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Abstract: Mycotoxins are toxic secondary metabolites produced by fungal species that usually
contaminate foods and feeds. Their lipophilic properties allow them to persist in the fat tissues
of animals that ingest them, representing a risk for the consumers because of their toxicity and
carcinogenicity. Apart from their toxicity to humans, there are species more susceptible to the
mycotoxin actions, such as the avian ones. This report describes a case in a laying hen farm certified
as antibiotic-free, where animals were fed with foodstuff with linseed added to obtain eggs enriched
in omega-3 fat acids. In this case, the concurrent action of aflatoxin B1 and ochratoxin A caused
a significant decrease in production and an increase in mortality. At pathologic examinations, the
animals showed severe kidney degeneration along with liver lesions. The ovary and oviduct were
hypoplastic, and evident signs of anemia were observed. Aflatoxin B1 and ochratoxin A were detected
by HPLC in foodstuff with the addition of linseed and in organs. This case wants to drive attention to
the importance of a careful check of the feedstuff to be used in poultry farms with a quality-oriented
production, in order to avoid contaminations that can harm both animal welfare and public health.
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1. Introduction

Mycotoxins are toxic secondary metabolites produced by fungal species that may
infect vegetable substrates and contaminate foods and feeds. Single species of fungi
may produce more than one mycotoxin concomitantly, and different fungal species may
proliferate in the same plant—both circumstances leading to the co-occurrence of two or
more mycotoxins [1]. Fungi can attack and produce mycotoxins on the growing plants
before harvesting or during crop storage and transportation. Mycotoxins can appear in the
feed chain because of fungal infection of crops, and due to the use of moldy grains and
forage as components of animal feed [2].

Climate change is among the factors that most affect the presence of mycotoxins in food and
feed. Several environmental factors such as high temperatures, high moisture levels, and insect-
inflicted damage contribute to the presence of mycotoxins in feeds [3–5]. In particular, the climate
of Southern Europe (temperatures from 25 to 30 ◦C and high humidity) and inappropriate
practices of grain storage facilitate Ochratoxin A (OTA) production [6]. Similarly, Aspergillus
flavus infection and aflatoxins (AFs) contamination, previously uncommon in Europe, have
become increasingly important. Over the last decade, several hot seasons have led to severe
A. flavus infections in maize in several European countries, namely Italy, Romania, Serbia, and
Spain [7].

Both ochratoxins and Afs are causes of major concerns in terms of public health.
Ochratoxins are secondary metabolites produced by some species of fungi belonging to
the genera Aspergillus and Penicillium, e.g., Aspergillus ochraceus, Aspergillus carbonarius and
Penicillium verrucosum [8].
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Within the family of ochratoxins, the most toxic and prevalent is OTA. It is mainly
produced by A. ochraceous or P. verrucosum during postharvest activities [9] and its toxicity,
greater than those of ochratoxins B and C, seems due to the presence in the structure of a
chlorine substituent [8,10].

It is a potent nephrotoxin that causes renal toxicity and possesses carcinogenic, terato-
genic, immunotoxic, and possibly neurotoxic properties. It has been implicated in a fatal
kidney disease typical in the Balkan countries (Balkan endemic nephropathy) and it has
been classified as possibly carcinogenic to humans (group 2B) [11]. OTA can be found on
several commodities, which are susceptible to mold infestation and that are also prevalent
in human and animal diets (including cereals, oil seeds, legumes, spices, cocoa, coffee, dried
fruits, pork and poultry meat, wine, beer) [12,13]. The oral ingestion of OTA is followed
by rapid absorption through the enterohepatic circulation with the possibility of excretion
and/or re-absorption [8]. Galtier et al. [14] showed that OTA bioavailability, generally in
the range of 50%, is mainly influenced by species, dose, vehicle and presence of food in
the stomach at the time of mycotoxin administration. In particular, a bioavailability of 66%
in pigs, 56% in rats, rabbits, and 40% in chickens has been observed. The high binding of
OTA to the albumin fraction of blood proteins allows it to reach peak blood levels within a
few hours and explains the long half-life in the animal body [8]. Due to its long half-life,
OTA can bioaccumulate in some animal tissues/organs, especially in kidneys and liver,
and reach concentrations in meat and meat products that are not acceptable for human
consumption [8,10].

