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EYXAPIZTIEX

B 10ela va EKPPAo® TIG EIMKPIVEIS LOV gVYOPLIOTIEC € OAOVG OGOVE GLVEROANY GTO VL
QEp® o€ TEPOG TNV Tapovoa Metamtuylokn Amlopotiky Epyacia. Idwaitepa 6o ndeia
va guyaplotiom Vv EmPriémovca g epyaciog avtng, ko EAévn I'kohopdlov yio v
moAbTIUN Pondetd ¢ kot ™ Swpkn vrootpEn ™G, 1660 Kotd T deEaymyr tov
TEPANOTOC OGO KOl KATH TN GLYYPOEN TNG TapovGOS EPYAGIG, KOOMG Kot TO, VTOAOUTO,
LEAN TNG EEETAGTIKNG EMTPOTNG LLOL, amOTEAOVULEVT 0td TOVG KO ['edpyto Pyo ko tnv
ka [Movayiota Hoavayiotdkn, yio Tic xypnoes cuuPovAéc Toug Kat TNV KaBodnynor| Toug
kaB’ Ol ta otddwo dekmepainone g epyociog. Télog, Ba NOela va ekepdowm Tig
EVYOPLOTIEG LOV BTNV OIKOYEVELD LLOV, Y10l TV OUEPLOTH GUUTAPACTOCT), BonBgta Kot Tpo

TAVTOV KaTovonon Kot ovoyn Kab’ OAo To ypoviko S1AGTNLLO TMV GTOVI®V LOV.
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ITEPIAHYH

Aldpopo €0 HUKNTOV Tapdyovv devtepoyevelc petaforiteg mov  ovopdloviot
pokoto&iveg, ol omoieg Ppickoviol 6To GVGTATIKA TOV 1OLOTPOPOV Kot UITopEL va ExovV

emProPeic eMRTOGELS OTIG SIUYEPIOTIKEG TPAKTIKES TNG LYOvoKaAMEPYELNG.

Xe aUTH TN HEAETN YPNOLUOTOMONKE N POCUOTOCKOTIO €YYVG vepvOpov, Fourier-
Transform Near Infrared Spectroscopy (FT-NIR) yw va zwpoaypoatomomdet
(QOGLOTOCKOTIKY]  OVOAVLCT] ONUNTPLOKADV (TPOTEG VAEG QUTIKNG TPOEAELNG TOV
npoopilovtat yia 1yBvotpoeéc) mov tponAibav amd 'EAAnveg mpoundevtés. H ypnom g
puebddov FT-NIR kotadeikvier 0Tt amotedel éva ypnowo epyoieio avaAvong g
aviyvevong g pokoto&ivng  Agcobuvifarevoding (DON), mopéyoviog coen
TAEOVEKTNLOTO EVAVTL TOV GUUPOTIKOV OVOADTIKAOV TEYVIKAOV, OTMG 1 TOOTNTA, 1] OXECT
KOGTOVG-ATOO00NG, 1 OCPAAELN KOl 1 TOVTOYPOVY] OVOALGT TOAADV TOPAUETPOV.
MetpmdvTog TN QACUOTIKY] AroppOeNoT OO TIG OPYOUVIKEG EVAGELS TOL VANPYOV GTO

detypara, ektiundnke éupecsa n cvykévipmon g pokoto&ivinig DON.

To amoteAéopoTa, EKPPACUEVE MG LEGES KO UEYIOTES GUYKEVTPAOGELS EMUOAVVOTG TNG
DON otovg téo0epic dNUNTPLOKOVS GTOPOLS (C1Tdpt, KOAAUTOKL, KplBdpt kol coya),
TAPEUEIVOV GTOTIOTIKA CTULOVTIKA YOUNAOTEPA Omd Ta ovdTaTo EmTpendUeva opa. Ta
EUPNUOTA  OVLTE  OWOOEIKVOOLV  TIG VYNAEG  TPOJYPOPES NG  EAANVIKNG

VOUTOKOAMEPYELNG.

H pokoto&ivin DON petpnfnke og delypata dnuntplakodv onopov (n=124). H DON fjtav
apovoa 610 33,9% TV SeryHdTmV Kot 1) HEYIGTH GUYKEVIPW®GT TOV TapoTPHONKe oy
2338 pg/kg oe detypata orraprod. Emmiéov, ol mpdTeg VAEG G1Taplol, KOAOUTOKION Kot

KpBaplov, aAld Oyt g odywg, eppdvicay Betikdmra otn povkoto&ivn DON. Eivat
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a&loonueimto 011 ot cuykevipdoelg g DON kot ota 4 dnuntplokd, oG GLOTATIKE TMV
1BvoTPOP®V, TapEUEVaY TOAD KAT® omd To avatato emrpendpeva opw (MPL),
emPefoardvoviag TNV acPIrEd TOV 1YOLOTPOPOV OV YpNcLoTolovvTol oty EAAGS

COLPM®VO LLE T Kelpevn vopobeoia.

SOUTEPACUATIKG, OEGOUEVOL OTL 1 TOPOLGIO HLKOTOEWV®V, OKOUN Kol O YOUNAEG
CLYKEVIPAOOCEL;, UTOpel va glval emkivouvn ywo v vyl TOV Yopidv Kol TV
KOTOVOA®TAOV, €lvol EMITAKTIKY OVAYKN 1M OGLVEYNG EMTHPNOCY TOV EMTESOV TOV

HUKOTOE VAV GTO GUGTATIKA TV 1OLOTPOPDOV.

A€Eeis- khedud: pokoto&ivn, DON, ybvotpoés, ortnpd
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1. Introduction

1.1 Aquaculture

In the last decades aquaculture industry has been growing rapidly (Figure 1) exceeding
the annual growth rates of poultry, pork, dairy and beef industries, having an average
growth rate of 5.3% between 2001 and 2018 (Vardali et al. 2023). Nowadays, aquaculture
provides half of the fish consumed globally (Galkanda-Arachchige et al. 2020), as shown
in Figure 2 and by 2030 aquaculture is predicted to supply 62% of the global fish
consumption (Hellenic Organisation of Aquaculture Producers 2022). In terms of
nutrients, fish currently provide 16% of the animal protein consumed globally, and this
proportion is expected to rise due to increased consumer demand for high-quality seafood

(Albrektsen et al. 2022).

On the other hand, fish stock depletion, rapid increase in global population heading to 10
billion by 2050, high demand for seafood products, and international trade have
contributed to the tremendous aquaculture industry development during the past decades.
The current and future challenges of the aquaculture industry are to encounter the
increasing fish demand and to achieve food security goals within environmental

boundaries and the dramatic climate change reality.

The growing demand for global food production requires the transformation of the
aquaculture sector and better use of available resources and space. Sustainable food
production requires efficient use of available resources and a reduction in environmental

impact and greenhouse gas emissions (Albrektsen et al. 2022). Land-based food
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production has the largest climatic impact, and therefore the food production sector
cannot continue to grow unless more sustainable production methods are applied. Oceans
have a great potential for increased food production; however, an increase in aquatic food
production must come from farmed fish — aquacultures, since 85% of the world's fish
species are already maximally exploited. Food and Agriculture Organization (FAO 2020)
has predicted that cultivated aquatic species will provide around 53% of the world's
supply of seafood by 2030. A projected increase of 26 million metric tons (MT) in global
aquaculture production by 2030 will require an additional 40 million MT of feed

(Albrektsen et al. 2022).

Figure 1: Aquatic food consumption by continent from 1961-2019 (FAO 2023).
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Figure 2: Global aquatic production, from 1950 to 2020 (FAO 2023).

1.1.1  Greek Aquaculture

Figure 3 depicts the position of Greece in terms of fishery and aquaculture production on
a national (a.) and European level (b.). Since 2003 the supply of aquaculture products in
Greece exceeds that of fishing. According to the latest FAO data (FAO 2020) for Greece,
65% of domestic fish production came from aquaculture and the remaining 35% from
fishing. Today Greek fish farming production exceeds 120,000 tons, and Greece holds
one of the leading positions in the production of Mediterranean species (mainly sea bream
and sea bass) at the European and international levels (Greek Aquaculture: Annual Report

2022).
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Figure 3: Production and supply of fishery products in Greece (a); aquaculture production
between the 27 EU countries (b) (Greek Aquaculture: Annual Report 2022).

1.2 Fish nutrition requirements and aquafeeds

Fishmeals and fish oils originally come from wild pelagic fish and are the main dietary
sources of protein and lipid respectively. Fishmeal and fish oil provide high-quality
standards to the end fish—product but on the other hand, their production depends on wild
fish stocks that have been widely criticized. In addition, the natural resources are
decreasing in parallel with their increasing demand, which has an impact on their cost,
causing severe inflation in their global prices, thus developing a need for reducing their

inclusion levels in aquafeeds (Karapanagiotidis et al. 2022).
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Commercial fish and shrimp feeds contain 25-50% crude protein, which is the principal
and most expensive component in these feeds and one of the major nutrients required for
the maintenance and growth of animals. Fishmeal (FM) has traditionally been the main
protein source used in aquaculture feed accounting for 68% of global fishmeal production
(Mallison 2013). This is not only due to its excellent amino acid profile, palatability and
digestibility but also because fishmeal is a source of nucleotides, essential fatty acids,
phospholipids, minerals and fat and water soluble vitamins (Tacon & Metian 2008).
Hardy in 2010 claimed that the demand will soon exceed the world production of fishmeal
based on the expected growth rates of aquaculture production and fishmeal utilization in
feeds. However, recently Oliva-Teles et al. have shown a steady decline in fishmeal
inclusion levels in aquaculture feeds (Oliva-Teles et al. 2015, Galkanda-Arachchige et al.

2020).

Worldwide, intensive research has been initiated to develop alternative sources of protein
and essential n-3 long-chain polyunsaturated fatty acid (LC-PUFA) for use in aquaculture
feeds due to the overexploitation of the wild fish populations and the strong link to the
destruction of rainforests for soy production. Future feed resources are expected to
include low-trophic species produced or cultivated in the ocean, such as mesopelagic fish
and zooplankton (krill, calanus and amphipods), polychaetes, macroalgae and
crustaceans. Ingredients are also produced from fish by-products, and land-based
production, such as microbial ingredients (bacteria, yeast and microalgae), insects and
animal by-products [ABPs; poultry meal, meat and bone meal, blood meal and
hydrolyzed feather meal (HFM)]. Finally, resources resulting from other commercial
production, such as biodiesel, brewing and distillation industries, as well as by-products

from the agriculture industry, can also be refined and used as feed ingredients (Oliva-
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Teles et al. 2015, Albrektsen et al. 2022). All the alternative aquafeeds are categorized in

Table 1.

