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A B S T R A C T

Poultry farms are hostpost for fungi and mycotoxins proliferation. Still, seasonal dynamics on of these hazards on 
farm and their impacts on animals/workers health, and lastly on food safety remain unexplored. This study 
provides the first comprehensive assessment of seasonal (summer/winter) fungal/mycotoxins exposure in 
poultry farms environment (Electrostatic dust cloths (EDC), feed, bed) and broiler chicken tissues (breast, liver) 
to identify potential exposure risks for broiler chickens/workers health and food safety. Viable mycotoxigenic 
fungi and mycotoxins profile (LC-MS/MS) was characterized and cytotoxicity assessment was performed using 
A549 (human alveolar epithelial) and SK (swine kidney) cells. Zootechnical parameters were also measured to 
evaluate broiler chickens’ growth performance. Summer conditions favour the proliferation of mycotoxigenic 
fungi belonging to Penicillium and Aspergillus genera, where co-contamination of hazardous mycotoxins (ZEN/ 
TRCs/FBs) was prevalent. Considering cytotoxicity assessment, EDC samples induce high toxicity in 47 % of 
A549 cells during summer, whereas on bed samples, high toxicity was obtained during winter on both cell lines 
(100 % SK cells; 83 % A549 cells). Our results evidence diverse exposure pathways (inhalation, dermal contact) 
and seasonal health risks. Regarding mycotoxins in biological samples, ZEN was detected in 53.3 % of liver 
samples, highlighting chronic exposure risks. Thus, future research should focus on toxicokinetics/toxicody
namics of co-occurring mycotoxins in animal production environments and their subsequent human exposure 
through the food chain. Given that climate change may exacerbate seasonal fungal/mycotoxin contamination, 
understanding these interactions is crucial for improving risk assessment frameworks and to implement pro
tection measures on the farm level and along the food chain.

1. Introduction

Over the last decade, livestock production systems have intensified, 
with poultry meat being the most produced type of meat worldwide [1]. 
By 2024, poultry production has reached approximately 138.75 million 
metric tons, a significant rise from the 115 million metric tons in 2016 
[2]. This trend, reflects shifts in consumers preferences and the indus
trialization of the poultry sector [1]. Recent statistics evidence poultry 
meat as the most consumed type of meat globally [2]. This tendency is 
also observed in Portugal, where poultry, particularly chicken, is the 

most widely consumed type of meat [3].
The poultry farm environment is highly conducive to microbial 

proliferation and the detection of pathogenic bacteria and zoonotic risks 
are well-documented [4–6]. In contrast, fungal contamination is poorly 
understood despite its dual threat to animal and human health [7]. 
Current research on fungal assessment has predominantly focused on 
animal feed, where Aspergillus spp., Fusarium spp., and Penicillium spp. 
are the most significant genera [8]. These mycotoxigenic fungi, capable 
of producing harmful mycotoxins, thrive in diverse environments and 
under favourable conditions, synthesize mycotoxins that pose 
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significant risks to both humans and animals health [9,10].
Aflatoxins (AFs), fumonisins (FBs), ochratoxins (OTs), trichothe

cenes (TRCs) (HT-2, T-2 toxin, deoxynivalenol) and zearalenone (ZEN) 
[8] are the most agriculturally and toxicologically significant myco
toxins. Their negative effect on broilers’ health has already been 
demonstrated, especially the effects of AFs on liver toxicity, TRCs in 
lower feed efficiency, and OTs in immunosuppression, increasing dis
ease susceptibility [11–13]. Emerging mycotoxins (EMs) (eg.: mon
iliformin (MON), nivalenol (NIV), diacetoxyscirpenol (DAS), 
sterigmatocystin (STER), mycophenolic acid (MPA) are also gaining 
attention due to their increasing detection in crops and animal feed, lack 
of toxicological data and regulatory limits [14].

To date, most studies have shown the widespread prevalence of 
mycotoxins in poultry feed ingredients, which remains the primary 
source of animal exposure [8,13,15,16]. Animal feed is mainly 
composed by cereals and cereal-based products, which are major source 
of mycotoxins. Fungal contamination and consequently mycotoxins 
production can occur in the field before harvest or during storage and 
transportation, leading to mycotoxin accumulation in feed [17]. Since 
fungi can produce different mycotoxins simultaneously, the 
co-occurrence of different mycotoxins in raw ingredients and feeds is a 
frequent scenario worldwide [17].

Some studies explore mycotoxins effects on poultry health and per
formance [12,13]. Among the effects, mycotoxins impair broilers 
physiological performance by disrupting nutrient digestion and meta
bolism, while suppressing imune responses which increase susceptibility 
to a variety of co-infections [18,19].

Once in broilers body, these toxins are metabolized in the liver, 
kidneys, and digestive tract. If not excreted, they can accumulate in 
edible tissues [17]. Critical knowledge gaps remain concerning the 
bioaccumulation potential of these toxins into edible tissues (liver, 
kidney) and eggs ultimately contributing to human dietary exposure 
[11,17].

Mycotoxins exposure can also occur through inhalation. These sec
ondary metabolites can become airborne by attaching to dust particles 
and fungal spores. These carriers facilitate their entry into the respira
tory system, posing potential respiratory risks [20–22]. In poultry farms, 
dust comprises complex mixtures of microorganisms and their metabo
lites and animals are at risk of inhaling airborne mycotoxins [1,23]. This 
exposure can also extend to poultry workers, during certain operations 
[20–22]. Despite these recognized hazards, significant knowledge gaps 
remain on farm monitoring of these contaminants and their health risks 
to workers [22,24], animals [19,25] and food safety [16,18]. Also the 
influence of climate variations on their distribution [1,26] and the 
health effects of co-exposure to multiple mycotoxins remain limited [17,
23].

Risk characterization in poultry farms is particularly challenging, as 
workers and animals are simultaneously exposed to complex mixtures of 
chemicals, microorganisms, and their metabolites. Exposure assess
ments often follow a one-pollutant-at-a-time approach, which overlooks 
the potential health effects of co-exposure to mixtures In this context, 
cytotoxicity assessments offers advantages by preserving the overall 
biological impact of environmental samples [27].

In vitro studies represent an important first-line screening tool for 
characterizing the combined effects of multiple stressors [27,28]. 
Different cell lines may be used depending on the environment evalu
ated, the route of exposure, and the target cells of specific pollutants. For 
example, human alveolar epithelial (A549) cells, are frequently used to 
test the toxicity of airborne mixtures, whereas swine kidney (SK) cells 
are suitable for evaluating pollutants related to feed because they are 
extremely sensitive to mycotoxins. Despite their relevance, cytotoxicity 
studies remain few explored, specially in the context of poultry pro
duction [27]. Enhancing their use could reinforce the role of cytotoxicity 
assays in risk assessment and management by advancing our under
standing of the links between co-exposure to environmental pollutants 
and adverse health outcomes [27,28].

