.2010.03.010.

Sanzani, S.M.; Reverberi, M.; Geisen, R. Mycotoxins in Harvested Fruits and Vegetables: Insights in
Producing Fungi, Biological Role, Conducive Conditions, and Tools to Manage Postharvest
Contamination. Postharvest Biology and Technology 2016, 122, 95-105,
doi:10.1016/j.postharvbio.2016.07.003.

Adeyeye, S.A.O. Fungal Mycotoxins in Foods: A Review. Cogent Food & Agriculture 2016, 2, 1213127,
d0i:10.1080/23311932.2016.1213127.

Kumar, V.; Basu, M.S.; Rajendran, T.P. Mycotoxin Research and Mycoflora in Some Commercially
Important Agricultural Commodities. Crop Protection 2008, 217, 891-905,
doi:10.1016/j.cropro.2007.12.011.

Pietsch, C. Risk Assessment for Mycotoxin Contamination in Fish Feeds in Europe. Mycotoxin Res 2020,
36, 41-62, doi:10.1007/s12550-019-00368-6.

Jangampalli Adi, P.; Matcha, B. Analysis of Aflatoxin B1 in Contaminated Feed, Media, and Serum
Samples of Cyprinus Carpio L. by High-Performance Liquid Chromatography. Food Quality and Safety
2018, 2, 199-204, doi:10.1093/fgsafe/fyy013.

Gomes, A.L.; de Godoy, S.H.; de Castro Burbarelli, M.F.; Chaguri, M.P.; de Sousa, R.L.; Fernandes, A.M.
Fish Feed Mycobiota and Aflatoxins in Round Fish Tissues. Journal of the Science of Food and Agriculture
2022, 102, 1391-1396, doi:10.1002/jsfa.11471.

Manning, B.B.; Abbas, H.K. The Effect of Fusarium Mycotoxins Deoxynivalenol, Fumonisin, and
Moniliformin from Contaminated Moldy Grains on Aquaculture Fish. Toxin Reviews 2012, 31, 11-15,
doi:10.3109/15569543.2011.651519.

Koletsi, P.; Schrama, J.W.; Graat, E.A.M.; Wiegertjes, G.F.; Lyons, P.; Pietsch, C. The Occurrence of
Mycotoxins in Raw Materials and Fish Feeds in Europe and the Potential Effects of Deoxynivalenol (DON)
on the Health and Growth of Farmed Fish Species—A Review. Toxins 2021, 13, 403,
d0i:10.3390/toxins13060403.

Kumar, P.; Mahato, D.K.; Sharma, B.; Borah, R.; Haque, S.; Mahmud, M.M.C.; Shah, A.K.; Rawal, D;
Bora, H.; Bui, S. Ochratoxins in Food and Feed: Occurrence and Its Impact on Human Health and
Management Strategies. Toxicon 2020, 187, 151-162, doi:10.1016/j.toxicon.2020.08.031.

Furian, A.F.; Fighera, M.R.; Royes, L.F.F.; Oliveira, M.S. Recent Advances in Assessing the Effects of
Mycotoxins Using Animal Models. Current Opinion in Food Science 2022, 47, 100874,
d0i:10.1016/j.cofs.2022.100874.

Genevieve S. Bondy, J.J.P. Immunomodulation by Fungal Toxins. Journal of Toxicology and
Environmental Health, Part B 2000, 3, 109-143, doi:10.1080/109374000281113.

Polak-Sliwinska, M.; Paszczyk, B. Trichothecenes in Food and Feed, Relevance to Human and Animal
Health and Methods of Detection: A Systematic Review. Molecules 2021, 26, 454,
d0i:10.3390/molecules26020454.

Rai, A.; Das, M.; Tripathi, A. Occurrence and Toxicity of a Fusarium Mycotoxin, Zearalenone. Critical
Reviews in Food Science and Nutrition 2020, 60, 2710-2729, doi:10.1080/10408398.2019.1655388.
Puvaca, N.; Ljubojevi¢ Peli¢, D.; Tufarelli, V.; Nikolova, N.; Bursi¢, V.; Vapa, 1.; Vukovi¢, G. Dietary
Effects of Mycotoxins Adsorbents Mycostop Premium® and Mycostop Duplo® on Piglets Productive



J Agron Technol Eng Manag 2024, 7(5), 1158-1172. https://doi.org/10.55817/FCYV1095 1168

23.