To this direction, new processing technologies and refining methods are used to produce
ingredients of high nutritional quality with reduced levels of anti-nutritional factors
[(ANFs) such as protease inhibitors, phytate, and saponins] and free from contaminants

so as to develop sustainable and safe seafood production (Albrektsen et al. 2022).

Table 1: Alternative fishmeal and fish oil sources.

Fishmeal sources Fish oil sources

Mesopelagic fish and zooplankton (krill, calanus and amphipods), polychaetes,

macroalgae and crustaceans

Plant protein Plant oils

Land Monogastric Animal by-products,
poultry meal, meat and bone meal, blood

meal and hydrolysed feather meal

Insect protein Insect oils

Fish by-products (seafood processing by-products and by-catches)

Microalgae  protein  dependent on | Microalgae n-3 fatty acids EPA + DHA
photosynthesis

Bacteria, yeast and microalgae fish feeds dependent on photosynthesis

Microbial ingredients using organic acids or CH4, H2 and CO2 gas from industrial

waste

Agriculture industry by-products

Biodiesel, brewing and distillation industries by-products

Plant-based protein sources have been generally used to partially substitute fish meal in

fish diets. These protein sources are advantageous by having a high content of available
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protein, continuous availability, environmental sustainability, and affordable prices. Plant
feedstuffs are the major dietary protein sources for omnivorous and herbivorous fish and
are second to fishmeal in diets for carnivorous species (Oliva-Teles et al. 2015). Plant-
based feed ingredients also provide dietary carbohydrates which can be a source of energy
for fish and shrimp; depending on their ability to utilize dietary carbohydrates for energy
depending on the species and their natural diet. Furthermore, plant ingredients are sources
of starch which is necessary as a binder and facilitates extruded pellet expansion. Plant-
based feed ingredients used in aquafeeds as substitutes for marine ingredients include
among others, soybean meal, rapeseed/canola meal, maize/corn, wheat bran, wheat, and

barley (Hardy 2010).

Corn gluten is also a promising ingredient in fish feed, due to its high nutrient content
and its increased availability as a bioethanol production by-product. Corn gluten and
wheat gluten are high in protein, low in fiber, rich in vitamins B and E, and do not contain
any antinutritional factors. Sunflower meal is highly palatable and has low antinutritional
factors Soybean meal is one of the most interesting alternatives to fishmeal because of
the advantages of easy supply, low price, and increased protein and amino acid
composition. However, soybean meal has been found to induce a variety of histological
and functional changes in the gastrointestinal tracts of several species, such as subacute
enteritis of the distal epithelial mucosa including morphological alteration and

inflammation (Abbasi et al. 2020, Szczepanski et al. 2022).

As opposed to the above-mentioned benefits of plant-based sources, animal diets based
on plant proteins can be often associated with challenges such as reduced feed intake,
growth performance, and intestinal function. Some ingredients of plant origin have

certain characteristics, such as high carbohydrate content, deficiency in some essential
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amino acids, low palatability, as well as content in some anti-nutritional factors that limit
their use. Both the quality and safety of aquaculture diets can be affected by anti-
nutritional compounds including phytates, protease inhibitors, saponins, glycosylates,
and tannins, resulting from the inclusion of plant dietary sources (Turchini et al. 2009,

Hardy 2010).

Fish diets may be also contaminated by mycotoxins, also derived from plant-based raw
feedstuffs, such as cereal grains (Hooft et al. 2011, Gongalves et al. 2020, Vardali et al.

2023).
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1.3 Mycotoxins

1.3.1 Classification and limits

Mycotoxins are secondary metabolites that are produced by several fungal species and
are frequently present in livestock-feeding agricultural products. Livestock and
consumers are at risk for health problems due to these toxins. Fungi can contaminate
agricultural raw materials while they are being grown, before harvest, or while being
stored in unsuitable humidity and/or temperature conditions. Mycotoxins are naturally
occurring contaminants that can be harmful to consumers and livestock. Several European
and international organizations have addressed this issue by recognizing the significance
of mycotoxins, setting regulatory limits, and suggesting acceptable thresholds for specific
mycotoxins (Vardali et al. 2023). These include the European Commission (EC, Brussels,
Belgium), the US Food and Drug Administration (FDA, Silver Spring, MD, USA), the
Food and Agriculture Organization of the United Nations (FAO, Rome, Italy), and the
World Health Organization (WHO, Geneva, Switzerland). A scientific expert committee
jointly convened by WHO and FAO, named JECFA, serves actually as the international
body responsible for evaluating the health risk from all natural toxins including

mycotoxins.

Several toxigenic mycotoxins have been identified and those of major significance in
animal feeds are primarily produced by the five fungal genera of Aspergillus, Fusarium,
Penicillium, Claviceps, and Alternaria. Approximately 400 compounds have been

recognized as mycotoxins (Gongalves et al. 2020). When mycotoxins are accidentally fed
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to animals alone or in combination with other substances, they can have a negative impact

on their health (Gongalves et al. 2018a).

The aflatoxins (AFs) such as aflatoxin B1, B2, G1, G2, and M1 are human and animal
health hazards according to the International Agency for Research on Cancer (IARC,
2012). Moreover, ochratoxins (OTA), and fumonisins (FBs) B1, B2, and B3 have been
evaluated as possible human carcinogens (WHO, 1993). Other mycotoxins that have also
been deemed to be major dangers include trichothecenes (TCs) type A (HT-2 toxin and
T-2 toxin) and B (deoxynivalenol-DON), zearalenone (ZEN), Fusarium mycotoxins,

ergot alkaloids (EAs), Alternaria toxins (ATs) and patulin (PAT) (Vardali et al. 2023).

AFBI1, DON, ZEN, and FB1 belong to the most frequent contaminants of animal feeds

(Lee & Ryu 2016).

Generally speaking, mycotoxin contamination can have a significant negative impact on
animals’ health, leading to reduced growth and productivity, immunotoxicity, toxicity
liver problems, and functional abnormalities. Because ZEN interferes with animal
reproduction through its estrogenic activity, it can cause reproductive issues like

hyperestrogenism, sterility, or even abortions (Vardali et al. 2023).

Incubation of commercial fish feeds under different storage conditions can influence
fungal growth and mycotoxin production. Specifically, the application of warm
temperature around 27 °C and relative humidity around 70%, can be suitable conditions
for triggering the release of ochratoxin A (OTA), with variations due to distinct hotspots
with optimal conditions for fungal growth and mycotoxin production. Thus, the presence
of mycotoxigenic fungi under storage conditions does not necessarily mean the presence

of mycotoxins in aquafeeds (Pietsch 2020).
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Classification of Fusarium Mycotoxins

Besides the “traditional” Fusarium mycotoxins described above, Fusarium species
produce other metabolites called “emerging” mycotoxins such as fusaproliferin (FUS),
beauvericin (BEA), enniatins (ENNs), and moniliformin (MON) (Nathanail et al. 2015).
Furthermore, Fusarium mycotoxins can occur as plant-derived derivatives which are
often not detectable during routine mycotoxin analyses and, therefore, called “masked”
mycotoxins, after having been biologically modified by plant defense mechanisms after
crop infection (Zhang et al. 2019). The most commonly detected masked mycotoxin
conjugates are [-linked glucose-conjugates of trichothecenes: DON-3-glucoside
(DON3Glc), nivalenol-3-glucoside (NIV3Glc), HT-2 glucoside (HT2Glc), and ZEN-14-
glucoside (ZEN14Glc). To avoid mistakes, we should not only separate in different
categories free mycotoxins from masked mycotoxins but also matrix-associated and other
modified mycotoxins. To further emphasize the distinction, acetylated derivatives of
DON such as 15-acetyl DON (15AcDON) and 3-acetyl DON (3AcDON) are fungal
metabolites (free mycotoxins). These toxins are commonly detected along with DON in
feedstuffs and animal feeds. To sum up, mycotoxins can be present in many forms

(traditional, emerging and free) (Koletsi et al. 2021).

Limits
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In Europe, AFBI1 is the only mycotoxin regulated by Directive 2002/32/EC of the
European Parliament and of the Council of 7 May 2002 on undesirable substances; for
fish species the maximum allowed concentration in feed materials is 20 pg/kg (ppb), and
for complete feed is 10 ppb. For other mycotoxins, including important Fusarium
mycotoxins such as DON, ZEN, T-2 and HT-2 toxin, FB1 and FB2, the European
Commission (EC) has established only recommended limits for their presence in
feedstuffs and feed. Among these recommended limits only those for FB1 and FB2 refer
directly to fish species. In addition, EC regulations/recommendations are based on the
occurrence of a single mycotoxin, although feeds are usually contaminated by numerous

mycotoxins concurrently, which might result in synergistic effects (Koletsi et al. 2021).

Table 2: Legal mycotoxins limits in animal feed ingredients and (fish) feeds set by European
Commission (Table S1 in Koletsi et al. 2021).
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Mycotoxins in aquafeeds

Up until the 1960s, the majority of mycotoxin research on animal performance and health
had been conducted on terrestrial livestock species. However, an outbreak of aflatoxicosis
in trout prompted studies on the effects of mycotoxins on aquaculture species. The high
cost of fish meal and the need to find more affordable protein sources, like plant protein
or other commercially available by-products (e.g. dried distillers grains and soluble;
DDGS), made this even more crucial. Nowadays, the major fish feed ingredients are

plant-derived raw materials.

Aspergillus, Penicillium, and Fusarium sp. are typically responsible for producing the
majority of mycotoxins that can impair the growth and general health of animals reared
in aquaculture. Toxic metabolites produced by these fungi are known to be either
carcinogenic (e.g. aflatoxin B1, ochratoxin A, fumonisin B1), oestrogenic (zearalenone),
neurotoxic (fumonisin B1), nephrotoxic (ochratoxin), dermatotoxic (trichothecenes) or
immuno- suppressive (aflatoxin B1, ochratoxin A and T-2 toxin) (Gongalves et al. 2018a,

Gongalves et al. 2020).