Based on the identified knowledge gaps, this study aims to charac
terize the diversity of toxigenic fungi and mycotoxins in poultry farm 
environments across different seasons (summer and winter), using a 
multi-approach sampling strategy (environmental and biological sam
ples). To evaluate potential health effects on animals and workers, this 
study incorporates cytotoxicity assessment. Cells lines were selected 
based on the most probable exposure routes and target cells of fungi and 
mycotoxins: Human alveolar epithelial cells were used to assess inha
lation risks and swine kidney cells has a model for mycotoxins exposure 
due to their high sensitivity to these contaminants [27,28]. Additionally, 
to evaluate practical implications, broilers growth parameters were 
monitored and mycotoxins contamination in broilers edible tissues were 
evaluated to assess the impact on production efficiency and potential 
food safety hazards.

By integrating environmental/biological monitoring and seasonal 
analysis, this research contributes to a better understanding of fungal 
and mycotoxins exposure pathways relevant to both animal and occu
pational health and food safety.

2. Material and methods

2.1. Experimental design and data collection

This study is part of a large exploratory study aiming to assess mi
crobial contamination and exposure risks in poultry farms. Fourteen 
poultry pavilions (PP) located in Madeira island, Portugal were assessed 
during winter (December–February) and summer (June–August) sea
sons. PP were prepared prior to birds arrival, by covering the floor with 
bedding material (wood shavings) which remains in place throughout 
the end of the production cycle (aprox. 35 days). Birds were fed with 3 
types of feed during their growth. Electrostatic dust cloths (EDC, n =
78), feed samples (n = 76) and bed samples (n = 78) were collected 
weekly inside PP during the production cycle (3 weeks). Along with the 
zootechnical parameters of broiler chickens.

Following the summer production cycle, broilers breast (n = 15) and 
liver (n = 15) samples were provided by a licensed slaughterhouse 
(Fig. 1). Animals were not killed for the sole purpose of the experiment 
and the samples were obtained as by-products of the food chain.

2.2. Samples collection and extraction

Electrostatic dust cloths (Swiffer, Portugal) were positioned hori
zontally on a sanitized plate in the center of each poultry pavilion (PP) at 
a height of 1.5 m above the ground. Composite samples of broilers feed 
(10 g) were collected directly from feeders, while bedding material (10 
g) was collected from random locations within each PP [29]. Following 
the production cycle, after slaughter, composite samples of broilers 
breast (10 g) and livers (10 g) were obtained [30]. All samples were 
placed in sterilized bags and kept refrigerated (0–4 ◦C) until laboratory 
processing and analysis [31].

For fungal characterization, samples were extracted following pre- 
established protocols [29,32]. Briefly, airborne settled dust collected 
in EDC was eluted with 20 mL 0.1 % Tween 80 saline (0.9 % NaCl) via 
orbital shaking (250 rpm, 30 min). Feed and bedding material samples 
were eluted in 90 mL 0.1 % Tween 80 saline (0.9 % NaCl). Breast and 
liver samples were homogenized in 90 mL 0.1 % Tween 80 saline (0.9 % 
NaCl) as performed elsewhere [33,34].

2.3. Characterization of viable mycobiota

Assuming PP as a highly contaminated environment [1], 150 μL of 
samples extracts (EDC,bed, feed) were inoculated into dichloran glyc
erol (DG18) agar-based in order to obtained a higher diversity of fungal 
genera and restrict the colony size of fast-growing fungal species [22,
35]. Breast and liver samples, were inoculated in malt extract agar 
(MEA) and dichloran-glycerol agar (DG18) media.
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All samples were incubated at 27 ◦C for 5–7 days [34]. Fungal 
identification was performed through macroscopic and microscopic 
examination [36], by an experienced mycologist and fungal concen
trations were obtained (CFU/m2/day; CFU/g). Biological samples 
(breast and liver) came from broilers raised on the same farms where 
environmental samples were collected. These samples reflect fungal 
contamination in by-products of the food chain, with both the farm 
environmentand the slaughterhouse serving as potential contamination 
sources [30,37].

2.4. Mycotoxins analysis

EDC (n = 78), bed (n = 78), feed (n = 76), broilers breast (n = 15) 
and liver (n = 15) were screened for mycotoxins presence. Sample 
processing and chromatographic analysis of mycotoxins were carried 
out in accordance with the protocol outlined in Viegas et al. [38]. 
Concerning samples preparation, EDC samples (0.05 g) were extracted 
with 2.5 ml of acetonitrile (ACN): water (H2O): acetic acid (AcOH) 
(79:20:1, v/v/v) solution for 60 min. The sample was then centrifuged 
(5 min, 5000 rpm) and 1.9 mL of the extract was evaporated under 
stream of nitrogen, reconstituted in 380 μL of methanol/water (2:8, 
v/v), and centrifuged again (30 min, 14500 rpm). Feed and bed samples 
(0.5 g) were extracted with 2.0 mL of ACN: H2O: AcOH (79:20:1, v/v/v) 
for 60 min. Following centrifugation (10 min, 7000 rpm), a 0.25 mL 
aliquot of the resulting supernatant was diluted with an equal volume 
(0.25 mL) of water, mixed on vortex, and subsequently centrifuged to 
prepare them for HPLC-MS/MS analysis.

For mycotoxin analysis, broiler breast and liver samples were pro
cessed using similar extraction and clean-up procedures, with slight 
modifications depending on the tissue type and target analytes. For each 
matrix, 3 g of tissue were homogenized in 12 mL of acetonitrile/water 
(8:2, v/v) for 3 min and centrifuged (10 min, 7000 rpm). Four milliliters 
of the supernatant were transferred into a 50 mL tube, followed by the 
addition of 20 μL of β-glucuronidase (37 ◦C, 18 h) to allow hydrolysis of 
possible conjugated metabolites, and 20 μL of an internal standard 
mixture specific for each matrix. After incubation, samples were evap
orated to dryness under a nitrogen stream at 40 ◦C. The residue was 
reconstituted in 1 mL of methanol, subjected to sonication (3 min) and 
vortexing (5 min), and diluted with 25 mL of phosphate-buffered saline 
(PBS). The resulting extracts were passed through immunoaffinity col
umns connected in tandem, Aflatest® (Vicam, Watertown, USA) and 
DZT MS-PREP® (R-Biopharm, Glasgow, UK) for the determination of 
aflatoxins, trichothecenes, and zearalenone in liver, an Ochraprep and 
DZT MS-PREP (R-Biopharm, Flasgow, UK) for OTA, trichothecenes, and 
zearalenone in breast muscle. Mycotoxins were eluted with 1.5 mL of 

methanol/acetic acid (98:2, v/v), evaporated to dryness under nitrogen, 
and reconstituted in 150 μL of water/methanol (7:3, v/v) for HPLC–MS/ 
MS analysis.