24.

25.

26.

217.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

Performance and Blood Serum Enzyme Activities. J Agron Technol Eng Manag 2023, 6, 988-997,
doi:10.55817/KCTC8701.

Schwartz, P.; Thorpe, K.L.; Bucheli, T.D.; Wettstein, F.E.; Burkhardt-Holm, P. Short-Term Exposure to
the Environmentally Relevant Estrogenic Mycotoxin Zearalenone Impairs Reproduction in Fish. Science
of The Total Environment 2010, 409, 326-333, doi:10.1016/j.scitotenv.2010.10.017.

Wozny, M.; Obremski, K.; Zalewski, T.;, Mommens, M.; Lakomiak, A.; Brzuzan, P. Transfer of
Zearalenone to the Reproductive System of Female Rainbow Trout Spawners: A Potential Risk for
Aquaculture and Fish Consumers? Food and Chemical Toxicology 2017, 107, 386-394,
d0i:10.1016/j.fct.2017.07.010.

Pradeepkiran, J.A. Aquaculture Role in Global Food Security with Nutritional Value: A Review.
Translational Animal Science 2019, 3, 903-910, doi:10.1093/tas/txz012.

Nogueira, W.V.; de Oliveira, F.K.; Garcia, S. de O.; Sibaja, K.V.M.; Tesser, M.B.; Garda Buffon, J.
Sources, Quantification Techniques, Associated Hazards, and Control Measures of Mycotoxin
Contamination of  Aquafeed. Critical Reviews in  Microbiology 2020, 46, 26-37,
doi:10.1080/1040841X.2020.1716681.

Oliveira, M.; Vasconcelos, V. Occurrence of Mycotoxins in Fish Feed and Its Effects: A Review. Toxins
2020, 12, 160, doi:10.3390/toxins12030160.

Gongalves, R.A.; Schatzmayr, D.; Albalat, A.; Mackenzie, S. Mycotoxins in Aquaculture: Feed and Food.
Reviews in Aquaculture 2020, 12, 145-175, doi:10.1111/rag.12310.

Gongalves, R. a.; Schatzmayr, D.; Hofstetter, U.; Santos, G. a. Occurrence of Mycotoxins in Aquaculture:
Preliminary Overview of Asian and European Plant Ingredients and Finished Feeds. World Mycotoxin
Journal 2017, 10, 183-194, doi:10.3920/WMJ2016.2111.

Ljubojevi¢, D.; Radosavljevi¢, V.; Puvaca, N.; Zivkov Balog, M.; Pordevi¢, V.; Jovanovié, R.; Cirkovic’,
M. Interactive Effects of Dietary Protein Level and Oil Source on Proximate Composition and Fatty Acid
Composition in Common Carp (Cyprinus Carpio L.). Journal of Food Composition and Analysis 2015, 37,
44-50, doi:10.1016/j.jfca.2014.09.005.

Markovi¢, G.; Madi¢, M.; Bokan, N.; Cirkovié, M. Alternative Cereals in Carp ( L.) Nutrition.
Contemporary Agriculture 2016, 65, 23-27, doi:10.1515/contagri-2016-0004.

Adeleke, B.S.; Babalola, O.0. Oilseed Crop Sunflower (Helianthus Annuus) as a Source of Food:
Nutritional and Health Benefits. Food Science & Nutrition 2020, 8, 4666-4684, doi:10.1002/fsn3.1783.
Aslaksen, M.A.; Kraugerud, O.F.; Penn, M.; Svihus, B.; Denstadli, V.; Jargensen, H.Y.; Hillestad, M.;
Krogdahl, A.; Storebakken, T. Screening of Nutrient Digestibilities and Intestinal Pathologies in Atlantic
Salmon, Salmo Salar, Fed Diets with Legumes, Qilseeds, or Cereals. Aquaculture 2007, 272, 541-555,
doi:10.1016/j.aquaculture.2007.07.222.