Aflatoxins

Aflatoxins are difuranocoumarin derivatives produced by a polyketide pathway by many
strains of Aspergillus flavus and A. parasiticus. Aspergillus flavus is principally a
common contaminant in agriculture. The main aflatoxins commonly found in aquaculture
feedstuffs are AFB1), AFB2, aflatoxin G1 (AFG1) and aflatoxin G2 (AFG2). These
mycotoxins occur especially in subtropical and tropical areas contaminating mainly

feedstuffs with high starch and lipid content, such as cottonseed, corn, peanut, wheat and
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soya bean. AFBI is one of the most potent carcinogens known, classified as a group I
carcinogen by the International Agency for Research on Cancer (International Agency
for Research on Cancer (IARC) 1993) and highly hepatocarcinogenic. The biological
effects of AFBI1 in these aquatic species are thought to be directly linked to the toxin’s

concentration in feed and to the animal’s age and species (Gongalves et al. 2018a).

Zearalenone (ZEN)

Zearalenone (ZEN) is a phytoestrogenic compound and a metabolite principally related
to several Fusarium species. Fusarium graminearum is the fungus mainly responsible for
the oestrogenic effects commonly found in farm animals. These species are regular
contaminants of cereal crops worldwide. ZEN resembles 17b-estradiol, the principal
hormone produced by the vertebrate’s ovaries. As a hormone mimicking substance, ZEN
can bind to oestrogen receptors in target cells. It has been shown that the oestrogenic
properties of ZEN give rise to several reproductive disorders in exposed livestock
mammals, including decreased libido, anovulation, infertility or neoplasmic lesions.
Similarly in oviparous animals, including fish, ZEN mimics the action of natural
oestrogen, 17b-estradiol, by binding to cells’ oestrogen receptors (ERs) and activating
responsive genes that encode vitellogenin or zona radiate protein — major structural

elements of the oocyte (Gongalves et al. 2018a).

Trichothecenes (T-2 toxin, DON, Nivalenol)

Trichothecenes are compounds mainly produced by several Fusarium species (e.g. F.
sporotrichioides, F. graminearum, F. poae and F. culmorum), but can also be produced
by members of other genera such as Myrothecium and Trichothecium. Trichothecenes

include T-2 toxin, diacetoxyscirpenol (DAS), deoxynivalenol (known as DON or

Institutional Repository - Library & Information Centre - University of Thessaly
02/05/2026 03:59:24 EEST - 216.73.217.38



15

vomitoxin) and nivalenol. Both T-2 toxin and DAS are the most toxic. The trichothecenes
are extremely potent inhibitors of eukaryotic protein synthesis, interfering with initiation,
elongation and termination stages. DON is one of the most frequently found mycotoxins
in cereal grains worldwide (Hooft et al. 2011). Common clinical symptoms of DON
toxicity include reduced growth and feed intake, vomiting, diarrhoea, gastrointestinal
haemorrhaging, inflammation and alteration of the immune response. In aquaculture
species, DON ingestion has been associated with highly significant decreases in growth,
feed intake, feed efficiency and protein and energy utilization (Hooft et al. 2011,

Gongalves et al. 2018b).

Fumonisins (FB1)

Fumonisins inhibit the sphinganine (sphingosine) N-acyltransferase (ceramide synthase),
a key enzyme in lipid metabolism, resulting in a disruption of this pathway. Sphingolipids
are important for the membrane and lipoprotein structure and also for cell regulations and
communications (second messenger for growth factors). They are mainly produced by a
number of Fusarium species. The most abundantly produced mycotoxin of the Fusarium
family is fumonisin B1 (FB1), shown to promote tumours in rats and porcine pulmonary
oedema. In aquaculture species, fumonisin B1 has been associated with reduced growth
rate, feed consumption and feed efficiency ratio and impaired sphingolipid metabolism

(Gongalves et al. 2018a).

Ochratoxins (OTA)

Ochratoxins are metabolites of both Aspergillus and Penicillium species. Ochratoxin A
(OTA) is the most toxic compound of this group, known for nephrotoxic and hepatotoxic

effects in livestock. Indeed, OTA has already been traced in meat, milk, and dairy
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products and other animal-derived swine products. In aquaculture species, has been
reported that OTA may cause severe degeneration and necrosis of the kidney and liver
leading to inferior weight gains, poorer feed conversion rate, lower survival and
haematocrit (Gongalves et al. 2018a).

In Figure 4 Pietsch depicted the contamination of commercially available fish feeds for

multiple mycotoxins (Pietsch 2020).

Figure 4: Contamination of aquaculture feeds and naturally contaminated experimental fish
feeds with the mycotoxins AFB1, ZEN, DON, FBI, T-2 and OTA reported in the literature in
(Pietsch 2020).

Deoxynivalenol (DON)

Animal feed samples often contain multiple mycotoxins (75-100%), especially when
more than one plant feed ingredient is included in the diet formulations (Koletsi et al.,
2021). In addition, it has been evident that DON is the most prevalent mycotoxin in
aquafeeds in European aquaculture (Koletsi et al. 2023). Overall, in the European fish

feed samples of the study of Koletsi et al., DON and other mycotoxins with a
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regulated/guidance value were compliant with the EC limits (2021). However, these

limits are not tailored to fish and do not consider species specificities.

DON in wheat

While only a small percentage of the total production and nearly all of the milling by-
product (wheat bran) is utilized as an ingredient in fish and terrestrial animal feeds, the
majority of wheat produced is milled and intended for human consumption. Because
fungi primarily grow on the outside of the kernels, wheat bran has a higher relative
concentration of mycotoxins. The essential amino pattern in wheat and its by-products is
unbalanced, so that these feed ingredients are primarily incorporated in aquafeeds as the
main starch source, to function as binders that improve water stability of the pellets. These
nutritional characteristics are the main reason that traditional formulation software
restricts its inclusions in fish feed diets, especially for carnivorous fish species (Gatlin et

al. 2007).

Analyses showed DON to be the most frequently reported toxin, detected in 41% of the
samples, followed by FB1 (27%). Mean DON contamination was 470 pg/kg, with 8872
ng/kg being the highest level of DON detected in a sample from Lithuania in 2017. The
Lithuanian sample was the only sample that exceeded the critical limit in cereals
recommended by EC, set at 8000 ug/kg. The occurrence of DON in European wheat
samples showed an average contamination level of 418 pg/kg with a maximum of 6219
ng/kg (Koletsi et al. 2021). The most extreme value of DON so far reported for

wheat/wheat bran was 49000 pg/kg found in Central Europe, with an average
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contamination of 848 ug/kg (Rodrigues & Naehrer 2009). Moreover, DON has been
reported as the most frequent mycotoxin in cultivated wheat in The Netherlands, which
occurred on average in 54% of the samples with a mean DON contamination of 228 ng/kg
(Van der Fels-Klerx et al. 2021). These data came from 8 years of field surveys which
displayed that DON contamination in wheat was mainly affected by year, climatic
conditions and geographical region. In contrast, agronomic practices did not influence

DON contamination in wheat (Koletsi et al. 2021).

DON in Corn

Corn gluten meal (CGM) is a byproduct of wet milling corn that has a high level of
digestibility and an appropriate crude protein content of 60%. It is therefore frequently
used as a source of protein in fish diets; however, because of its lysine deficiency, diets
are typically supplemented with synthetic amino acids or combined with other protein
sources to meet the nutritional needs of the animals. (Tacon & Metian 2015). Fusarium
toxins appear to be among the most frequent mycotoxins present in corn. Among the
Fusarium mycotoxins with a guidance level, FB1 was found in 70% of the samples,
followed by FB2 (54%), DON (47%), ZEN (16%) and T-2 toxin (14%). Data analysis
also showed a high frequency of Fusarium mycotoxins without any regulated or
recommended limit; FA (67%), FB3 (41%), 15AcDON (20%), 3AcDON (14%) and FX
(10%) and of Fusarium emerging mycotoxin MON (10%). In all cases, the maximum
DON level exceeded the EC guidance level of 8000 ng/kg, whereas for ZEN all samples

were below the EC guidance level (<2000 pg/kg). (Koletsi et al. 2021).
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DON in Soybean Meal

Soybean meal (SBM) is one of the most commonly used plant-protein components to
replace fishmeal in aquafeeds, although its inclusion is restricted due to its low crude
protein level (48%), limited methionine content, and the presence of anti-nutritive factors
such as saponins (Hardy 2010). Average values for SBM inclusion have been estimated
at 21.3% for salmon diets and, estimated at 15.5% in trout diets, 19.2% in sea bass/sea
bream diets and 13.5% in carp diets (Tacon et al. 2011). So far, this is the first study that
analyzed and reported FA occurrence in SBM. Following FA (42%), Koletsi reported a
common occurrence of FB1 (26%), T-2 toxin (23%). Besides these mycotoxins produced
by Fusarium fungi, also Penicillium/Aspergillusderived mycotoxin OTA (12%) and
Aspergillus-derived sterigmatocystin toxin (12%) were found frequently. Relatively low
sample numbers (11%) were positive for DON, with a maximum contamination level of
543 pg/kg. Overall in most studies, contamination levels were always below the EC
recommended limit (<8000 ng/kg). Overall, SBM showed relatively low mycotoxin
contamination levels compared to contamination levels in wheat and corn (Koletsi et al.

2021).

Effects of DON on Fish Species

DON is the most prevalent mycotoxin, and has also been characterized as the most high-
risk mycotoxin in aquafeeds. Therefore, the effects of DON on different fish species have
been reviewed to evaluate fish health susceptibility. In parallel, data were collected to

quantify the risk of exposure in fish. Koletsi et al., used a meta-analytical approach to
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explore the extent to which DON affected feed intake and growth performance (Koletsi

etal. 2021).

Also in Koletsi et al., studies were reviewed with exposure to DON through restrictive
feeding regimes. Some studies exposed fish to “natural” DON (derived from naturally
contaminated feed ingredients and other toxins that might be present in the aquafeed) or
to “pure” DON (extracted and purified to exclude the presence of other toxins) (Koletsi

et al. 2021).