Signs of OTA toxicity in poultry include weakness, anemia, decreased feed consump-
tion, reduced growth rate and egg production, and excessive mortality [15–17]. Patho-
physiological changes include decreased urine concentration and glomerular filtration rate,
impairment of proximal tubular function, and degeneration and ultrastructural alterations
in renal integrity [18–20].

Aflatoxins are secondary metabolites of fungi A. flavus and A. parasiticus [21]. The
most abundant are the following four types: AFB1, AFB2, AFG1 and AFG2 [22]. They are
the most detected mycotoxins in food and feed and, among these, AFB1 is globally the
most concerning [21], representing 77% of the aflatoxins contaminating cereals, peanuts,
maize, sunflowers seeds, cotton seeds, and oilseed [21]. AFB1 shows the highest pathogenic
activity, with toxic and carcinogenic effects in susceptible species, including humans [22].

Afs intoxication in animals and humans occurs through the consumption of contami-
nated food [23]. Once absorbed in the gastro-enteric tract, these liposoluble compounds
enter the bloodstream and reach the liver where they are metabolized by cytochrome P450
producing highly reactive compounds, mostly accountable for the AF toxic effects [24].

The efficient hepatic cytochrome P450-mediated bioactivation, along with the deficient
glutathione S-transferase (GST) detoxification system make Gallus gallus particularly sus-
ceptible to the action of Afs [25]. Young animals are even less resistant, presumably due to
the lack of well-developed hepatic enzymatic systems required to degrade the toxins [26].

AFs may lead to different carcinogenic, neurotoxic, immunotoxic, mutagenic, terato-
genic, estrogenic and hepatotoxic consequences [27]. High doses of AFs may cause acute
toxicity characterized by weakness, anorexia, altered feed conversion, reduced weight gain
and growth, bone fragility, depression, coagulopathy, jaundice, and finally death [28]. At
the histopathological level cell necrosis, an increase in apoptosis and oxidative damage
have been observed [29].

Liver is one of the target organs, usually appearing with congestion of the hepatic
sinusoids, focal hemorrhages, centrilobular fatty cytoplasmic vacuolation and/or necrosis,
biliary hyperplasia, and nodular lymphoid infiltration [30]. The electrophilic AF metabo-
lites also interact with nucleic acids, causing, among others, a generalized reduction in the
activity of the immune system cells, leading to immunodepression [30–32]. Evidence sug-
gests that immunosuppression caused by AF results in many disease outbreaks, vaccination
failures, and poor antibody titers [31].
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As well as other mycotoxins, AFs can accumulate, via the bloodstream, in animal
edible tissues and products, such as eggs, posing a health hazard to human consumers [33].

Mycotoxin food and feed regulations have been adopted in many countries to protect
consumers from the harmful effects of these compounds. Different factors play a role in
the decision-making process to set safe limits for mycotoxins. Considering the available
toxicological and epidemiological data, detailed knowledge about possibilities for sampling
and analysis, and socioeconomic issues [34]. The European Commission Recommendation
2006/576/EC of 17 August 2006 on the presence of deoxynivalenol, zearalenone, ochratoxin
A, T-2, HT-2, and fumonisins in products intended for animal feeding [35] establishes a
guidance value for OTA in the singular components and in compound poultry feed of
100 µg/kg, but no maximum levels were set at EU level in eggs or in edible tissues of
these animals.

On the contrary, Commission Regulation (EU), No. 574/2011 [36] set up AFB1 reg-
ulatory limit of 20 µg/kg in feedstocks and in adult poultry feed, at 5 µg/kg for young
poultry feed.

In addition to the individual limits set by current legislation, attention must be paid to
the exposure to the combination of mycotoxins, to which animals may be subjected, and
which may have synergistic or antagonistic toxic effects [37].

With those premises, this study was aimed to investigate the presence and the effects
of a concurrent OTA and AFB1 contamination that occurred in an advanced laying hen
farm. The chain production of the feed was analyzed and OTA and AFB1-related gross
and histological lesions were described, explaining the actions carried out on the farm for
proper risk management.

2. Case History

The farm investigated consisted of three single-aged sheds of 3600 birds each, housing
two groups of laying hens at the time of the event, Lohmann White and Lohmann Brown,
respectively. The entire farm, certified “antibiotic-free”, housed indoor on the floor, egg
code 2 (deep litter indoor housing).