Ljubojevié, D.; Cirkovié, M.; Pordevié, V.; Puvaga, N.; Trbovi¢, D.; Vukadinov, J.; Plavia, N. Fat Quality
of Marketable Fresh Water Fish Species in the Republic of Serbia. Czech J. Food Sci. 2013, 31, 445-450,
doi:10.17221/53/2013-CJFS.

Aydemir, L.Y.; Yemenicioglu, A. Potential of Turkish Kabuli Type Chickpea and Green and Red Lentil
Cultivars as Source of Soy and Animal Origin Functional Protein Alternatives. LWT - Food Science and
Technology 2013, 50, 686-694, doi:10.1016/j.Iwt.2012.07.023.

Hussein, H.S.; Brasel, J.M. Toxicity, Metabolism, and Impact of Mycotoxins on Humans and Animals.
Toxicology 2001, 167, 101-134, doi:10.1016/S0300-483X(01)00471-1.

Pinotti, L.; Ottoboni, M.; Giromini, C.; Dell’Orto, V.; Cheli, F. Mycotoxin Contamination in the EU Feed
Supply Chain: A Focus on Cereal Byproducts. Toxins 2016, 8, 45, doi:10.3390/toxins8020045.



J Agron Technol Eng Manag 2024, 7(5), 1158-1172. https://doi.org/10.55817/FCYV1095 1169

38.

39.

40.

41.

42,

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

Magnoli, A.P.; Poloni, V.L.; Cavaglieri, L. Impact of Mycotoxin Contamination in the Animal Feed
Industry. Current Opinion in Food Science 2019, 29, 99-108, doi:10.1016/j.cofs.2019.08.009.

Colovi¢, R.; Puvada, N.; Cheli, F.; Avantaggiato, G.; Greco, D.; Puragi¢, O.; Kos, I.; Pinotti, L.
Decontamination of Mycotoxin-Contaminated Feedstuffs and Compound Feed. Toxins 2019, 11, 617,
doi:10.3390/toxins11110617.

Hardy, R.W.; Barrows, F.T. Diet Formulation and Manufacture. In Fish Nutrition (Third Edition); Halver,
J.E., Hardy, R.W., Eds.; Academic Press: San Diego, 2003; pp. 505-600 ISBN 978-0-12-319652-1.
Welker, T.L.; Overturf, K.; Snyder, S.; Liu, K.; Abernathy, J.; Frost, J.; Barrows, F.T. Effects of Feed
Processing Method (Extrusion and Expansion-Compression Pelleting) on Water Quality and Growth of
Rainbow Trout in a Commercial Setting. Journal of Applied Aquaculture 2018, 30, 97-124,
d0i:10.1080/10454438.2018.1433095.

Aaqillah-Amr, M.A.; Hidir, A.; Azra, M.N.; Ahmad-Ideris, A.R.; Abualreesh, M.H.; Noordiyana, M.N.;
Ikhwanuddin, M. Use of Pelleted Diets in Commercially Farmed Decapods during Juvenile Stages: A
Review. Animals 2021, 11, 1761, doi:10.3390/ani11061761.

Karlovsky, P.; Suman, M.; Berthiller, F.; De Meester, J.; Eisenbrand, G.; Perrin, I.; Oswald, 1.P.; Speijers,
G.; Chiodini, A.; Recker, T.; etal. Impact of Food Processing and Detoxification Treatments on Mycotoxin
Contamination. Mycotoxin Res 2016, 32, 179-205, doi:10.1007/s12550-016-0257-7.

Mili¢evié, D.R.; Skrinjar, M.; Balti¢, T. Real and Perceived Risks for Mycotoxin Contamination in Foods
and Feeds: Challenges for Food Safety Control. Toxins 2010, 2, 572-592, doi:10.3390/toxins2040572.
Milani, J.; Maleki, G. Effects of Processing on Mycotoxin Stability in Cereals. Journal of the Science of
Food and Agriculture 2014, 94, 2372-2375, doi:10.1002/jsfa.6600.