Salmon

There have been three reported in vivo studies that examined the effects of DON in
Atlantic salmon (Sal/mo salar). These studies all used identical experimental conditions,
including age (12 months post-smoltification), exposure (8 weeks), and toxin source (pure
DON) (Bernhoft et al. 2017, Bernhoft et al. 2018, Moldal et al. 2018). Reduced growth
performance (feed intake and weight gain) was observed in salmon fed the highest DON-
containing diet (6000 pg/kg), but not in the low-DON group (2000 pg/kg) (Bernhoft et
al. 2017). In a follow-up study by (Bernhoft et al. 2018), more dietary DON doses were
used; 0, 500, 1000, 2000, 4000 and 6000 pg/kg. In this case, negative effects on growth
performance appeared already in salmon receiving 4000 pg/kg DON; a significant
decrease in feed intake was visible after 4 weeks and a reduced condition factor after 3
weeks of exposure. Salmon treated with the highest DON dose (6000 pg/kg) showed
reduced weight gain after 3 weeks, and reduced body length and increased relative liver

weight after 6 weeks of exposure. After 8§ weeks of DON exposure, triglycerides were
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reduced at 1000 ug/kg, cholesterol, total proteins and albumin, bile acids, packed cell

volume at 2000 pg/kg and alkaline phosphatase at 6000 ug/kg.

A recent study in salmon (Moldal et al. 2018) tested a DON dose of 5500 ug/kg DON
against a control treatment. Their findings confirmed impaired salmon performance
(reduced feed intake, weight gain, and feed efficiency), and demonstrated for the first

time a potential alteration of intestinal integrity and immunity after DON exposure.

Rainbow Trout

Primary scientific reports on the effects of DON on rainbow trout (Salmo gairdneri) were

published in the 1980s (Woodward et al. 1983).

Remarkably, no follow-up research was published for almost 30 years, until a
comprehensive article (Hooft et al. 2011) defined rainbow trout as a fish species highly
sensitive to DON. The authors showed that increasing levels of natural DON (300, 800,
1400, 2000, 2600 pg/kg) in diets of juvenile rainbow trout for 8 weeks, had a harmful
effect on growth performance (Hooft et al. 2011). Apart from growth performance,
exposure to 1400 pg/kg DON significantly reduced nitrogen (g/fish) and energy (kJ/fish)
retention and their retention efficacies (%). In addition, body composition analysis of
trout fed a contaminated diet with 2600 pg/kg DON displayed reduced crude protein
content, although no change was observed in the apparent digestibility of crude protein
and energy. Histological examination of the liver revealed congestion and subcapsular
edema with a fibrinous network in rainbow trout exposed to >1400 pg/kg DON and

multifocal areas of fatty infiltration and phenotypically altered hepatocytes in trout
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exposed to 2600 pg/kg DON. Moreover, to explore DON effects not related to differences
in feed intake, authors employed an additional treatment; fish pair-fed the control diet the
same amount of feed consumed by fish fed the highest DON dose (2600 pg/kg). Fish fed
the DON diet showed significantly reduced growth rate, feed efficiency, protein and
energy utilization efficiencies and whole body crude protein compared to the fish pair-
fed the control diet. This observation suggested that reduced growth performance is not
fully attributed to a reduced feed intake, but also metabolic disturbances related to the

direct effects of DON on the cellular level (Hooft et al. 2011).

In contrast to (Hooft et al. 2011), in other experiments pair-feeding showed that
suppressed weight gain in fish fed DON-contaminated diets might arise from low feed
intake (Ryerse et al. 2015, Ryerse et al. 2016). However, the studies differed in trout size
(~24 g (Hooft et al. 2011) and ~103 g (Ryerse et al. 2016). Authors concluded that young

trout are more susceptible to metabolic effects of DON.

Following the study of Hooft et al., in 2011, later studies confirmed a significant reduction
in feed intake (>4100 pg/kg) upon feeding with diets with increasing levels of natural
DON (500, 4100, 5900 ng/kg) (Ryerse et al. 2016) and (=3100 ng/kg) by testing diets
with 100, 3100, and 6400 pg/kg natural DON (Ryerse et al. 2015). Subsequently, follow-
up experiments on rainbow trout investigated the effects of a commercial anti-mycotoxin
additive (Hooft & Bureau 2017), as well as potential synergy among Fusarium toxins

present in naturally contaminated trout feeds (Hooft et al. 2019a).

Trout fingerings (initial weight; 1.8 g) exposed to natural DON for 12 weeks showed
reduced feed intake, weight gain, reduced nitrogen retention efficiency (=1000 ng/kg),

and reduced retained nitrogen (>1500 pg/kg) (Hooft & Bureau, 2017). None of these
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effects could be reversed by the inclusion of a commercial feed additive, suggesting that
anti-mycotoxin products (developed for homeothermic species) might not be as effective
in cold-blooded species, such as trout. In another study, (Hooft et al. 2019b), diets with
graded levels of pure DON (0, 700, 1400 and 2100 pg/kg) or natural DON (0, 2100, 4100
and 5900 pg/kg) were offered to rainbow trout (initial weight; 50.3 g) for 8 weeks.
Regardless of the DON source (pure/natural), damaging effects were present, and similar
trends of reduced retained nitrogen, recovered energy, nitrogen retention efficiency
(>2100 pg/kg pure/natural DON), and energy retention efficiency (>2100 pg/kg natural
DON) were found. The same study (Hooft et al. 2019b) was the first to use histological
examination to show harmful effects of DON on the gastrointestinal tract after feeding

2100 pg/kg pure or 5900 pg/kg natural DON.

Further studies have also confirmed the impact of DON on rainbow trout productivity;
either by using low DON doses (1100 and 2700 pg/kg) (Gongalves et al. 2019) or high

(4700 and 11,400 pg/kg) (Gongalves et al. 2018b).

A recent dose-response exposure study (1000 to 13,000 pg/kg) on juvenile trout for 4
weeks showed that increasing levels of DON resulted in reduced feed intake, weight gain
and feed efficiency (Koletsi et al. 2023a). Regression analysis suggested that for doses
>5000 ng/kg each additional 1000 pg/kg of DON would suppress feed intake by 9% and
weight gain by 11%, and for doses >7500 ng/kg each additional 1000 pg/kg of DON
would suppress feed efficiency by 6%. In a preliminary experiment as part of the same
study, after exposing trout to extremely high DON doses (>20,000 ng/kg) for 4 weeks,
the scientists observed a sharp decline in feed intake and a rejection of pellet ingestion

within five days. Interestingly, feed intake and growth returned to normal after four more
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weeks of feeding non-contaminated diets, indicating that rainbow trout can, at least

temporarily, adapt to DON (Koletsi et al. 2023a).

Finally, some other studies addressed the effects of DON on health, immune function and
oxidative stress (Matejova et al., 2017). When 1-year old trouts were exposed for 23 days
to approximately 2000 ug/kg DON, plasma biochemical parameters; glucose, cholesterol
and ammonia were decreased, pro-inflammatory cytokine TNF-o were up-regulated and
altered activities of antioxidant enzymes were observed. Overall, the sensitivity of
rainbow trout productivity to DON is well-defined, although further research is needed

to explore the direct mechanism of action of the toxin in this species.

Carp

Globally, common carp (Cyprinus carpio) is the most important fish species in terms of
total mass production, with grass carp (Ctenopharyngodon idellus), silver carp
(Hypophthalmichthys molitrix) and common carp) listed as first, second and fourth in the
list of most intensively farmed fish species in 2018 (FAO 2020). Contrary to other
species, DON research in carp did not focus mainly on performance but rather targeted

its mechanisms of action at the cellular level, and DON effects on health.

A series of studies mostly performed by Pietsch and colleagues in common carp (Pietsch
et al. 2014a, Pietsch et al. 2014b, Pietsch & Burkhardt-Holm 2015, Pietsch et al. 2015)

investigated the effects of pure DON on immunity, oxidative stress and liver health.

Feeding low doses of DON (352, 619 or 953 pg/kg) for 6 weeks, led to increased

oxidative stress in several tissues (953 png/kg dose). Concentrations of serum protein
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(albumin) in carp were reduced at DON levels of 619 and 953 pg/kg (Pietsch et al. 2014b).
Overall, this suggests a negative role of DON on nutrient metabolism. Potentially, DON
affects also anaerobic metabolism since the activity of lactate dehydrogenase (LDH)

varied in different tissues of DON-exposed carp.

An additional study measured reduced cell viability and immune function of unstimulated
or bacterial lipopolysaccharide (LPS)-stimulated leucocytes derived from the head kidney

(Pietsch et al. 2014a), indicative of cytotoxic effects of DON on immune cells.

Thus, DON studies in carp (Pietsch et al., 2015) (Pietsch & Burkhardt-Holm 2015) also
evaluated duration of exposure to DON after acute (7, 14 days) and sub-chronic (26, 54
days) exposure. Short-term (acute) exposure to 953 pg/kg DON resulted in activation of
pro-inflammatory cytokines and anti-inflammatory cytokines. Reduced ROS (reactive
oxygen species) production, and increased nitric oxide (NO) production in trunk kidney
leucocytes after LPS stimulation confirmed a potential immuno-stimulatory capacity of
DON. Using the same experimental set-up (control vs. 953 ng/kg DON) (Pietsch &
Burkhardt-Holm, 2015), measuring liver enzyme activities and histological changes
indicated a suppression with time of the biotransformation and antioxidative capacity

influenced by exposure to DON.

Two more studies investigated the effect of pure DON on oxidative stress (Pelyhe et al.
2016, Kdvesi et al. 2020) in common carp. Dietary application of 5960 ng DON per kg
feed for 4 weeks did not harm lipid peroxidation in the hepatopancreas (Pelyhe et al.
2016). A single, high oral dose (1750 pg DON /kg body weight) given by gavage (Kovesi
et al. 2020) equivalent to 200,000 pg DON/kg of feed aimed to evaluate short-term (1-

day experiment; sampling at 8, 16 and 24 h) responses that could reveal potential DON
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effects on lipid peroxidation and parameters of the glutathione redox system in the liver.
As mentioned above, DON research in carp often focused on mechanisms of action and
effects on growth performance were not studied ( Pelyhe et al. 2016, Kdvesi et al. 2020),
or showed no significant effect of DON (Pietsch et al. 2014a, Pietsch & Burkhardt-Holm,
2015). Because these studies applied restricted feeding regimes rather than satiation
feeding, DON effects on the growth performance of common carp may not be fully
conclusive and further research is needed to draw firmer conclusions. Finally, there is one
study that referred to increased mortality (16.7%, twice higher than the control) associated

with exposure to DON (5960 ng/kg) of common carp (Pelyhe et al. 2016).