Only shed 1, hosting Lohmann White hens, produced omega 3-enriched eggs, obtained
by supplementing the feed with linseed. The omega-3 concentration of the eggs was
certified by an accredited laboratory operating in the province of Turin. The Lohmann
White pullets were housed in May 2021, at the age of 122 days. The animals received
commercial feed containing an increasing proportion of linseed from 3% (July 2021), to 5%
(September 2021), to 7% (October 2021).

For the first 6 months, the laying curve had a normal pattern, overcoming that in-
dicated for the commercial hybrid [38], settling at 95% on 10 December 2021, 7 months
after housing.

In the following weeks, however, egg production dropped dramatically to 68% in
21 days. During this period, the decrease in laying was not accompanied by any increase in
mortality (0.27% per month).

From 1 January 2022, due to the abnormal production trend, the farmer stopped
supplementing feed with linseed. The deposition rate increased by approximately 14%,
reaching 82% of the expected values. To maintain the certification as a producer of Omega
3-enriched egg, the farmer restored the feed supplementation with 4% linseed but, about
20 days later, the laying curve dropped again to 70%, in association with a significant
increase in mortality (3.25% per month), although there were no known infectious diseases
or errors in management.

No relevant issues were reported from sheds 2 and 3.

3. Clinical Analysis and Sampling

Animals were observed directly in the farm by expert veterinarians specialized in
avian diseases. Afterward, ten samples of feed for laying hens were collected: (i) five
samples of feed including supplementation with 4% linseed and (ii) five samples without
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supplementation. Furthermore, ten carcasses collected from shed 1 were subjected to post-
mortem inspection, and in all the animals OTA and AFB1 levels were estimated in the liver
and kidney by High-Performance Liquid Chromatography with fluorescence detection
(HPLC-FLD) after extraction on immune-affinity columns. In addition, during necropsy,
aliquots of kidneys and liver were collected for anatomopathological investigations.

4. Chemical Investigation
4.1. Apparatus and Chromatographic Conditions

An HPLC system Agilent 1100 Series equipped with pumps, a Rheodyne Model
7125 injector (100 µL loop), and a fluorescence detector was used with an LC column Restek
C18 (5 µm) (250 × 4.6 mm i.d.). The injection volume was 20 µL, and the flow rate was
0.8 mL/min. Methanol-water (45:55, v/v) was used as the mobile phase for AFB1 detection.
The excitation and emission wavelengths for AFB1 detection were 360 nm and 440 nm,
respectively. Acetonitrile-water-acetic acid (99:99:2, v/v) was used as the mobile phase for
OTA detection. The excitation and emission wavelengths for OTA detection were 333 nm
and 477 nm, respectively [39].

4.2. Immunoaffinity Clean-Up

To measure ochratoxin levels, samples were prepared by mixing with an extraction
solution, followed by blending and filtering. The extract was then applied to the AflaOchra
LC column (VICAM), which contains specific antibodies for AFB1 and OTA. This combi-
nation immunoaffinity column significantly reduces the time, labor, and material costs of
assessing the safety and quality of products that are subject to both aflatoxin and OTA con-
tamination. The AflaOchra combination column optimizes sample clean-up, streamlining
procedures, and yielding pure, highly concentrated sample extracts for analysis by HPLC
with fluorescence detection.

4.3. Sample Extraction and Clean-Up of Animal Feeds

Before pre-treatment, samples were ground evenly and kept in the refrigerator. For
simultaneous AFB1 and OTA determination, 25 g of samples were homogenized in 100 mL
of 70% methanol for 30 min, and then it was filtered with Whatman No. 4. 10 mL of the
filtrate were placed in a 100 mL flask and 40 mL of PBS (phosphate buffer saline) was
mixed in the flask. Next, 20 mL of the filtrate was placed in the AflaOchra IAC and was
passed through at 1 drop/sec. Then, 10 mL of PBS and distilled water was passed through
at the same speed. The residues remaining in the column were extracted using a suction
pump and eluted with 1 mL each of methanol and distilled water. The limit of detection
and quantization of OTA and AFB1 in the samples of feed and tissues, by HPLC-FL were
0.10 µg/kg and 0.25 µg/kg, respectively. Recovery was 85 + 15%, as evaluated on spiked
samples at the 1 µg/kg level and day-to-day RSD was 10%.