In liver samples, the following mycotoxins were analysed: aflatoxins 
(AFB1, AFB2, AFG1, AFG2), zearalenone and its metabolites (α-zear
alenol, β-zearalenol, α-zearalanol, β-zearalanol), deoxynivalenol, 
deepoxy-deoxynivalenol, T-2 toxin, and HT-2 toxin. The internal stan
dards used were: 13C-AFB1 (25 ng/mL), 13C-DON (500 ng/mL), 13C-T2 
(100 ng/mL), 13C-HT2 (200 ng/mL), and 13C-ZEN (50 ng/mL).

In breast samples, the mycotoxins analysed included ochratoxin A, 
zearalenone and its metabolites, DON, DOM-1, T-2, and HT-2. The in
ternal standards used were: 13C-OTA (10 ng/mL), 13C-DON (500 ng/ 
mL), 13C-T2 (1000 ng/mL), 13C-HT2 (200 ng/mL), and 13C-ZEN (50 ng/ 
mL).

The determination of mycotoxins was performed using a a Nexera 
high performance liquid chromatograph (HPLC) (Shimadzu, Tokyo, 
Japan) coupled with an 5500 QTrap mass spectrometer (Sciex, Foster 
City, CA, USA).

Separation of compounds from EDC, bed, and feed extracts was 
performed using a Gemini C18 chromatographic column (150 × 4.6 mm, 
5 μm; Phenomenex, Torrance, CA, USA). The mobile phases consisted of 
(A) methanol/water/acetic acid (10:89:1, v/v/v) and (B) methanol/ 
water/acetic acid (97:2:1, v/v/v), both containing 5 mmol/L ammo
nium acetate. The flow rate was set at 1.0 mL/min, with an injection 
volume of 5 μL, and the following gradient program was applied: 0–2.0 
min, 0 % B; 2.0–5.0 min, linear increase to 50 % B; 5.0–14.0 min, linear 
increase to 100 % B; 14.0–18.0 min, hold at 100 % B; 18.0–22.5 min, 
return to 0 % B for re-equilibration.

For breast and liver extracts, separation was carried out on a 
Nucleodur C18 Gravity-SB column (150 × 2.0 mm, 3 μm; Macherey- 
Nagel, Düren, Germany). The mobile phases consisted of (A) water/ 
acetic acid (99.9:0.1, v/v) and (B) methanol/acetic acid (99.9:0.1, v/v), 
both with 5 mmol/L ammonium acetate. The flow rate was 0.5 mL/min 
with an injection volume of 4 μL. The gradient program was as follows: 
0.1–12 min, linear increase from 10 % to 95 % B; 12–14 min, hold at 95 
% B; 14–20 min, return to 10 % B for column re-equilibration. Instru
mental analysis and electrospray ionization (ESI)–MS/MS were per
formed by multiple reaction monitoring (MRM) in positive and negative 
ion modes as published before [39]. The specific transitions of precursor 
and product ions are presented in Table S1 – Supplementary material. 
The mycotoxins analysed, as well as their limits of detection (LOD) are 
presented in Table S2 – Supplementary material.

Fig. 1. Flowchart of experimental design and analysis conducted. Electrostatic dust cloths (EDC).
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2.5. Cytotoxicity evaluation

EDC (n = 78), feed (n = 76) and beds (n = 78) samples were serial 
diluted (two-fold) and evaluated for effects on metabolic activity in 
A549 and SK cells using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe
nyltetrazolium bromide (MTT) assay based on a pre-established protocol 
[32]. Cells were maintained in Minimum Essential Medium Eagle 
(MEM) (Sigma-Aldrich, St. Louis, MI, USA) supplemented with 10,000 
units penicillin, 10 mg/mL streptomycin and fetal calf serum (FCS, 
Sigma-Aldrich, USA) in a CO2-incubator (CB, BINDER GmbH, Tut
tlingen, Germany) (5 % CO2, 37 ◦C, 98 % humidity).

Cells were then detached from the vessels with 0.25 % (w/v) Trypsin 
0.53 mM EDTA and resuspended in the culture medium. Their number 
was determined using a cell counter (Scepter™ 2.0 Cell Counter, Merck 
Millipore, Burlington, MA, USA). Subsequently, 2.5 x 105 cells were 
seeded per well of a 96-well microtiter plate. Cell suspensions (100 μL) 
were then incubated with the test samples in 96-well plate. After 48 h 
incubation (5 % CO2, 37 ◦C, 98 % humidity), cell viability was deter
mined through MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte
trazolium bromide) assay at 510 nm (ELISA LEDETECT 96, biomed Dr. 
Wieser GmbH; MikroWin 2013SC software) as described previously 
[40]. The dilution medium served as a negative control. The IC50 value, 
defined as the test concentration reducing metabolic activity to 50 % of 
control levels, was established as the toxicity threshold.

2.6. Broilers chickens growth performance

Growth performance parameters were evaluated following [41], and 
calculations were performed by using the formulas described in Table S3
– Supplementary material.

Zootechnical parameters were assessed by registering body weight 
(BW) on the 1st day and then on the day of feed change (2nd and 3rd 
week). Based on the differences on the BW recorded, the body weight 
gain (BWG), total body weight gain (TWG) were calculated for each 
period and the growth rate (%) was obtained (Eq.1- Table S3 Supple
mentary material). Feed intake (FI) was calculated from the differences 
between the initial added feed and feed residues at the end of each 
phase. Based on these data the average daily weight gain (ADBWG) and 
average daily feed intake (ADFI) were calculated (Eq. 2 and 3 – Table S3
Supplementary material). The feed conversion ratio (FCR) per 1 kg of 
body weight gain (FCR) was obtained (Eq.4 -Table S3 Supplementary 
material). Poultries mortality was registered and viability (V) percent
age was calculated weekly (Eq.5 -Table S3 Supplementary material). 
European Production Efficiency Factor (EPEF) and European Broiler 
Index (EBI) were subsequently determined at the end of the production 
cycle (Eq. 6 and 1 respectively – Table S3 Supplementary material)

2.7. Statistical analysis

Statistical analyses were performed using SPSS statistical software, 
version 27.0 for Windows. Normality was assessed using the Shapir
o–Wilk test. Fungal and mycotoxins contamination between seasons 
(summer and winter), within each matrix was compared using the 
Mann-Whitney-U test, since the normality assumption was not verified. 
Species diversity was assessed using Shannon and Simpson indices based 
on the formulas described in Viegas et al. [42]. Zootechnical parameters 
were expressed as mean ± standard error of the mean (SEM) for nor
mally distributed data, and median [interquartile range (IQR) for 
non-normally distributed data. Seasonal differences were verified using 
independent samples t-tests (parametric) or Mann-Whitney U test 
(non-parametric). To study the relationship between fungal and myco
toxins contamination and zootechnical parameters, spearman’s corre
lation coefficient was used, since the assumption of normality was not 
verified.