Zebrafish

The best animal model to investigate the biological effects of DON on fish may be
zebrafish. Surprisingly, we could find only one in vivo study on the toxicity of DON in
zebrafish (Sanden et al. 2012). In this study, although the application of increasing
concentrations of 0, 100, 500, 1500, 2000 and 3000 pug/kg pure DON for 45 days to
zebrafish (30 days post-hatch) using a restrictive feeding regime showed no effects on
growth performance, other effects on sensitive endpoints in biotransformation, oxidative
stress, behaviour and reproduction were described. Nevertheless, the preliminary findings
from this one study were intriguing enough to justify more research into how DON affects

fish biology, by using the zebrafish as animal model.
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Tilapia

To date, only two studies published the effects of natural DON on tilapia (Tola et al. 2015,
Hooft et al. 2019). In the first study of Tola et al. (2015) red tilapia (Oreochromis niloticus
x 0. mossambicus) fingerlings were exposed for eight weeks to graded low doses of DON
(70, 310, 500, 920 and 1150 pg/kg) along with exposure to ZEN (10, 90, 210, 370 and
980 ng/kg). Because in this study ZEN levels were relatively high, interpretation of the
results is more difficult due to confounding effects of the combined mycotoxin exposure.
Consumption of increasing doses of both, DON and ZEN led to a significant linear
decrease in growth performance measured as feed intake, weight gain, feed efficiency
and thermal daily growth coefficients. Furthermore, the ingestion of highly contaminated
diets was linked with either a linear or quadratic increase in the percentage of mortalities;
an endpoint that had not been reported earlier in studies of DON in fish. Despite the
increase in mortality, and although lesions were observed in some mycotoxin-treated fish,
no significant histopathological alteration in the liver was found and no effects were noted

in hematological and biochemical parameters in the blood.

In the second study, tilapia were exposed to graded levels of corn naturally contaminated
with DON (Hooft et al. 2019a). Exposure of Nile tilapia fingerlings to either a low-starch
(12%) or high-starch (24%) diet containing graded levels of natural DON (100, 700 and
1300 pg/kg) and fed until satiation for 10 weeks did not lead to any significant changes
in growth performance. Overall, studies on the effects of DON in tilapia have been few
and inconclusive, so further studies are needed to assess the effects of DON

contamination on Tilapia.
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Figure 5: Methods of mycotoxin detection in aquafeeds (Vardali et al. 2023).
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1.4 Methods of DON detection

The potential dangers connected to mycotoxin presence in feed materials have spurred
the development of various analytical techniques for mycotoxin detection and
measurement in food samples. It is imperative to consistently enhance mycotoxin
analytical methodology through expeditious and effective techniques to safeguard aquatic
product consumers and adhere to updated regulations. A recent analysis of the methods
used to detect mycotoxin concerning the health of humans and animals was carried out in

a range of food matrices (Vardali et al. 2023).

This section focuses on the advancements in mycotoxin detection in raw materials
derived from plants- which make up most of the ingredients in fish feed- during the

previous ten years.

1.4.1 Sampling and Sample Preparation Methods

Accuracy and representativeness in sample collection are crucial in the mycotoxin
sampling process. There is a slight chance of inaccurate sampling because mycotoxins
are not consistently contaminated in products and can be found in barely detectable
amounts. To gather representative laboratory samples from each sampling location, a
particular protocol is followed. The lots that are chosen for examination need to be
suitable. Multiple replicate samples from various locations within the lot are combined to

create the final sample (Vardali et al. 2023).

This is achieved by mixing and dividing to obtain a representative sample. Mycotoxin

detection is typically done by collecting and testing samples of food or feed. The samples
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should be taken randomly from the entire lot and should be collected from different

locations within the lot (Turner et al. 2015).

The size of the lot will determine the required sample size, but to prevent contamination,
a minimum of 500 g should be collected using sterile and properly sterilized sampling
equipment. To stop the mycotoxin from degrading, samples must be kept in airtight
containers, kept at the right temperature and humidity, and delivered as soon as possible
to the lab. Creating a clean, representative sample that the selected analytical method can
accurately analyze is the aim of sample preparation. The particular procedures required
for sample preparation vary depending on the kind of sample and the analytical method
employed. To obtain an analytical part (test portion), a sample must be ground,
homogenized, and subsampled. This analytical portion is then extracted with a solvent,
analyzed, and the mycotoxin concentration is determined using a validated analytical

approach (European Commission 2006, Vardali et al. 2023).

Sample preparation is an important stage in analytical techniques because it could greatly

affect the accuracy and precision of the results.

Sampling Error

Sampling errors can occur in several ways and can greatly affect the accuracy and
precision of analytical results. Sampling errors in mycotoxin detection refer to the
potential for variability in the results of mycotoxin testing due to the collection and
preparation of the sample. These mistakes can also happen if a sample is contaminated

during collection or handling, or if it is not representative of the entire lot.
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It is crucial to adhere to correct sampling protocols to reduce sampling error. These
protocols include selecting multiple samples from various locations within the batch and
utilizing the right tools and techniques. Furthermore, samples must be prepared following
established protocols and stored appropriately. It is imperative to incorporate quality
control measures to guarantee the precision and consistency of the test outcomes (Vardali

et al. 2023).

1.4.3 Sample Pre-Treatment (Extraction and/or Clean-Up)

Solid-Liquid Extraction (SLE)

Solid-liquid extraction involves a simple and high-sensitivity process for preparing
samples in liquid chromatography—mass spectrometry (LC-MS). The multi-residue
analysis ability of the detection apparatus is rather beneficial. The capacity of matrix
effects in LC-MS analysis to modify chromatographic signals is accomplished due to co-
eluting matrix components, while the ion suppression problem that arises can be
overcome by proper sample preparation using specific matrices and internal standards
(Razzazi-Fazeli & Reiter 2011). In addition to being simple and sensitive, this procedure's
sample preparation is regarded as reliable and has been effectively used to identify
mycotoxins in plant samples. All methods used a solvent mixture of acetonitrile/water for
the extraction of mycotoxins before LC-MS/MS analysis (Silva et al. 2019). However,
the simplicity of the sample preparation process may affect the method’s performance

characteristics (low recoveries, matrix effect, etc.).
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Dispersive-Solid Phase Extraction (d-SPE)

In the d-SPE technique, sample cleaning is achieved by the use of a solid sorbent in a
liquid or dissolved sample which maintains impurities. After separation, the sample is
centrifuged for sorbent removal (Anand & Srivastava 2020). The QuUEChERS protocol is
a commonly applied extraction method that requires small amounts of sample and solvent
while at the same time producing high extraction efficiency. The extraction phase is the
first step where an organic solvent such as acetonitrile is needed along with a variety of
salts to modulate polarity and pH and to facilitate phase separation and recovery of the
analyte. Purification is the second stage in the cleaning process. The remaining water and
other interfering substances from the matrix are eliminated in this stage. There are several
methods using the QUEChERS protocols for the extraction and clean-up of mycotoxins

before instrumental analysis (Rausch et al. 2020).

Clean Up by Immunoaffinity Column (IAC)

The creation of IAC is another technique where specific antibodies for certain mycotoxins
are bound to a specifically activated SP support. This method is commonly used to detect
Afs, OTA, and FBs. In detail, the support is packed into a cartridge while a suspension is
performed in a buffer solution. After the extract or fluid’s mycotoxin attaches to the
antibody and any contaminants are washed away with water or an aqueous solution, the
mycotoxin is desorbed using a miscible solvent (methanol). IAC can be used for further

separation and LC quantification (Gobel & Lusky 2004).
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Solid Phase Extraction (SPE)

The SPE reduces matrix-based interferents to concentrate on a target analyte. To properly
separate the analytes from the other interfering parties, this absorbent is selected based
on the physicochemical characteristics of the analytes. Dispersive SPE, is a modern
technique that requires nanoparticles in a magnetic mode. This detection method has been
recently adopted. Notably, the characteristics of the magnetic SPE (mSPE) look like those
found in standard SPE. Matrix composition may affect the selection of the adsorbent and
elution mixture. In mSPE, continuous contact with the adsorbent is necessary through the
dispersion of the magnetic material into the solution containing the target molecules (Rios

etal. 2013).

1.5 Instrumental Analysis

Figure 5 summarises the 4 methods of mycotoxin detection in aquafeeds analyzed in the

following section.

1.5.1 Chromatographic Methods—Detection Systems

Chromatographic-based methods include liquid chromatography (LC) or gas
chromatography (GC) that is coupled with ultraviolet (UV), mass spectrometry (MS), or
fluorescence (FLD). The chromatographic methods combined with a UV detector and
FLD are usually used for the analysis of a compound or a small number of mycotoxin-

related chemicals. The MS method has many benefits such as high sensitivity, selectivity,
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and accuracy, compared to the two other methods. Tandem MS (MS/MS), where two MS
equipment are coupled together, is a highly sensitive, specific, and reliable tool for
detecting contaminants in food and has become the most popular approach for
multianalyte analyses. LC-tandem MS (LC-MS/MS) has been increasingly used for the
accurate quantitative analysis of mycotoxins in food. A limited number of multi-
mycotoxin techniques, particularly for finished fish feeds and shrimp feeds, has been
reported. Aquatic feeds are complex matrices consisting of minerals, vitamins, fatty acids,
and proteins in high concentrations that are challenging to remove. As a result, choosing
an appropriate clean-up step that reduces matrix effects (MEs) and interferences during
chromatograph analysis is essential. The literature on exclusive analyses of fish feed
ingredients seems insufficient, therefore, the data are mainly based on analyses of raw
materials used in all types of animal feed, including fish feed. Most of the methods found
in the literature use LC-MS/MS as a detection system. Some of them using various
extraction processes before LC-MS/MS analysis for the mycotoxin determination are
detailed below. LC-MS/MS method was reported for the analysis of 15 mycotoxins in
fish feed. The extraction was achieved by a USE step followed by a clean-up step by a
lipid cartridge. The recoveries varied between 25 and 109% for the 15 mycotoxins and
LODs ranged between 0.05 and 54 pg/kg. Furthermore, for the detection of AFBI,
AFM1, T-2, HT-2, DON, OTA, and ZEN in fish feed and shrimp feed, an HPLC-MS/MS
method was developed. The samples were extracted with a mixture of acetonitrile and
water followed by a defatted step by hexane and a clean-up step with a multi-toxin
purification column. LODs ranged between 1.83 and 12.63 pg/kg and the method was
successfully applied in several fish feeds in China. The LODs of the method ranged

between 0.15 and 61 pg/kg. Another method for the simultaneous determination of ZEN
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and DON in fish feed was reported based on an HPLC-DAD system and an SLE

extraction step followed by clean-up with an IAC column (Pietsch et al. 2013).