Likhayo, P.; Bruce, A.Y.; Tefera, T.; Mueke, J. Maize Grain Stored in Hermetic Bags: Effect of Moisture
and Pest Infestation on Grain Quality. Journal of Food Quality 2018, 2018, e2515698,
d0i:10.1155/2018/2515698.

Warsco, K.; Lindsey, P.F. Proactive Approaches for Mold-Free Interior Environments. Archives of
Environmental Health: An International Journal 2003, 58, 512-522, doi:10.3200/AEOH.58.8.512-522.
Zitnak, M.; Kollarova, K.; Macék, M.; Pristavkova, M.; Bosansky, M. Assessment of Risks in the Field of
Safety, Quality and Environment in Post-Harvest Line. Research in Agricultural Engineering 2015, 61
(2015), S26-S36, doi:10.17221/23/2015-RAE.

Sivamaruthi, B.S.; Kesika, P.; Chaiyasut, C. Toxins in Fermented Foods: Prevalence and Preventions—A
Mini Review. Toxins 2019, 11, 4, doi:10.3390/toxins11010004.

Matejova, I.; Svobodova, Z.; Vakula, J.; Mares, J.; Modra, H. Impact of Mycotoxins on Aquaculture Fish
Species: A Review. Journal of the World Aquaculture Society 2017, 48, 186200, doi:10.1111/jwas.12371.
Barany, A.; Guilloto, M.; Cosano, J.; de Boevre, M.; Oliva, M.; de Saeger, S.; Fuentes, J.; Martinez-
Rodriguez, G.; Mancera, J.M. Dietary Aflatoxin B1 (AFB1) Reduces Growth Performance, Impacting
Growth Axis, Metabolism, and Tissue Integrity in Juvenile Gilthead Sea Bream (Sparus Aurata).
Aquaculture 2021, 533, 736189, doi:10.1016/j.aquaculture.2020.736189.

Ghafarifarsani, H.; Imani, A.; Niewold, T.A.; Pietsch-Schmied, C.; Sarvi Moghanlou, K. Synergistic
Toxicity of Dietary Aflatoxin B1 (AFB1) and Zearalenone (ZEN) in Rainbow Trout (Oncorhynchus
Mykiss) Is  Attenuated by  Anabolic  Effects.  Aquaculture 2021, 541, 736793,
doi:10.1016/j.aquaculture.2021.736793.

Kihal, A.; Rodriguez-Prado, M.; Calsamiglia, S. The Efficacy of Mycotoxin Binders to Control
Mycotoxins in Feeds and the Potential Risk of Interactions with Nutrient: A Review. Journal of Animal
Science 2022, 100, skac328, doi:10.1093/jas/skac328.



J Agron Technol Eng Manag 2024, 7(5), 1158-1172. https://doi.org/10.55817/FCYV1095 1170

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

da Silva, E. o.; Bracarense, A. p. f. I.; Oswald, I. p. Mycotoxins and Oxidative Stress: Where Are We?
World Mycotoxin Journal 2018, 11, 113-134, doi:10.3920/WMJ2017.2267.

Lushchak, V.1. Environmentally Induced Oxidative Stress in Aquatic Animals. Aquatic Toxicology 2011,
101, 13-30, doi:10.1016/j.aquatox.2010.10.006.

Muthulakshmi, S.; Hamideh, P.F.; Habibi, H.R.; Maharajan, K.; Kadirvelu, K.; Mudili, V. Mycotoxin
Zearalenone Induced Gonadal Impairment and Altered Gene Expression in the Hypothalamic—Pituitary—
Gonadal Axis of Adult Female Zebrafish (Danio Rerio). Journal of Applied Toxicology 2018, 38, 1388—
1397, doi:10.1002/jat.3652.