3. Results

3.1. Fungal and mycotoxins seasonality in the poultry pavilions

Fungal contamination differs significantly between seasons, on bed 
(u = 1904.5, p = 0.001) and EDC samples (u = 420, p = 0.001). On bed 
samples, the highest median fungal values were obtained during winter 
(3.54x102 CFU/g), while on EDC, the highest values were obtained 
during summer (4.48x102 CFU/m2/day). Regarding feed samples, no 
significant seasonal differences were detected, though the highest fungal 
values were obtained during winter (2.00x102 CFU/g) (Fig. 2a).

For mycotoxins, contamination exhibits significant seasonal varia
tion in all matrices namely, bed (u = 1407.5, p < 0.001), feed (u = 113, 
p < 0.001), and EDC (u = 1029.5, p = 0.003). Bed and feed evidence the 
highest values during winter (1.51x102 CFU/g; 1.01x102 CFU/g). EDC 
evidence the highest contamination during summer (3.50x102 CFU/m2/ 
day) (Fig. 2b).

3.1.1. Fungal species diversity and toxigenic potential
Shannon (H) and Simpson (D) indices were used as standard metrics 

to characterize both the richness and evenness of microbial communities 
[43]. In EDC, fungal communities were richer (H) and taxonomically 
diverse (D) during winter (H = 2.04; D = 6.65) when compared to 
summer (H = 1.29, D = 2.50). In feed, higher fungal diversity was found 
during summer (H = 1.19; D = 2.14), while on winter fungal com
munites had lower diversity and higher species dominance (H = 0.74; D 
= 1.45). Similar values were obtained in bed samples (Summer:H =
1.44; D = 2.88; Winter:H = 0.61; D = 0.42) (Table S4 Supplementary 
material).

Concerning fungal distribution between seasons, the highest number 
of species was found during summer, in feed (11 species) and bed 
samples (10 species). Similar diversity was found between seasons in 
EDC (Winter: 11 species; Summer: 10 species). Whereas during winter, 
lower diversity was found in bed and feed samples (9 and 8 species, 
respectively). Among the fungal species identified, Aspergillus spp. and 
Penicillium spp. were the genera with the highest values in each matrix 
(Table 1). When comparing both seasons, the highest levels of Aspergillus 
spp. were obtained during summer in EDC (7.50–1545.45 CFU/m2/ 
day), feed (10–700 CFU/g), and bed (10–700 CFU/g) samples. Similar 
values were obtained for Penicillium spp. when comparing seasonal 
variation in EDC (winter: 7.58–415.58 CFU/m2/day; summer: 
12.99–2890.90 CFU/m2/day1), feed (winter: 7.58–415.58 CFU/g; 
summer: 10–2420 CFU/g) and bed (winter: 10–1650 CFU/g; summer: 
10–2420 CFU/g) samples.

Mycotoxigenic species belonging to genus Aspergillus (sections Flavi, 
Aspergilli, Circumdati, Fumigati, Nidulantes, Nigri, Restricti), Penicillium 
spp. were prevalent in all matrices in both seasons.

3.1.2. Mycotoxins diversity and contamination levels
Mycotoxins were ubiquitously detected in feed samples collected 

from the feeders (100 % winter; 100 % summer), despite the shortest 
time within PP, when compared with bed (97.61 % winter; 70.51 % 
summer) and EDC (61.91 % winter; 72.22 % summer) samples.

Regarding mycotoxins diversity during winter, FBs were frequently 
detected (feed: 100 % FB1, FB2, FB3; bed: 92.90 % FB1, 83.30 % FB2; 
EDC: 64.3 % FB1; 47.60 % FB2). ROQ-C was common in bed (28.6 %) 
and feed (7.14 %). Other mycotoxins were exclusively found in each 
matrix such as MON and NIV in feed (70.70 %; 2.44 % respectively), 
MPA in bed (26.20 %) and STER on EDC (2.38 %). During summer ZEN 
was commonly detected among matrices (100 % feed; 59 % EDC; 6.62 % 
bed). FBs were also recurrent in feed (61.11 % FB1; 33.33 % FB2) and 
bed (68.90 % FB1) samples. DON was frequent among bed (97.10 %) 
and EDC (70 %) samples. TRCs (DON/DAS/T-2/HT-2) and ochratoxin A 
(OTA-A) were only detected in feed samples (100 %DON; 100 % DAS; 
100 % T-2; 100 % HT-2; 5.56 % OTA-A). While ROQ-C, MPA and STER 
where exclusively detected in bed samples (36.90 %; 5.41 %; 3.38 % 
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respectively (Fig. 3).
Mycotoxins co-occurrence was frequent, with 80.60 % of samples 

containing at least two mycotoxins, with 78.01 % above the LOQ. Feed 
samples contained up to 5 simultaneous mycotoxins in both seasons. 
Seasonal variation was evident. In winter FBs/MON was a recurrent 
combination in feed samples and in summer ZEN/TRCs/FBs was 
frequently found. EDC and bed had the highest incidence of co- 
contamination during winter and FBs (FB1/FB2) were the most recur
rent combination, whereas in summer, DON/ZEN and DOM/FB1 were 
frequently found in EDC and bed, respectively.

3.1.3. Effect of the collected samples on cell viability
The cytotoxicity of EDC, bed and feed samples was tested by 

exposing A549 and SK cells to samples’ washed extracts. Cytotoxicity 
levels were defined based on samples dilution (Table 2). The majority of 
samples exhibited some level of toxicity on both cell lines. Higher 
toxicity levels were found during summer in EDC and A459 cells were 
more affected (47 % high toxicity) when compared to SK cells (19 % 
high toxicity). This was also observed in feed samples, where toxicity 
was greater during summer in A549 cells (50 % high toxicity) when 
compared to SK cells (6 % high toxicity). Notably, high toxicity was 
found during winter on bed samples in both cell lines (100 % SK cells; 
83 % A549 cells) when compared to the prevalence of samples inducing 

high toxicity in SK cells (8 %) and A549 cells (47 %) during summer.