Concerning fish feed ingredients, the simultaneous determination of 11 mycotoxins in
maize, wheat, and barley was achieved by UHPLC-MS/MS analysis using a simple SLE
extraction with acetonitrile/water/formic acid (79/20/1, v/v/v). The UPLC-MS/MS
method for the analysis of DON and T-2 in maize and oats was also developed, followed
by SLE extraction and an SPE clean-up step. The LODs of the method were between 0.13
and 0.38 pg/kg. In wheat, corn, rice, and barley, LC-MS/MS was applied for the
determination of 38 mycotoxins using a QUEChERS extraction (Rausch et al. 2020).
Another LC-MS/MS method was developed for the detection of T-2 and HT-2 toxins in
corn and oat using an SLE extraction followed by a clean-up step with an IAC column,

achieving very low LODs, ranging between 0.02 and 0.08 pg/kg.

Only four methods were found using an FLD detection system. For the detection of
aflatoxins AFB1, AFB2, AFGI1, AFG2, and DON in maize, oat, rice, rye, barley, and
wheat an HPLC-DAD-FLD system was developed, after two SLE extractions and a clean-
up step by SPE. The LODs of the method were 0.02 to 16.2 pg/kg. In wheat, corn, oat,
barley, and rice, a validated HPLC-FLD system coupled with a photochemical reactor
was tested for the simultaneous determination of aflatoxins, OTA, and ZEN. The LODs
of the method ranged between 0.004 and 0.5 pg/kg. Full scan MS was also found in
pertinent literature using a TOF-MS and an Orbitrap MS system for the identification of
mycotoxins. Orbitrap MS and TOF MS are used to estimate both known and unknown
compounds. This is because they can allow detailed discrimination in molecular weight
by accurately measuring the mass to five significant digits. A validated UHPLC-ToF-MS

method was developed for the determination of nine mycotoxins in maize. The extraction
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step proposed was very easy, using two SLE steps with acetonitrile 80% (v/v). The
method’s LODs ranged between 0.5 and 62.5 pg/kg (Silva et al. 2019). Furthermore, the
LC-Orbitrap MS method combined with QuEChERS step was applied for the
determination of 20 fusarium toxins in corn, wheat, barley, sunflower, soybean, feeds,
and feedstuffs and the LODs of the method were 5 pg/kg. Ten mycotoxins in maize and
rice were detected by a full-scan LC-MS method using a second-order calibration method
based on an alternating trilinear decomposition (ATLD) algorithm (Liu et al. 2017,

Gonzalez-Jartin et al. 2021).

Immunological Methods (Enzyme-Linked Immunosorbent Assay-

ELISA)

Lateral flow immunoassay, ELISA, and immunosensors are immunochemical detection
methods based principally on antibody—antigen binding (Li et al., 2009). Antibodies and
antigens belong to some of the most commonly used capture agents in immunoassays for
disease treatment, environmental monitoring, and food safety regulation. Their high
commercial recognition 1s, however, not deprived of drawbacks. For example,
immunization and purification are necessary for the development of high-quality
antibodies. These processes can be difficult, expensive, and laborious. Additionally, the
applicability of antibodies is limited due to their sensitivity to pH and temperature
variation. Moreover, antibodies can only recognize substances that are immunogenic and
immunoreactive. Finally, the chemical conjugation effectiveness of mycotoxins to a
protein carrier is limited. Immunosorbent assays and immunosensors require simpler

sample pre-treatment in comparison to those used for chromatographic methods and have
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the advantages of high throughput and good specificity although, detection results still
must be output by instruments. Under the same sample pre-treatment procedure, ELISA
assays are however more prone to more errors due to the laborious operation procedure

(Lietal. 2018).

For the quantitative and simultaneous detection of different mycotoxins, various
immunological methods have been assessed. Detection of ZEN, FB1, DON, and AFB1
in corn, and wheat, has been achieved by a suspension array. Suspension arrays have the
advantages of sensitivity, rapidity, and accuracy. Signal responses are observed using red
and green laser lights to achieve qualitative and quantitative detections. The LODs of the
method were 0.51-6.0 ng/mL for the four mycotoxins (Wang et al. 2013). Multiplex
fluorescent immunosorbent assay (FLISA) using quantum dots (QDs)-based
immunochemical techniques has been used for multi-contaminated cereal samples,
allowing the simultaneous determination of all compounds. The mycotoxins DON, ZEN,
AFBI1, T-2, and FB1 were allocated to different wells of the same multi-well plate, and
the sample was treated before being dispensed over the wells (single-analyte multiplex,
SAM). Moreover, multi-contamination with ZEN and AFB1 was determined with the
double-analyte multiplex (DAM). Two different specific antibodies were distributed in
one single well and the mycotoxins ZEN and AFB1 were determined in wheat and maize,
on the condition that their conjugates are labeled with QDs, which are fluorescent in

different parts of the spectrum at two different wavelengths (Vardali et al. 2023).

Another sensitive tool for the simultaneous quantitative determination of DON, ZEN, and
AFBI in cereal-based products in one single well of a microtiter plate, has been applied.
This one is based on the use of a colloidal quantum dot enrobed into a silica shell

(QD@S102) derivatives as a highly responsive label. Silica-coated quantum dots were
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prepared and subsequently modified via co-hydrolysis with tetraethylorthosilicate
(TEOS) and various organosilane reagents. The LODs were 1.9-5.4 ng/kg for the three

mycotoxins (Beloglazova et al. 2014).

Moreover, another study proposed the development of a polyvinylidene fluoride (PVDF)
membrane-based dot immunoassay for the rapid and simultaneous detection of AFBI1,
ZEN, DON, OTA, and FBI in corn, and wheat. The LODs of the method for mycotoxins

were 20—-1000 pg/kg (He et al. 2012).

Cereal contamination with ZEN and DON, was identified using Cd-based QDs as labels,
while an imprinted BSA was immobilized on a microwell plate. This technique involved
putting silica on green- and red-emitting QDs to turn them hydrophilic, before coupling
with mycotoxin-protein occurs. The ZEN detection cut-off level varies depending on
cereal origin. On the other hand, the cut-off level for DON is considerably lower when
compared to its permissible limits (Beloglazova et al. 2014). The multi-mycotoxins
(AFB1, ZEN, and T-2 toxin) determination in cereals has also been accomplished using
a multicolor immunochromatographic strip (ICS). In this method, three monoclonal
antibodies are bound to three different colored nanoparticles to act as immunoassay
probes and the three mycotoxins may be quantified at the same time according to color

decrease (Xu et al. 2018).

Biosensors

Biosensors consist of various elements such as a molecularly imprinted polymer (MIP),

an aptamer, a DNA/RNA molecule, an enzyme, a tissue, living cells, and antibodies. A
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transducer is also necessary to connect these parts, which transforms the observed
physical or chemical changes into a quantifiable signal. Depending on the signal
transduction mechanism and the applied recognition elements, three categories of
biosensors exist: optical, electrochemical, and piezoelectric. Immunosensors are of the
most commonly used analytical methods for mycotoxin detection, although other cutting-
edge methods such as MIP-based sensors are available. Antibodies, antigens, and their
fragments, are used for biomolecular recognition in immunosensors. The essential
premise behind all immunosensors is that the precise binding of the immobilized
components in the sample results in the production of an analytical signal that is affected

by the concentration of the target analyte (Vardali et al. 2023).

DON detection in crop samples (wheat and maize) has been achieved using a white light
reflectance spectroscopy (WLRS) optical immunosensor. It was proved to be a fast and

high-sensitivity assay for the assessment of contamination in the whole grain

(Anastasiadis et al. 2020).

A portable and reusable optofluidic immunosensor OIP-v2 was developed for rapid and
sensitive on-site detection of DON using DON-BSA modified bio-probes as
biorecognition elements. The OIP-v2 was used for the detection of DON with high

sensitivity, accuracy, and rapidity. The LOD of DON was 0.16 pg/L (Liu et al. 2022).

1.5.4 Spectroscopic Methods FT-NIR

The most promising techniques for detecting mycotoxins are those based on infrared (IR)

spectroscopy because they just need small samples and minimal technical know-how.
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Furthermore, these methods don't require sample pre-treatment and are inexpensive. The
most common method for identifying mycotoxin contamination in crops is spectroscopy

(Cen & He 2007).

Mid-infrared (MIR) spectroscopy is specified for molecular vibrations while standard
NIR spectroscopy determines the molecular overtones and combined vibrations of
chemical bonds. All spectra produced by overtones and mixed vibrations seen in the NIR
range are challenging to interpret for specific constituents present in a sample.
Chemometrics can be used for direct information extraction from the data, which solves
the upcoming necessity of mathematical processing to extract chemicals and linked

information in the assessment of NIR and MIR spectra (Vardali et al. 2023).

Three phases are often involved in NIR or MIR spectroscopy using chemometrics:
spectral pre-processing, multivariate model construction for calibration, and model
transfer (Cen & He 2007). Qualitative and quantitative methodologies are used for NIR
and MIR spectroscopic model development. Some examples of qualitative techniques
include principal component analysis (PCA), cluster analysis (CA), and linear
discriminant analysis (LDA). In contrast, principal component regression (PCR), multiple
linear regression, and partial least squares (PLS) are common methodologies for

quantitative multivariate calibration (MLR).

The first mycotoxins analyzed by FT-IR were FB1 and FB2 in maize meal
(concentrations) as a quick way to distinguish contaminated meals. Based on an
optimized feature model for NIR spectroscopy, a quantitative assay for AFB1 in maize
has been suggested. The potential of NIR spectroscopy in conjunction with chemometric

techniques for the quick and accurate quantitative detection of the AFB1 in maize was

Institutional Repository - Library & Information Centre - University of Thessaly
02/05/2026 03:59:24 EEST - 216.73.217.38



41

demonstrated using a portable NIR spectroscopy device to evaluate maize samples with
varied degrees of contamination. To effectively mine the wavelengths of the NIR spectra,
different variable selection algorithms were used. After the screening, the wavelength
variables were utilized to create a support vector machine (SVM) and a partial least
squares (PLS) test model, respectively, to measure AFB1 in maize. As a result, by using
anonlinear SVM detection model, the characteristics of NIR spectra are beneficial for the

rapid and accurate testing of the AFB1 in maize (Deng et al. 2022).