Gongalves, R.A.; Do Cam, T.; Tri, N.N.; Santos, G.A.; Encarnacéo, P.; Hung, L.T. Aflatoxin B1 (AFB1)
Reduces Growth Performance, Physiological Response, and Disease Resistance in Tra Catfish (Pangasius
Hypophthalmus). Aquacult Int 2018, 26, 921-936, doi:10.1007/s10499-018-0259-x.

Matejova, I.; Vicenova, M.; Vojtek, L.; Kudlackova, H.; Nedbalcova, K.; Faldyna, M.; Sisperova, E.;
Modra, H.; Svobodova, Z. Effect of the Mycotoxin Deoxynivalenol on the Immune Responses of Rainbow
Trout (Oncorhynchus Mykiss). Vet. Med. 2015, 60, 515-521, d0i:10.17221/8443-VETMED.

Modra, H.; Palikova, M.; Hyrsl, P.; Bartonkova, J.; Papezikova, I.; Svobodova, Z.; Blahova, J.; Mares, J.
Effects of Trichothecene Mycotoxin T-2 Toxin on Haematological and Immunological Parameters of
Rainbow Trout (Oncorhynchus Mykiss). Mycotoxin Res 2020, 36, 319326, doi:10.1007/s12550-020-
00396-7.

Zhou, H.; George, S.; Li, C.; Gurusamy, S.; Sun, X.; Gong, Z.; Qian, H. Combined Toxicity of Prevalent
Mycotoxins Studied in Fish Cell Line and Zebrafish Larvae Revealed That Type of Interactions Is Dose-
Dependent. Aquatic Toxicology 2017, 193, 60-71, doi:10.1016/j.aquatox.2017.09.030.

Santacroce, M.P.; Conversano, M.C.; Casalino, E.; Lai, O.; Zizzadoro, C.; Centoducati, G.; Crescenzo, G.
Aflatoxins in Aquatic Species: Metabolism, Toxicity and Perspectives. Rev Fish Biol Fisheries 2008, 18,
99-130, doi:10.1007/s11160-007-9064-8.

Deng, S.-X.; Tian, L.-X.; Liu, F.-J.; Jin, S.-J.; Liang, G.-Y.; Yang, H.-J.; Du, Z.-Y.; Liu, Y.-J. Toxic Effects
and Residue of Aflatoxin B1 in Tilapia (Oreochromis niloticusxO. Aureus) during Long-Term Dietary
Exposure. Aquaculture 2010, 307, 233-240, doi:10.1016/j.aquaculture.2010.07.029.

Zhang, Z.-Y.; Jiang, Z.-Y.; Lv, H.-B.; Jin, J.-Y.; Chen, L.-Q.; Zhang, M.-L.; Du, Z.-Y.; Qiao, F. Dietary
Aflatoxin Impairs Flesh Quality through Reducing Nutritional Value and Changing Myofiber
Characteristics in Yellow Catfish (Pelteobagrus Fulvidraco). Animal Feed Science and Technology 2021,
274, 114764, doi:10.1016/j.anifeedsci.2020.114764.

Tuan, N.A.; Manning, B.B.; Lovell, R.T.; Rottinghaus, G.E. Responses of Nile Tilapia (Oreochromis
Niloticus) Fed Diets Containing Different Concentrations of Moniliformin or Fumonisin B1. Aquaculture
2003, 217, 515-528, doi:10.1016/S0044-8486(02)00268-5.

Chain (CONTAM), E.P. on C. in the F.; Knutsen, H.-K.; Alexander, J.; Barregérd, L.; Bignami, M.;
Brischweiler, B.; Ceccatelli, S.; Cottrill, B.; Dinovi, M.; Edler, L.; et al. Risks for Animal Health Related
to the Presence of Fumonisins, Their Modified Forms and Hidden Forms in Feed. EFSA Journal 2018, 16,
€05242, doi:10.2903/j.efsa.2018.5242.