3.2. Zootechnical data and broiler chickens’ growth performance

Zootechnical data were evaluated over the production cycle (35 
days), and comparative analyses were conducted to assess seasonal 
variation in growth performance (Table 3).

Zootechnical parameters were significantly affected by seasonal 
variation, namely BW (p = 0.039), BWG (P = 0.005), ADBWG (P =
0.005) and growth rate (p = 0.010). Overall, broilers reared during 
winter evidence higher BW (median = 1947.5 g; IQR = 1925–2369 g), 
BWG (median = 1404.0 g; IQR = 1160–1478 g), ADBWG (76.08 g. 
day− 1; IQR = 80.25–95.45 g) values and GR (%) (median = 131.71 %; 
IQR = 114.93–134.96 %). No statistically significant differences were 
found in FI (p = 0.932), ADFI (p = 0.932) and FCR (p = 0.193) when 
comparing both seasons. Still, FCR was lower in winter (1.47 ± 0.04) 
when compared to summer (1.66 ± 0.14). Viability remain similar in 
both season (winter: 99.22 %; IQR = 98.18–99.86 %; summer: 99.59 %; 
IQR = 99.14–99.72 %)

When evaluating the production efficiency, both European Produc
tion Efficiency Factor (EPEF) and European Broiler Index (EBI) were 
significantly higher (p = 0.003), in broilers raised during winter (EPEF 
= 351.44; IQR = 336.10–368.80, EBI = 344.30; IQR = 329.77–361.14) 

Fig. 2. Comparison of median values for a) fungal contamination (EDC -CFU/m2/day; Bed/Feed - CFU/g) and b) mycotoxins (ng/g) between seasons (summer/ 
winter) in poultry pavilions. Mann- Whitney test results. (*)Statistically significant differences at 5 % significance level.

Table 1 
Fungal levels across matrices during winter and summer, and mycotoxigenic potential (MP) – (‘+’ -toxigenic; ‘-‘ not toxigenic).

Winter Summer

Range (CFU/m2/day) (CFU/g) Species MP Range (CFU/m2/day) (CFU/g) Species MP

EDC [9.09–831.17] Aspergillus spp.a + [12.99–2890.90] Penicillium spp. +

[7.58–415.58] Penicillium sp + [7.50–1545.45] Aspergillus spp. b +

[11.36–333.33] Paecilomyces spp. – [12.98–116.88] Paecilomyces spp. –

FEED [6–1540] Penicillium spp. + [10–2420] Penicillium spp. +

[1–210] Aspergillus spp.c + [10− 700] Aspergillus spp.d +

[3–150] Mucor spp. - [10− 170] Paecilomyces spp. –
[6–20] Paecilomyces spp. – [10–60] Mucor spp. –
[2] Fusarium solani + [10] Chrysosporium spp. –
​ [10] Syncephalastrum racemosum –

BED [10–1650] Penicillium spp. + [10–2420] Penicillium spp. +

[10− 650] Aspergillus spp.e + [10− 700] Aspergillus spp.f +

[50] Mucor spp. – [10− 170] Paecilomyces spp. –
[6–20] Paecilomyces spp. – [10] Mucor spp. –

a Section Flavi, Aspergilli, Circumdati, Fumigati, Nidulantes, Nigri, Restricti.
b Section Nigri, Flavi, Nidulantes, Aspergilli, Fumigati, Circumdati, Restricti.
c Section Aspergilli, Flavi, Fumigati, Nidulantes, Nigri.
d Section Aspergilli, Circumdati, Flavi, Fumigati, Nidulantes, Nigri.
e Section Aspergilli, Flavi, Fumigati, Nidulantes, Nigri.
f Section Aspergilli, Circumdati, Flavi, Nidulantes.
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Fig. 3. Mycotoxins prevalence in environmental samples (EDC, Bed, Feed) during winter and summer. Zearalenone (ZEN), deepoxy-deoxynivalenol (DOM-1), 
ochratoxin A (OTA), fumonisin B1 (FB1), fumonisin B2 (FB2), fumonisin B3 (FB3), toxin HT2 (HT-2), T-2 toxin T2 (T-2), diacetoxyscirpenol (DAS), Deoxynivalenol 
(DON), sterigmatocystin (STER), moniliformin (MON), nivalenol (NIV), roquefortine C (ROQ-C), mycophenolic acid (MPA).

Table 2 
Toxicity level of EDC, feed and bed samples in SK and A549 cells (%, n samples).

SK cells A549 cells

Matrice Season NC Low Medium High NC Low Medium High

EDC Winter (n = 42) 50 % (21) 50 % (21) – – 100 % (42) – – –
Summer (n = 36) 53 % (19) 22 % (8) 8 % (3) 19 % (6) 14 % (5) 31 % (11) 8 % (3) 47 % (17)

FEED Winter (n = 40) 28 % (11) 68 % (27) 5 % (2) – 38 % (15) 50 % (20) 13 % (5) –
Summer (n = 36) 8 % (3) 39 % (14) 47 % (17) 6 % (2) 19 % (7) 22 % (8) 8 % (3) 50 % (18)

BED Winter (n = 42) – – – 100 % (42) 7 % (3) 5 % (2) 5 % (2) 83 % (35)
Summer (n = 36) 64 % (23) 8 % (3) 19 % (7) 8 % (3) 14 % (5) 31 % (11) 8 % (3) 47 % (17)

*A549, human alveolar epithelial cells; SK, swine kidney cells; EDC, Electrostatic dust collector; High, IC50≥3rd dilution; Moderate, IC50 at 2nd dilution; Low, IC50 at 
1st dilution; (NC)- no cytotoxicity.
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compared to those in summer (EPEF = 238.82; IQR = 1541.44–2731.46, 
EBI = 230.11; IQR = 173.41–285.18).

3.3. Fungal and mycotoxins occurrence in poultry products

3.3.1. Fungal contamination in chicken breast
Fungal contamination had the highest values in DG18 (10–50 CFU/ 

g) when compared to MEA values (10–50 CFU/g). Among the fungal 
species identified, Aspergillus spp. was prevalent on both culture media 
(80.95 % MEA; 91.89 % DG18). Lowest prevalence was obtained for 
Penicillium spp. (9.52 % MEA; 5.41 % DG18) and Paecilomyces spp. (1.35 
% MEA; 4.76 % DG18). Cladosporium spp. and Alternaria spp. were found 
exclusively on DG18 (4.76 %) and MEA (1.35 %), respectively. 
Considering Aspergillus spp. diversity, 5 sections were identified on 
DG18 namely section Nigri (77.03 %), Flavi (6.76 %), Fumigati (5.41 %), 
Nidulantes (1.35 %), Circumdati (1.35 %). On MEA, 3 sections were 
recurrent, namely Nigri (61.90 %), Fumigati (9.52 %) and Flavi (9.52 %).