Additionally, NIR and FT-NIR were used to evaluate their applicability and efficiency
for the analysis of Brazilian wheat flour samples contaminated with DON, with partial
least-squares discriminant analysis (PLS-DA) and principal component analysis-linear
discriminant analysis (PC-LDA) used as discriminatory methods. Validation samples
through PLS-DA showed correct classification rates in the range of 85-87.5% with an
error of 10—15% error. For PC-LDA, the hit rate was over 85% with an error of 10—15%
demonstrating that NIR is an excellent alternative method for the classification of wheat

flour samples according to DON content (Tyska et al. 2021).
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1.6 Aim of the study

Understanding the occurrence of mycotoxins, particularly in field conditions, remains
crucial even with the implementation of good manufacturing practices. This knowledge
gap is particularly pronounced in terrestrial animals, while information regarding
mycotoxin presence in fish feeds is limited. The profile of mycotoxin contaminants in
fish feeds depends on environmental conditions, geographic origin, and the plant

cultivation practices.

This is the first study on Greek aquaculture, a sector that holds the leading position in
terms of volume and value in EU aquaculture production, as reported in the Introduction
(section 1.1). This research studied the prevalence of mycotoxins that could impact
Mediterranean aquaculture, aiming to guide the formulation of effective measures to
mitigate adverse effects. Adjusting mycobinding approaches to specific mycotoxin types
is crucial, and this knowledge will enable the development of preventive treatment to
decrease fungal prevalence in crops. The understanding gained from this study will
contribute significantly to the improvement of aquaculture practices and the sustainable

maintenance of the Mediterranean aquaculture industry.

The aim of the present study is to assess mycotoxin DON contamination in Greek
aquafeed ingredients derived from grains (n=124) so as to evaluate the method of Fourier
Transform-Near Infrared Spectroscopy (FT-NIR) spectroscopy as a validated technique
for continuous inspection as well as a useful diagnostic tool for animal feed ingredient

analysis. Specifically, the DON contamination rates of raw materials (wheat, barley, corn
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and soy) used in fish feed production in Greek aquaculture were estimated. The following

results will lead to conclusion regarding the guarantee of farmed fish and consumers’

health.
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2. Materials and Methods

Numerous analytical techniques for identifying mycotoxins in aquafeeds and their
ingredients have been documented, as analysed in the Introduction (section 1.5). Being
the most widely used method for multianalyte analyses, High Performance Liquid
Chromatography (HPLC) is extensively used for mycotoxin determination as a highly
sensitive, specific, and dependable tool for detecting contaminants in food (Soleimany et
al., 2012). Several immunological techniques, such as the Enzyme-Linked
Immunosorbent Assay (ELISA), have been also documented together with Biosensors
used to analyze mycotoxin levels in a range of aquafeed raw materials (Vardali et al.

2023).

Optical techniques like Near Infrared Spectroscopy (NIR) have significantly attributed in
the quest for quick procedures for the measurement of components in food samples
(Bevilacqua et al. 2013). These techniques for detecting mycotoxins need small samples
and minimal technical know-how. Additionally, unlike conventional chemical analytical
methods, these techniques are inexpensive and do not require complicated sample pre-
treatment. The most common method for identifying mycotoxin contamination in crops
is spectroscopy (McMullin et al. 2015). This technology relies on indirect measurements
due to the complexity of the obtained spectral data. When mycotoxin contamination by
fungi and subsequent fungal infection arises, the chemical makeup of food used in the
manufacturing sector is changed. NIR has the capacity to examine these variations within
particular ranges and develop predictive models using qualitative or quantitative

techniques (McMullin et al. 2015). Therefore, in order to retrieve the analytical
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information from the relevant spectra, methods requiring calibrations using mathematical

models and multivariate statistical tools must be used (Roggo et al. 2007).

2.1 Aquafeed ingredient samples and preparation for analysis

124 aquafeed ingredient samples (approximately 2 kg per sample) comprising of barley
(n=2), soybean meal (n=32), wheat (n=46), and corn (n=44) collected from various Greek
suppliers, were analyzed between 2022 and 2023. Following collection, samples were

refrigerated for less than 15 days until further analysis.

Pre-treatment of samples

To create a representative laboratory sample, the quartering method was applied to ensure
representative sampling (Campos-M & Campos-C 2017). Every sample was placed on a
spotless, non-absorbent flat surface upon its arrival in the laboratory. A cone-like shape
was created from the aggregate sample. Next, using a quartering divider, the top of the

cone was flattened and divided into four equal quarters.

Following the removal of two opposing quarters (making sure that all dust and other tiny
particles were also wiped away each time), the remaining pair was combined and formed
into a different cone. This process was repeated until the remaining quarters were down
to 100 g. A portion of each sample (100 g) was then ground in an ultra-centrifugal mill
(ZM 200 Ultra Centrifugal Mill, Retsch GmbH, Haan, Germany) with 1 mm diameter

sieve.

Fourier Transform-Near Infrared (FT-NIR) analysis and acquisition
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In the field of mycotoxin detection, Infrared (IR) spectroscopy based methods stand out
as among the most promising due to their ability to work with small samples and requiring
limited technical expertise. These techniques not only offer cost-effective solutions but
also eliminate the need for extensive sample pretreatment, streamlining the detection
process. Mycotoxin contamination in crops is routinely identified through spectroscopic
approaches, with Near-Infrared (NIR) spectroscopy playing a pivotal role. NIR
spectroscopy identifies molecular overtones and combined vibrations of chemical bonds.
All spectra are challenging to decipher for specific constituents present in a sample.
Chemometrics are instrumental in direct information extraction from the data involving
three phases: spectral pre-processing, multivariate model construction for calibration, and
model transfer. Qualitative and quantitative methodologies are used for NIR

spectroscopic model development.

The quantity of 100 g ground sample was transferred to an FTNIR spectrometer (TANGO
FT-NIR spectrometer, Bruker Optics, Ettlingen, Germany) which emitted

electromagnetic radiation in the infra-red region to perform spectral acquisition.

For the recording of FT-NIR spectra with diffuse reflectance, the milled samples were
placed in a glass vial (52.0 mm x 22 mm x 1.2 mm, Nipro Diagnostics Germany GmbH,
Ratingen, Germany) and positioned at the beam outlet of a TANGO NIR spectrometer
(Bruker Optics, Ettlingen, Germany). All measurements were performed at room
temperature. FT-NIR spectra were then recorded in total reflectance mode in the wave
number range between 12500 and 3600 cm—1 at a resolution of 16 cm-1. The rotating
sphere macro sample was the cell type used for reading solid samples; each spectrum was
read in approximately 30 s. The background was acquired at the beginning of each

measurement series and additionally when indicated by the spectrometer software. The
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FT-NIR spectrometer was remotely controlled using TANGO software (Bruker Optics,
Ettlingen, Germany). Measured spectra were uploaded to the Olimpo platform (Pegasus
Science) and the result of mycotoxin concentration in each sample was acquired. The
method’s Limits of Detection (LOD) for the acquired mycotoxins were 5 pg/kg for AFB1,
200 pg/kg for the sum of FB1 and FB2, 350 pg/kg for DON, 30 pg/kg for ZEN and 10

ug/kg for OTA.
Mpycotoxin occurrence

Mycotoxin occurrence (%) in each aquafeed ingredient was calculated by the ratio of
positive samples to all samples analyzed. Aquafeed samples with mycotoxin
concentration above the method’s LOD were considered as positive whereas mycotoxin

concentration below LOD was identified as negative.

Statistical analysis

Statistical analysis of occurrence data for mycotoxin DON involved the utilization of the
chi-square (y?) statistical test. A comparison of mycotoxin rates was conducted.
Evaluation of differences between detectable (positive) and non-detectable (negative)
values for DON mycotoxin was performed, with statistically significant differences
indicated in the graph through lowercase letters. To accurately identify points of statistical
significance, the data analysis involved partitioning the initial % into several individual
tests (2x2). In the assessment of mycotoxin concentrations in all samples, Analysis of
Variance (ANOVA) and Tukey’s post hoc analysis were applied as statistical tests to

assess differences in mean concentrations of DON among the four raw materials. The
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SPSS Statistics 26 package was utilized in all instances, with a significance level set at

P<0.05.
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3. Results

In this section are presented the results of the FT-NIR analyses. Table 3 describes the
DON mycotoxin - mean and max - concentration (pg/kg or ppb), as well as the maximum
permitted limit of DON, in the four different raw materials (corn, barley, wheat and soy)
of the aquafeeds. The same piece of information is depicted in Figure 6. DON was
detected in all examined samples to be much lower than the maximum permitted limits
(MLP) OF 8,000pg/kg of DON. DON was identified in all 4 grains of corn, barley, wheat
and soy, with the lowest values found in soy (<350 pg/kg), below the limit of detection
of the analytical method. The second lower mean values of DON were found in corn
(463,5 ng/kg). Barley exhibited a significantly higher concentration of 894,5 pg/kg while

wheat samples displayed the highest mean concentration value of 1007,2 pg/kg.

Table 3: Mean mycotoxin DON concentration + standard error of positive analyzed samples.
Maximum values in aquafeed ingredients (ug/kg) are presented for corn, barley, wheat, and soy
samples, Maximum Permitted Limits (MPL). Mycotoxins not sharing a common superscript

letter among aquafeed ingredients are statistically significant different (p<0.05).

Corn Barley Wheat Soy

MPL Mean Max Mean Max Mean Max Mean Max

DON 8,000 463.5463.7 654  894.5+289.5 1184 1007.2+82.2 2338 <350 <350

a b b

Note: MPL- Maximum Permitted Limits; DON: Deoxynivalenol; a,b: Statistical differences of a specific

mycotoxin between different raw materials, (p<0.05).
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As shown in Figure 6, the mean DON concentration in corn samples (463.5 ug/kg) was
significantly lower compared to DON mean concentration in barley and wheat samples.
In addition, DON mean concentration in soy samples was the lowest measured (<350
pg/kg) and significantly lower towards DON values measured in barley and wheat

samples (894.5 ng/kg and 1007.2 pg/kg respectively).