Greco, M.; Pardo, A.; Pose, G. Mycotoxigenic Fungi and Natural Co-Occurrence of Mycotoxins in
Rainbow Trout (Oncorhynchus Mykiss) Feeds. Toxins 2015, 7, 4595-4609, doi:10.3390/toxins7114595.
Hooft, J.M.; Elmor, A.E.H.l.; Encarnagdo, P.; Bureau, D.P. Rainbow Trout (Oncorhynchus Mykiss) Is
Extremely Sensitive to the Feed-Borne Fusarium Mycotoxin Deoxynivalenol (DON). Aquaculture 2011,
311, 224-232, doi:10.1016/j.aquaculture.2010.11.049.



J Agron Technol Eng Manag 2024, 7(5), 1158-1172. https://doi.org/10.55817/FCYV1095 1171

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Hooft, J.M.; Ferreira, C.; Lumsden, J.S.; Sulyok, M.; Krska, R.; Bureau, D.P. The Effects of Naturally
Occurring or Purified Deoxynivalenol (DON) on Growth Performance, Nutrient Utilization and
Histopathology of Rainbow Trout (Oncorhynchus Mykiss). Aquaculture 2019, 505, 319-332,
doi:10.1016/j.aquaculture.2019.02.032.

McLaughlin, B.F., Calvin S. Biochemical Mechanism of Action of Trichothecene Mycotoxins. In
Trichothecene Mycotoxicosis Pathophysiologic Effects (1989); CRC Press, 1989 ISBN 978-1-315-12128-
4,

Rocha, O.; Ansari, K.; Doohan, F.M. Effects of Trichothecene Mycotoxins on Eukaryotic Cells: A Review.
Food Additives & Contaminants 2005, 22, 369-378, d0i:10.1080/02652030500058403.

Jallow, A.; Xie, H.; Tang, X.; Qi, Z.; Li, P. Worldwide Aflatoxin Contamination of Agricultural Products
and Foods: From Occurrence to Control. Comprehensive Reviews in Food Science and Food Safety 2021,
20, 2332-2381, doi:10.1111/1541-4337.12734.

Kepinska-Pacelik, J.; Biel, W. Alimentary Risk of Mycotoxins for Humans and Animals. Toxins 2021, 13,
822, d0i:10.3390/toxins13110822.

Ramos, A.-J.; Fink-Gremmels, J.; Hernandez, E. Prevention of Toxic Effects of Mycotoxins by Means of
Nonnutritive Adsorbent Compounds. Journal of Food Protection 1996, 59, 631-641, doi:10.4315/0362-
028X-59.6.631.

Andersen, L.B.; Grefsrud, E.S.; Svéasand, T.; Sandlund, N. Risk Understanding and Risk
Acknowledgement: A New Approach to Environmental Risk Assessment in Marine Aquaculture. 1CES
Journal of Marine Science 2022, 79, 987-996, doi:10.1093/icesjms/fsac028.

Kolawole, O.; Meneely, J.; Greer, B.; Chevallier, O.; Jones, D.S.; Connolly, L.; Elliott, C. Comparative In
Vitro Assessment of a Range of Commercial Feed Additives with Multiple Mycotoxin Binding Claims.
Toxins 2019, 11, 659, doi:10.3390/toxins11110659.

Vila-Donat, P.; Marin, S.; Sanchis, V.; Ramos, A.J. A Review of the Mycotoxin Adsorbing Agents, with
an Emphasis on Their Multi-Binding Capacity, for Animal Feed Decontamination. Food and Chemical
Toxicology 2018, 114, 246-259, doi:10.1016/j.fct.2018.02.044.

Kolosova, A.; Stroka, J. Substances for Reduction of the Contamination of Feed by Mycotoxins: A Review.
World Mycotoxin Journal 2011, 4, 225-256, doi:10.3920/WMJ2011.1288.

Goossens, J.; Vandenbroucke, V.; Pasmans, F.; De Baere, S.; Devreese, M.; Osselaere, A.; Verbrugghe,
E.; Haesebrouck, F.; De Saeger, S.; Eeckhout, M.; et al. Influence of Mycotoxins and a Mycotoxin
Adsorbing Agent on the Oral Bioavailability of Commonly Used Antibiotics in Pigs. Toxins 2012, 4, 281—
295, doi:10.3390/toxins4040281.