3.3.2. Mycotoxins detection in breast and liver
The selection of mycotoxins for breast and liver analysis was based 

on the fungal species identified in the poultry farm environment, 
particularly from the genera Aspergillus, Penicillium, and Fusarium, and 
their well-established capacity to produce aflatoxins, ochatoxin A, 
trichothecenes, and zearalenone. Priority was given to mycotoxins with 
documented hepatotoxic or growth-impairing effects in poultry and a 
known potential for carry-over into edible tissues. Breast muscle was 
chosen as the most consumed poultry product, while liver was included 

due to its susceptibility to mycotoxin accumulation and its relevance for 
assessing chronic dietary exposure [44]. ZEN was the only mycotoxin 
detected, being present in 8 out of 15 liver samples (53.3 %), all at 
concentrations below the limit of quantification (LOQ = 0.038 ng/g).

3.4. Correlation analysis

Correlations were performed between microbial contamination 
(fungi, mycotoxins), zootechnical parameters (BW, GR (%)) and cyto
toxicity assay (SK and A549 cells) (Table 4). In EDC, higher fungal 
contamination relates to lower GR (%) (rS = − 0.232, p = 0.041) of 
broiler chickens and higher toxicity in A549 cells (rS = 0.369, p =
0.001). Higher mycotoxins contamination relates to higher BW (rS =

0.324, p = 0.004) but lower GR (%) (rS = − 0.564, p = 0.000) and lower 
toxicity levels in SK (rS = − 0.269, p = 0.017) and A549 rS = − 0.236, p 
= 0.038) cells. In feed samples, higher fungal contamination relates to 
higher mycotoxins contamination (rS = 0.240, p = 0.037). Whereas 
mycotoxins contamination relates to higher toxicity levels in SK (rS =

0.576, p = 0.000) and A549 rS = 0.489, p = 0.000). In bed samples, 
positive correlations were found between fungi and mycotoxins 
contamination (rS = 0.433, p = 0.000). The same trend was observed 
between fungi and toxicity levels in SK cells (rS = 0.420, p = 0.000). 
Mycotoxin levels correlated positively with toxicity levels on both cell 
lines (SK: rS = 708, p = 0.000; A549: rS = 0,231, p = 0.042)

Table 3 
Comparison of zootechnical parameters and performance of broiler chickens reared (35 days) during summer and winter. Values are presented as: amedian [Q1-Q3] for 
non-normally distributed data; b mean ± SEM for normally distributed data; Mann–Whitney U test for non-parametric data, and t-test for normally distributed data.

Values p

Winter Summer

BW (g)a 1947.5 [1925–2369] 1887.00 [1650–1952] 0.039*
BWG(g)a 1521.5 [1405–1909] 1404.00 [1160–1478] 0.005*
ADBWG(g)a 76.075 [80.25–95.45] 70.2 [58–73.90] 0.005*
GR (%)a 131.71 [114.93–134.96] 116.13 [108.41–118.48] 0.010*
FI (g)a 2237.41 [2453.57–2355.20] 2355.20 [1541.44–2731.46] 0.932
ADFI (g)a 111.87 [106.30–122.68] 117.76 [77.07–136.57] 0.932
FCR (kg/kg)b 1.47 ±0.04 1.66 ±0.14 0.193
Viability (%)a 99.22 [98.18–99.86] 99.59 [99.14–99.72] 0.932
EPEFa 351.44 [336.10–368.80] 238.82 [1541.44–2731.46] 0.003*
EBIa 344.30 [329.77–361.14] 230.11 [173.41–285.18] 0.003*

BW: body weight; BWG: body weight gain; ADBWG: average daily body weight gain; FI: feed intake; ADFI: average daily feed intake; FCR: feed conversion ratio; EPEF: 
European Production Efficiency Factor; EBI: European broiler index. *Statistically significant differences at the 5 % significance level.

Table 4 
Study of the relationship between fungal and mycotoxins contamination in the different matrices (EDC,FEED, BED), zootechnical parameters (BW- body weight; GR 
(%)- growth rate), and cytotoxicity assessment (SK and A549 cells). Spearman correlation coefficient results.

Microbial contamination Zootechnical parameters Cytotoxicity assessment

Matrice Mycotoxins BW (g) GR (%) SK Cellls A549Cells

EDC Fungi − 0.002 0.034 − 0.232* 0.053 0.369**
Mycotoxins ​ 0.324** − 0.564** − 0.269* − 0.236*
BW (g) ​ ​ − 0.691** − 0.175 0.090
GR (%) ​ ​ ​ 0.109 − 0.023
SK Cellls ​ ​ ​ ​ 0.167

FEED Fungi 0.240* − 0.080 0.092 − 0.073 0.043
Mycotoxins ​ 0.138 − 0.072 0.576** 0.489**
BW (g) ​ ​ − 0.689** − 0.048 0.117
GR (%) ​ ​ ​ 0.149 − 0.146

​ SK Cellls ​ ​ ​ ​ 0.284*

BED Fungi 0.433** 0.043 − 0.163 0.420** 0.056
Mycotoxins ​ − 0.043 0.008 0.708** 0.231*
BW (g) ​ ​ − 0.691** − 0.027 0.031
GR (%) ​ ​ ​ − 0.085 0.023
SK Cellls ​ ​ ​ ​ 0.294**

*Correlation is significant at the 0.05 level (2-tailed). **. Correlation is significant at the 0.01 level (2-tailed).a.
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4. Discussion

Seasonal variations are known to significantly influence fungal 
contamination profiles [26,37]. However, its effects on fungal patho
gens and their toxic compounds remain scarce [1,45]. These findings 
gain additional significance in the context of climate change, where 
fungal dissemination patterns are difficult to predict, potentially exac
erbating exposure risks [46].

Considering fungal seasonality, fungal concentrations were higher in 
airborne settled dust (collected in EDC), during summer, driven by 
favourable climate conditions (optimal temperature) that promote 
fungal growth [47,48]. Additionally, lower relative humidity facilitates 
spore detachment from colonies, while increased airflows, typical for 
thermal optimization, enhance aerosolization and dispersion [49]. 
These factors collectively elevate inhalation exposure risks for both 
poultry and workers to fungal spores and mycotoxins [18].