4.4. Sample Extraction and Clean-Up of Tissues and Organs

A 20 g aliquot of layer hen tissues (samples of kidneys, livers and muscles) were
homogenized with 6 mL of 1 M phosphoric acid in an Ultra Turrax T25 homogenizer for a
few minutes. A 2.5 g aliquot of the homogenate was transferred into a Pyrex centrifuge
tube, extracted twice with 5 mL of ethyl acetate, and centrifuged for 5 min at ca. 350× g.
The organic phases were combined, reduced to approximately 3 mL, and back-extracted
with 3 mL of 0.5 M NaHCO3 (pH 8.4). The aqueous extract was loaded onto an AflaOchra
column. After washing with 10 mL PBS Buffer and 10 mL of water, the mycotoxin was
eluted with 1.5 mL of methanol. Additionally, 1.5 mL water was added to all samples
before injecting into the HPLC to make the solvent for the standards and samples similar
to the mobile phase [40,41].
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5. Post Mortem Examination

During the necropsy of the layer hens, careful macroscopic evaluation was made on
the organs (liver and kidney) typically targeted by OTA and/or AFB1-induced pathology.
For histological examination, pieces of tissue were collected and fixed in 10% neutral
buffered formalin. The samples were embedded in paraffin wax, sectioned at 4 µm, and
stained by Haematoxylin Eosin (HE).

6. Results and Discussion

At intravital examination, some animals were lethargic with anemia signs, such as pale
appearance of combs and wattles (Figures 1 and 2a). The necropsy examination highlighted
a poor state of nutrition (Figure 3) and confirmed anemia by evidencing the discoloration
of the content of the femoral medullary cavity (Figure 2b).
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The muscular stomach appeared smaller than normal, suggesting a poor feed intake.
In agreement with other authors [42,43] who described OTA and AFs activities, the ovary
and oviduct showed hypoplasia (Figure 4) and this was the most possible reason for the
drop in egg production.
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Kidneys were enlarged, discolored, and yellowish, with no fat in the renal chamber,
thus indicating a state of cachexia (Figure 5). The renal impairment was also remarked
by the presence of urate crystals in the peritoneum (Figure 6a) and in the abdominal air
sac (Figure 6b) [28]. Finally, the liver appeared enlarged, firm, and covered with scattered
necrotic foci (Figure 7).
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Histological examination clearly confirmed renal and hepatic damage. In particular,
kidney specimens showed lesions characteristic of OTA intoxication [43–45]. In fact, the
epithelial cells were enlarged in the whole cross-section of the proximal tubules, with
vacuolated cytoplasm, karyomegaly, and granular degeneration of the nucleus, in a pattern
strongly suggestive of tubule-nephrosis (Figure 8a). Glomerular changes were marked as a
uniform and homogenous thickening of the glomerular capillary basement membrane and
the presence of glomerular atrophy (Figure 8b).
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At the hepatic level, the histopathological picture revealed more significant lesions
with respect to the macroscopic examination, consisting of moderate focal fibrosis
(Figure 9a) with the presence of nodular inflammatory cells. Numerous hepatocytes with
fatty infiltration were clearly visible, as well as congestion and hemorrhage
(Figure 9b). Additionally, in this case, the anatomopathological picture was consistent with
those previously described for AFB1 intoxication [46].
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The toxicological investigations detected OTA in the kidney and liver with mean
(n = 10) values equal to 47 ± 3.03 µg/kg and 24 ± 1.92 µg/kg, respectively. While, in the
same organs, AFB1 was detected with mean values (n = 10) equal to 1.4 ± 0.3 µg/kg and
3.6 ± 0.44 µg/kg, respectively.

Both mycotoxins, OTA and AFB1, were detected in the five samples of feed that included
supplementation with 4% linseed, and the mean values were equal to 31 ± 3.08 µg/kg and
5.6 ± 0.33 µg/kg dry weight, respectively. While in the five samples of feed without supple-
mentation, only OTA was detected at a mean concentration of 1.1 ± 0.15 µg/kg dry weight:
AFB1 was not detectable.