Boudergue, C.; Burel, C.; Dragacci, S.; Favrot, M.-C.; Fremy, J.-M.; Massimi, C.; Prigent, P.; Debongnie,
P.; Pussemier, L.; Boudra, H.; et al. Review of Mycotoxin-Detoxifying Agents Used as Feed Additives:
Mode of Action, Efficacy and Feed/Food Safety. EFSA Supporting Publications 2009, 6, 22E,
doi:10.2903/sp.efsa.2009.EN-22.

Kabak, B.; Dobson, A.D.W.; Var, |. Strategies to Prevent Mycotoxin Contamination of Food and Animal
Feed: A Review. Critical Reviews in Food Science and Nutrition 2006, 46, 593-619,
doi:10.1080/10408390500436185.

Fumagalli, F.; Ottoboni, M.; Pinotti, L.; Cheli, F. Integrated Mycotoxin Management System in the Feed
Supply Chain: Innovative Approaches. Toxins 2021, 13, 572, doi:10.3390/toxins13080572.

Siebrecht, N. Sustainable Agriculture and Its Implementation Gap—Overcoming Obstacles to
Implementation. Sustainability 2020, 12, 3853, doi:10.3390/su12093853.



J Agron Technol Eng Manag 2024, 7(5), 1158-1172. https://doi.org/10.55817/FCYV1095 1172

83.

84.

85.

86.

87.

88.

89.

90.

Stoev, S.D. Food Security, Underestimated Hazard of Joint Mycotoxin Exposure and Management of the
Risk of Mycotoxin Contamination. Food Control 2023, 110235, doi:10.1016/j.foodcont.2023.110235.
Noor Hasnan, N.Z.; Basha, R.K.; Amin, N.A.M.; Ramli, S.H.M.; Tang, J.Y.H.; Aziz, N.A. Analysis of the
Most Frequent Nonconformance Aspects Related to Good Manufacturing Practices (GMP) among Small
and Medium Enterprises (SMEs) in the Food Industry and Their Main Factors. Food Control 2022, 141,
109205, doi:10.1016/j.foodcont.2022.109205.

Kepinska-Pacelik, J.; Biel, W. Mycotoxins—Prevention, Detection, Impact on Animal Health. Processes
2021, 9, 2035, doi:10.3390/pr9112035.

Hou, Y.; Jia, B.; Sheng, P.; Liao, X.; Shi, L.; Fang, L.; Zhou, L.; Kong, W. Aptasensors for Mycotoxins in
Foods: Recent Advances and Future Trends. Comprehensive Reviews in Food Science and Food Safety
2022, 21, 20322073, doi:10.1111/1541-4337.12858.

Maragos, C.M. Emerging Technologies for Mycotoxin Detection. Journal of Toxicology: Toxin Reviews
2004, 23, 317-344, doi:10.1081/TXR-200027859.

Puvaca, N.; Tanaskovi¢, S.; Bursié, V.; Petrovié, A.; Merkuri, J.; Shtylla Kika, T.; Marinkovié, D.;
Vukovi¢, G.; Cara, M. Optical Characterization of Alternaria Spp. Contaminated Wheat Grain and Its
Influence in Early Broilers Nutrition on Oxidative Stress. Sustainability 2021, 13, 4005,
d0i:10.3390/su13074005.

Sishodia, R.P.; Ray, R.L.; Singh, S.K. Applications of Remote Sensing in Precision Agriculture: A Review.
Remote Sensing 2020, 12, 3136, doi:10.3390/rs12193136.

Saini, R.\V.; Vaid, P.; Saini, N.K.; Siwal, S.S.; Gupta, V.K.; Thakur, V.K.; Saini, A.K. Recent
Advancements in the Technologies Detecting Food Spoiling Agents. Journal of Functional Biomaterials
2021, 12, 67, doi:10.3390/jfb12040067.

© 2024 by the authors. Submitted for possible open access publication under the terms
@ ® and conditions of the Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/).