Winter was identified as the highest risk season for fungal prolifer
ation in broilers beds. This result was expected as visual inspections 
consistently confirmed moist bedding conditions throughout the pro
duction cycle. The elevated moisture content in wood shavings creates 
favourable microclimates for fungal proliferation [50]. In contrast to 
summer conditions, where broiler beds were relatively dry, likely due to 
higher ventilation and temperature [37].

Broiler chickens are very susceptible to temperature fluctuations, as 
high temperatures can induce heat stress, reduce feed intake and in
crease disease susceptibility [51]. While lower growth rates were 
observed during summer, feed intake remains similar between seasons. 
Notably, summer season also coincided with a higher concentration of 
mycotoxigenic fungi (Penicillium spp., Aspergillus spp.), which are 
considered potential agents of infection in animals and humans [9,29,
52]. Despite the short production cycles, broiler chickens remain highly 
susceptible to fungal infections, particularly aspergillosis [48]. This is 
attributed to their unique respiratory tract, characterized by an “open” 
structure extending from the nasal cavity to abdominal organs. This 
facilitates rapid dissemination of inhaled fungal pathogens [37]. Be
sides, the respirable size of Aspergillus spp. spores (2–3 μm) facilitates 
their deposition in the lower respiratory tract, and subsequently infec
tion [37].

Given the diversity of Aspergillus spp. and clinical importance, future 
studies should focus both on evaluating the contribution of Aspergillus 
sections isolates to the overall cytotoxicity, and characterizing muta
tions in section Fumigati isolates target [27,31].

Monitoring mycotoxins is vital for comprehensive microbial risk 
assessment, as fungal presence alone cannot confirm contamination [21,
22,53]. In the accessed poultry farms, feed samples contained up to 5 
mycotoxins simultaneously. Similarly, Liu et al. (2025) reported that 
over 70 % of poultry feed samples collected in China between 2021 and 
2024 were contaminated with AFB1,DON and ZEA [54]. Similar results 
are reported in European countries, where mycotoxins are ubiquitously 
present in feed and feed raw materials [55].

This supports mycotoxins co-occurrence in feed formulations has a 
frequently reported scenario [14,15,17,56]. Moreover, 
co-contamination increases the risk for animal health due to additive 
and synergistic effects [54].

Our findings confirm Fusarium spp. mycotoxins (ZEN/TRCs/FBs) has 
frequent contaminants of poultry feed [15,19,57]. Corn, a major 
component of poultry feed, is particularly susceptible to contamination 
by Fusarium spp [58]. Since this grain is the main component of poultry 
feed formulations, their contamination by Fusarium spp. mycotoxins was 
expected [59].

A recent study in feed samples from 122 broiler farms in Kenya re
ported that ZEN, FBs, and DON were the most commonly occurring 
mycotoxins, with a co-occurrence probability exceeding 40 % [59]. 
Similar results were reported in a survey of 328 corn samples from the 
Southeastern U.S. Where 38.41 % of samples contained two mycotoxins 
simultaneously, namely ZEN, FBs, DON and AFB1 highlighting that 

mycotoxin contamination can also alter the nutrient profile of feed corn 
[58]. The high incidence of Fusarium spp. mycotoxins in these samples 
indicates that they were introduced into feed ingredients prior to harvest 
and processing by field toxigenic fungi [59]. This further supports 
contaminated feed has a source of mycotoxins in animal production [57,
60].

In Europe, the prevalence of Fusarium species is rather common in 
cereals, with FBs being the most prevalent mycotoxins [55,61]. These 
contaminants are typically associated with temperate climates, and 
rising temperatures are expected to increase their prevalence. A similar 
trend is expected to occur for DON and ZEN in northern Europe [61]. As 
warmer temperatures and higher humidity in these regions, will favour 
fungal growth and mycotoxins production [61]. Thus, our findings 
support the idea that warmer temperatures and higher humidity 
enhance the risk of mycotoxin contamination [25,61].

In terms of toxicity, mycotoxins are well recognized for inducing a 
wide range of pathologies (mycotoxicoses) through chronic, low-dose 
exposure in both animals and humans [14,57]. Our results demon
strate co-exposure of regulated mycotoxins (OTA, FB1/FB2/FB3, DON, 
HT-2/T-2, ZEN) and emerging mycotoxins (MON, DAS, STER, NIV, 
MPA, ROQ-C) [14] within poultry facilities. Although, Aspergillus spp. 
(section Flavi) were prevalent during summer, no aflatoxins were 
detected in liver samples, in which contrast with previous studies 
reporting their presence [13,23,44]. This absence may reflect the 
effectiveness of strict EU regulations on maximum permitted levels of 
aflatoxins in feed (Directive 2002/32/EC) and the resulting control 
measures. Importantly, these findings highlight that the mere presence 
of potentially aflatoxigenic fungi does not necessarily result in detect
able residues in edible tissues, reinforcing the need to combine fungal 
identification with direct mycotoxin measurements for accurate food 
safety risk assessment.

Diets contaminated with FBs are known to cause hepatotoxicity and 
growth impairment in most animal species [44]. TRCs can induce gen
otoxic and cytotoxic effects. Also, research indicates that dietary expo
sure to ZEN reduces BWG [44]. Notably, ZEN interaction with 
multi-mycotoxins (eg. AFB1,DON), exacerbates negatives effects, 
compromising production efficiency, the immune system and organ 
function of broilers (liver, intestinal barrier) [44,57]. These combined 
effects may have contributed to the lower broiler production efficiency 
during summer.

Poultry farm environments comprise complex mixtures with diverse 
contaminants (biological, chemical) [1]. The cytotoxicity assessment 
conducted in this study enables to evaluate the combined toxicity of 
these contaminants [27,62]. This approach more accurately reflects the 
real exposure scenario for both animals and workers [27].

Exposure risks vary depending on the season, with summer 
evidencing high toxicity risks, especially through inhalation (A549 
cells). Toxicity is also influenced by matrix with bed samples exhibiting 
the highest toxicity on both cell lines, especially during winter. These 
results evidence seasonal health risks (increased respiratory risks during 
summer).

Fungi and toxins may arise from different sources (poor quality 
bedding, contaminated feed, dusty conditions) [1,7,52]. Exposure can 
occur by inhalation or by dermal contact, resulting in exposure by 
ingestion or through absorption. Considering these observations, key 
preventive measures to minimize exposure risks for both workers and 
animals should comprise the selection of high-quality feed and supplies, 
improved management of bedding material and adoption of good agri
cultural practices throughout the entire food chain (starting with the 
primary production of feed ingredients) [60].