Those values were far below the contamination levels needed for retrieving mycotox-
ins in eggs. By investigating the dynamics of OTA accumulation in eggs placed by laying
hens experimentally exposed to OA, it was demonstrated that after exposure at the concen-
trations admitted by the current European legislation (100 µg/kg) and at concentrations
20-folds as much the European Legislation limit (2000 µg/kg), OTA was not detectable in
the eggs [43]. Moreover, pioneering studies ascertained that AFB1 residues in eggs were
detectable only when contamination of feedstuff reached 5000 µg/kg [47]. More recent
studies, carried out with more sensitive equipment, found that detection of AFB1 from eggs
was only possible when the feedstuff contamination reached 500 µg/kg [48]. However, it
should be underlined that oviposition was found to be reduced when laying hens were fed
with feedstuff contaminated by 700 µg/kg AFB1, ceasing completely at d 5000 µg/kg [49].

In the present case, the toxic effects arose at much lower AFB1 and OTA concentrations
in feedstuff. Moreover, our findings showed that infectious diseases can be excluded.
Indeed, in the episode we described, anemia and weight loss were not associated with the
typical lesions induced by the viruses responsible for avian neoplasms (Marek’s Disease
Virus or avian leukosis virus) [50,51], nor with the medullary hypoplasia described in the
case of gyrovirus infections [52]. Furthermore, although infectious bronchitis can induce
kidney lesions similar to those described [53], the animals were treated with a vaccine with
a wide antigenic panel.

Such a finding is not surprising, since it is well-known that mixed feed may be more prone
to be contaminated by different mycotoxins [54,55]. Additionally, Gruber-Dorninger et al. [56],
showed that AFB1 and OTA were the most commonly identified combination in complete feed.

As shown by other studies [57–59] 75% of animal feed samples may contain more than
one mycotoxin. Although in our study the contamination levels of the two mycotoxins
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detected were below the limits established by the current legislation, there seems to have a
sort of synergistic action that could impact animal health even at minimal doses.

The simplest explanation for such action relies on the renal failure caused by OTA,
previously evidenced in an experimental study [43], which might have impaired the
excretion capacity of the affected animals. It is possible that such a defect would have
increased the terminal half-life of the active metabolites of AFB1, thus enhancing their
effects on the target organs such as liver and bone marrow (with consequent anemia and
coagulopathy), also compromising the general health status of the animals, with consequent
undernutrition and deposition impairment.

Additionally, the persistent binding of OTA to serum proteins may have triggered
a positive feedback effect, in which the high bioaccumulation might be enhanced by the
increased elimination time, as previously suggested [60].

All those considering, it is advisable that more efforts should be driven to provide
more detailed knowledge about the synergistic effects of mycotoxins, from different points
of view. On one hand, the scientific community should be interested in retrieving both
qualitative and quantitative data and information about the mechanism triggered by the
concurrent assumption of AFB1 and OTA in poultry by performing kinetic and dynamic
studies, in order to build knowledge that may pave the way to the definition of new proper
limits. On the other hand, the operators of the poultry system should be aware that, when
controlling feedstuff or their ingredients, the acceptability thresholds might not be enough
safe in the case of concurrent contamination by more than one mycotoxin. It is noteworthy
that, in the here described case, the farmer demanded mycotoxin-free certified linseed,
which was determinant for solving the problem and maintaining the omega-3 enrichment
certification. Thus, while waiting for potential future institutional determinations, scientists
and poultry stakeholders could evaluate new strategies for avoiding the synergic effects of
multiple mycotoxin contaminations.

7. Conclusions

The main vehicle of mycotoxins is feed. For this reason, EU Regulation 574/2011 and
EU Recommendation 576/2006 define the maximum acceptable levels of AFs and OTAs in
the finished product. Compliance with these limits should prevent the occurrence of toxic
phenomena by reducing the risk of contamination of human food. The presence of both
investigated mycotoxins in the mixed feed including 4% linseed would indicate a limitation
of the current regulations. Therefore, it would be appropriate to review the acceptable
limits, especially in the case of mixed feed produced with many raw ingredients. The
search for high-quality productions capable of occupying increasingly larger niche markets,
due to their ability to attract health-conscious consumers, must stimulate producers to
greater attention to the quality of the raw materials used. In this sense, the new EU Reg.
No. 2017/625 [61], which regulates the Official Controls, represents an innovative tool
available to Official veterinarians [62]. In fact, through the correct legal interpretation of
the regulation, controls will not stop at the concept of the food chain but will be extended
to the much broader concept of the agri-food chain.
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