Figure 6: Concentration (ug/kgr or ppb) of mycotoxin DON (Deoxynivalenol) in corn, barley,

wheat and soya samples as aquafeed ingredients.

Figure 7 shows the DON mycotoxin mean occurrence (%) in each of the aquafeed
ingredients. DON exhibited a significantly lower occurrence at 9.09% in the analyzed
corn samples compared to wheat samples (78.29% mean occurrence). The barley samples
(n=2) exhibited 100% contamination with DON mycotoxin. In wheat samples, a
significantly higher rate was observed for DON (78.26% mean occurrence) compared to
corn- and soy- contaminated samples (9.09% and 0% respectively mean occurrence). In

soy samples, DON, was not detected at all.
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Figure 7: Occurrence (%) of mycotoxin DON in corn, barley, wheat and soya samples as
aquafeed ingredients. a, b: denote statistical differences of a specific mycotoxin between

different raw materials (P<0.05).

In the following equation total DON occurrence (%) in the total amount of samples

(n=124) is calculated as 33.9%.

SUM (samples per ingredient x % occurence of DON)

tal DON %) =
Tota occurence (%) total amount of all samples

_ (2 barley samples x 100%) + (46 wheat samples x 78.29%) + (44 corn samples x 9.09%) + (32 soy samples x 0%)
h 124

=33.9%
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4. Discussion

The inclusion of plant-based protein in fish feed has been identified as a specific
contributing factor to the worldwide problem of mycotoxin contamination in animal
production, including aquaculture. The problem arises from the fungi that can
unexpectedly contaminate feed ingredients. Mycotoxins are present in agricultural
products used to feed animals, which puts consumers and farmed animals at risk for health

issues.

DON was present in 33.9% of the samples, and the maximum concentration observed
was 2338 ng/kg in wheat samples. Moreover, all raw materials displayed positivity for
DON mycotoxin. In the review study of Koletsi et al., (2021) DON was prevalent at rates
varying from 11% in soy samples to 41 % in wheat and 47% in corn samples (Koletsi et

al. 2021).

However, higher average contamination values were observed in analyses of 10 samples
of commercial fish and shrimp feeds for DON (165.61 pg/kg), compared to their Asian
counterparts (Gongalves et al. 2018a). Similar data on DON contamination had also been
derived from a smaller data set analyzing 11 samples of commercial carp feed (average
contamination 289 pg/kg, maximum 825 pg/kg) (Pietsch et al. 2013). Confirming the
previous studies, the larger study of Koletsi et al., showed patterns related to mycotoxin
contamination that were highly relevant to the animal and fish feed industry. They found
DON occurrence in 44 European fish feed samples with an average contamination of 136

png/kg and a maximum contamination of 469 pg/kg (Koletsi et al. 2021).
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Furthermore, DON mean concentration measured in corn samples was 463.5 nug/kg with
a maximum of 654 pg/kg. These values were also lower compared to those reported in
the recent large study of Koletsi et al., which measured 725 corn samples a mean

concentration to be 826 pg/kg (maximum 10,020 ug/kg) for DON.

In our study, in the few barley samples measured (n=2), was found that DON was a
prevalent mycotoxin, with a mean concentration of 894.5 ng/kg (maximum 1184 pg/kg).
Unfortunately, these values cannot be compared to other sets of published data, as

measurements regarding barley samples in aquafeeds are not currently available.

Our wheat samples displayed contamination with DON, with the highest mean
concentration of DON among the 4 grain samples, at 1007.2 pg/kg (maximum 2338
ng/kg). Comparative analysis with previously presented European wheat samples in the
review study of Koletsi et al. (2021) revealed some higher maximum contamination
values for DON but lower mean concentration (470 pg/kg, maximum 8872 pg/kg) in 857

wheat samples.

In our data, for soybean meal samples, concentrations of DON are the lowest among the
four grain samples and consistently below the limit of detection of the analytical method
(<350pg/kg). Interestingly, soybean meal in aquafeeds had been previously reported
(Gongalves et al. 2020) to be contaminated with DON at higher mean concentrations (230
pg/kg (Greco et al. 2015); 236.2 ng/kg (Pietsch et al. 2013). Moreover, 139 soy samples
in the publication of Koletsi, exhibited positivity for DON, with mean concentrations of

85 ng/kg (maximum 543 pg/kg) (Koletsi et al. 2021).

Overall, all results of DON contamination rates (low means and max concentrations of

DON) in the four different grains, remained below the maximum permitted limits. To this
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direction, in Greek aquaculture the situation appears more advantageous compared to
other countries (Gongalves et al. 2018a, Koletsi et al. 2021). On the other hand, the
occurrence of DON contamination in the grain samples examined in the present study, is

undoubtedly concerning so as for aquaculture industry to take preventive action measures.

According to Goncalves et al., the results of the most recent mycotoxin occurrence
surveys of aquaculture feeds clearly show an increase in mycotoxin occurrence compared
to previous surveys. Unfortunately, the authors’ data couldn’t prove that there is a higher
mycotoxin risk now compared to the past. This was because the target mycotoxins
analyzed in older studies were not the same and sensitivity detection levels and
methodologies have since improved significantly. Nonetheless, it was theoretically
expected that an increasing level of plant meals in aquafeeds would lead to increased
occurrence of mycotoxins in these feeds, which was observable by the most recent

occurrence surveys (Gongalves et al. 2020).

Mycotoxins affect the whole food chain from fields (grain crops) to aquafeeds, to marine
foods to fork. AFB1, DON, ZEN, and FB1 are the four predominant mycotoxins found
in animal feeds most frequently (Lee & Ryu 2016), while marine foods contain varying
levels of mycotoxins, including AFs, ENs, DON, ZEA, and OTA, all of which are
hazardous to human health (Mirza Alizadeh et al. 2022).

Fish health and welfare can be significantly impacted by mycotoxin contamination
(increased disease susceptibility, decreased productivity (Koletsi et al. 2021)), and this
can also have large financial consequences in the aquaculture industry, as well as health
implications for consumers and public health.

It is crucial for the earliest detection of mycotoxins (even at low concentrations), the

application of increased monitoring and mitigation strategies, within aquaculture
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practices and subsequent treatment or rejection of contaminated feeds. In addition,
variability in mycotoxin levels in aquafeed samples across different geographical regions
makes this issue even more complex to tackle. Moreover, factors such as climate change
and the world trade of commodities make it challenging to estimate the risk of mycotoxins
in aquaculture finished feeds.

The increasing globalization of trade commodities and incorporation of imported raw
materials into aquafeeds exposes the industry to the potential risk of mycotoxins, which
are sometimes not even common for the region. Therefore, mycotoxin contamination
needs to take into account the globalization of raw materials, which could already have
significant levels of mycotoxins together with the monitoring of finished feeds
(Gongalves et al. 2020).

The European Union (EU) has made mycotoxin contamination in food and feed a top
priority, as evidenced by the multiple legislative documents that set maximum
recommended levels of contamination (European Commission, 2006, EU 2016).
Nonetheless, the observation that the EU has established comparatively high maximum
recommendation levels for the detection of mycotoxin in aquafeed ingredients has gained
attention, and several scientists suggest stricter legislation to be implemented. In
comparison to other countries, our results show lower mean and maximum concentration
levels of DON contamination, which highlights the high standards of the Greek

aquaculture sector.
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5. Conclusions

FT-NIR analytical technique was used in a comprehensive study to detect mycotoxin
DON in four different types of animal feed ingredients (corn, barley, wheat, and soybean

meal) from different Greek suppliers.

Nowadays, mycotoxin contamination is a growing problem for aquaculture in Europe and
calls for a multidisciplinary approach. A wide range of expertise is required, so
cooperation and communication amongst stakeholders throughout the value chain are
essential, as is scientific support from disciplines like toxicology, microbiology, fish

nutrition, health and welfare, feed processing and technology, and plant sciences.

DON was present in 33.9% of the 124 samples, and the maximum concentration observed
was 2338 ng/kg in wheat samples. Moreover, all raw materials displayed positivity for
DON mycotoxin. Our wheat samples displayed contamination with DON, with the
highest mean concentration of DON among the 4 grain samples, at 1007.2 ng/kg
(maximum 2338 pg/kg). All results expressed as mean and maximum concentrations of
DON contamination in the four different grains, remained considerably below the
maximum permitted limits. These findings indicate the high standards of the Greek

aquaculture industry.

However, it is well known that mycotoxins can seriously impair the health and welfare of
farmed animals, both aquatic and terrestrial, even at low concentrations. Therefore, it is
thought to be essential to continue monitoring and use an early and rapid method of

mycotoxin detection. It is recommended that regulatory bodies should reevaluate the
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current DON recommendation limit in order to maintain economic viability and safeguard

fish welfare.
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7. Abstract

Several kinds of fungi produce secondary metabolites called mycotoxins. They can have
a detrimental effect on fish farming practices and are commonly found in ingredients for

fish feeds.

Fourier-Transform Near Infrared Spectroscopy (FT-NIR) was used in this study to
perform a spectroscopic analysis of aquafeed ingredients that were sourced from Greek
suppliers. The use of FT-NIR demonstrates that it is a useful analytical tool for
contaminant detection, providing clear benefits over conventional analytical techniques,
such as speed, cost-effectiveness, safety, and simultaneous analysis of several parameters.
By measuring the spectral absorption from the organic compounds present in the samples,

the concentration of mycotoxin was indirectly estimated.

All results expressed as mean and maximum concentrations of DON contamination in the
four different grains, remained considerably below the maximum permitted limits. These

findings demonstrate the high standards of Greek aquaculture industry.

In the examined samples (n=124) deoxynivalenol (DON) mycotoxin was measured. DON
was present in 33.9% of the 124 samples, and the maximum concentration observed was
2338 pg/kg in wheat samples. Moreover, wheat, corn and barley raw materials but not
soya, displayed positivity for DON mycotoxin. Remarkably, all mycotoxin
concentrations in aquafeed ingredients remained well below the maximum permitted
limits (MPL), confirming the safety of aquaculture feeds used in Greece in compliance

with the relevant legislation.
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In conclusion, since the presence of mycotoxins, even in low concentrations, may be
hazardous to animal and public health, it is imperative to continuously monitor the

ingredients in fish feeds.

Keywords: mycotoxin, DON, fish feeds, wheat
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