Particular attention should be given to preventing mycotoxin trans
fer into food products. Once in broilers body, mycotoxins undergo 
biotransformation in the liver, and can accumulate in edible tissues 
(muscle/liver) [18,57]. Therefore, consumers may be indirectly exposed 
to hazardous substances through residual contamination in foods from 
animals fed with contaminated feeds [63].
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Evidence of mycotoxin contamination in chicken meat or meat 
products is limited, with most studies focusing on AFs and OTs [16,34,
64]. Nevertheless, feed contamination levels have been directly associ
ated with AFB1 residues in poultry tissues, particularly in the liver [16,
64]. Consequently, risk management strategies mainly focus on con
trolling plant-based food and feed to minimize mycotoxin transfer 
through the food chain [63].

In this study, mycotoxins were only detected in broilers liver, sup
porting the view that liver is the primary site of mycotoxin accumulation 
when compared to muscle tissue, as also observed by Lešić et al. (2025) 
[16,65].

Our results evidence ZEN in poultry liver samples. The role of ZEN in 
the disruption of the reproductive function in both humans and livestock 
is well-established [17,18,65]. Currently, ZEN is classified as 
non-carcinogenic (Group 3) by the International Agency for Research on 
Cancer (IARC). However, based on new evidence from animal and 
mechanistic studies, potential carcinogenic effects are suggested, war
ranting a high-priority re-evaluation, as highlighted by IARC Mono
graphs [66]. Therefore, ensuring the safety of poultry meat remains 
critical, especially given its high demand and nutritional importance for 
children [16].

Climate change has intensified food safety risks by increasing 
mycotoxin contamination in crops. Mycotoxins can also transfer into 
animal derived products, raising further risks regarding human exposure 
through the food chain [10,25]. This poses serious health threats, 
especially to vulnerable groups like infants and young children, whose 
unique physiological traits (faster metabolic rates and higher food 
consumption relative to body weight), contribute for their increased 
exposure to contaminants. Also, their limited ability to detoxify these 
toxins further exacerbates exposure risks [18].

Other concerns are related to the prevalence of Aspergillus spp., po
tential producer of AFs/OTA/STER, in poultry meat samples obtained 
from the slaughterhouse, as thermal processing and industrial treat
ments may not full eliminate fungi and their mycotoxins, posing addi
tional risks for chronic human exposure [18].

Fungal competitive dynamics are predicted to change due to climate 
change, favoring thermotolerant species like Aspergillus spp. As a result, 
aflatoxigenic strains are predicted to become more dominant, enhancing 
the possibility of aflatoxin contamination in agricultural products and 
endangering animal health and food safety [67].

As mentioned in previous studies [13,68,69], mycotoxins 
co-exposure can lead to synergistic or antagonistic effects during tox
icokinetic and toxicodynamic phases However, data on these complex 
interactions, their combined effects on biological processes, and the 
carry-over rate to poultry animals remain poorly characterized and 
require further clarification.

5. Conclusion

This study evidence that seasonal conditions significantly influence 
fungal and mycotoxins contamination in poultry production environ
ment. Summer conditions favour the proliferation of mycotoxigenic 
fungi and mycotoxins revealing significant risk to the respiratory health 
of animal and workers. Winter conditions promote fungal proliferation 
in broilers beds due to moisture content, highlighting distinct seasonal 
risks for fungi/mycotoxin exposure and the need of targeted manage
ment strategies.

Feed quality plays a central role in introducing mycotoxins into 
poultry farms with co-contamination of ZEN/TRCs/FBs during summer 
posing additional risks due to their combined toxicity. Mycotoxins 
accumulation in broilers liver underscores potential exposure risks 
through the food chain emphasizing the importance of feed quality 
control. Also, the persistence of toxigenic fungi (Aspergillus, Penicillium) 
in meat after industrial treatment reveals gaps in current mitigation 
protocols, often failing to eliminate fungal spores or mycotoxins.

Given the growing impact of climate change on fungal dynamics and 

mycotoxin production future research should focus on toxicokinetic/ 
toxicodynamics of co-occurring mycotoxins ZEN/TRCs/FBs due to their 
synergistic potential and evaluate their long-term effect on broilers and 
workers. Understanding these interactions is crucial for improving risk 
assessment frameworks and ensure more effective protection measures 
on the farm level and along the food chain.
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Twarużek: Writing – review & editing, Methodology. Robert Kosicki: 
Writing – review & editing, Methodology. Jan Grajewski: Writing – 
review & editing. Elisabete Carolino: Writing – review & editing, 
Validation, Software, Methodology. Susana Viegas: Writing – review & 
editing, Validation. Carla Viegas: Writing – review & editing, Super
vision, Resources, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgments

This work is supported by FCT – Fundação para a Ciência e Tecno
logia, I.P. by the project UI/BD/153746/2022 (https://doi.org/10.5 
4499/UI/BD/153746/2022) and CE3C unit UIDB/00329/2020 
(https://doi.org/10.54499/UIDB/00329/2020); It is also supported by 
FCT/MCTES UIDP/05608/2020 (https://doi.org/10.54499/UIDP/0560 
8/2020) and UIDB/05608/2020 (https://doi.org/10.54499/UIDB/0 
5608/2020; 2023.01366.BD; 2023.01366.BD,https://doi.org/10. 
54499/2023.01366.BD); UI/BD/151431/2021(UI/BD/151431/2021″ 
title = "https://doi.org/10.54499/UI/BD/151431/2021">https://doi. 
org/10.54499/UI/BD/151431/2021) and also by Instituto Politécnico 
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Mycotoxins and coccidiosis in poultry – co-occurrence, interaction, and effects, 
Front. Vet. Sci. 11 (2024) 1387856.

[13] G.R. Murugesan, D.R. Ledoux, K. Naehrer, F. Berthiller, T.J. Applegate, B. Grenier, 
et al., Prevalence and effects of mycotoxins on poultry health and performance, 
and recent development in mycotoxin counteracting strategies, Poult. Sci. 94 
(2015) 1298–1315.

[14] O. Kolawole, W. Siri-Anusornsak, A. Petchkongkaew, C. Elliott, A systematic 
review of global occurrence of emerging mycotoxins in crops and animal feeds, and 
their toxicity in livestock, Emerging Contam. 10 (2024) 100305.

[15] M.V. Greco, M.L. Franchi, S.L. Rico Golba, A.G. Pardo, G.N. Pose, Mycotoxins and 
mycotoxigenic fungi in poultry feed for food-producing animals, Sci. World J. 2014 
(2014) 1–9.
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