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Abstract: Mycotoxins are secondary metabolites of filamentous fungi that cause massive
agricultural losses worldwide and constitute a significant health problem for humans
and animals. The aim of this five-year study was to investigate the contamination of
compound feed for broiler chickens at all stages (starter, grower and finisher) from a feed
mill in Romania with mycotoxins such as total aflatoxins (AFT), deoxynivalenol (DON),
fumonisins (FUMSs), ochratoxin A (OTA) and zearalenone (ZEN). AFT was detected in
49.3-72.2% of the samples with concentrations ranging from 0.01 to 5.2 pg/kg. DON
was detected in 77.6-98.9% of the samples, with maximum concentrations ranging from
330 to 1740 pg/kg. FUM contamination ranged from 42.7% to 87.2%, with maximum
levels between 460 and 1400 pg/kg. OTA was present in 44.2-87.9% of the samples, with
maximum concentrations reaching 21.4 ug/kg. ZEN was consistently elevated at all feeding
stages, being detected in 86.5-97.4% of the samples, with maximum levels of 89.4 ng/kg.
Mycotoxin co-occurrence was common in the samples, with the most common combination
of four mycotoxins occurring in 38.51% of the samples. Samples were collected from storage
bunkers, homogenised and analysed in certified laboratories, with sampling procedures
varying according to batch size to ensure representativeness. Investigation of the transfer
of mycotoxins into animal products and the combined effects of mycotoxins on animal
health, including potential synergistic or antagonistic interactions, is particularly relevant.
This study emphasises the essential role of comprehensive and continuous monitoring of
mycotoxins in protecting animal health and food safety.
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1. Introduction

Food and feed safety is a major concern for both animal and human health due to the
frequent contamination of food and feed with various contaminants [1,2].

The word “mycotoxin” is derived from the Greek words “myco” and “toxin”, meaning
“mould” and “poison” produced by a living organism [3]. Mycotoxins are a group of
toxic chemical compounds produced as secondary metabolites by certain mould species,
primarily within the genera Aspergillus, Fusarium and Penicillium [4-6].

Based on the literature data, the overall prevalence of mycotoxins in food crops varies
widely depending on many factors such as the mycotoxin in question, the analytical
methods used and the reporting of results, but the prevalence for detected mycotoxins is
reported to be up to 60-80% [7], and this is considered an unavoidable and unpredictable
problem that poses a challenge to food safety [8].
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Contaminated feed and food products pose high risks to animal health and human
metabolic conditions, which can range from acute symptoms of severe disease to long-
term effects [9-11]. Because of incidents of mycotoxin poisoning [12,13], most countries
or regions have regulatory levels for the presence of mycotoxins in certain food staples
or feeds; therefore, testing for those specific regulated mycotoxins is required [14], using
specific and selective analytical techniques adapted to verify food safety and protect public
health [3]. The maximum levels or guideline levels for mycotoxins in products intended
for animal feed in the European Union are highlighted in Table 1, as they have been found
in the legislative support mentioned [15,16].

Table 1. European Union mycotoxin limits or guidance levels in animal feed.

Maximum Content/Guidance

Products Intended for Value Relative to a Feed with

Mycotoxin Animal Feed a Moisture Content of 12% Legislative Support
(ug/kg)
Feed materials 20
Aflatoxin B1 Compound feed for young poultry 5 Reg. (EU) No 574/2011 [15]
Compound feed for poultry 20
Cereals and cereal products 8000
Deoxynivalenol Maize by-products 12,000
Compound feed for poultry NR
Maize and maize products 60,000
Fumonisin B1 + B2
Compound feed for poultry 20,000 Reg. (EU) 576/2006 [16]
Cereals and cereal products 2500
Ochratoxin A
Compound feed for poultry 100
Cereals and cereal products 2000
Zearalenone Maize by-products 3000
Compound feed for poultry NR

NR = no/without regulation.

Aflatoxins (AFTs) are a class of carcinogenic mycotoxins produced by Aspergillus
species, especially Aspergillus flavus and A. parasiticus [17-19]. When grains such as maize
are grown in an environment with high ambient temperatures (day > 32 °C; night > 24 °C),
the grains become more susceptible to aflatoxin formation. Maize grains can contain up to
400,000 ug/kg of aflatoxin, so sampling is very important when analysing contamination
levels [5]. All primary transformations of aflatoxin B; involve conversion to hydroxyl
metabolites, the most important resulting toxin in terms of toxicity being aflatoxin M;.
Aflatoxin B; is immunosuppressive in animals, with particularly strong effects on cell-
mediated immunity. According to expert studies, aflatoxin By is genotoxic, inducing genetic
mutations and chromosomal changes [19].

Based on what we know so far, the presence of AFTs in feed leads to suppression of
the immune response in birds, onset of oxidative stress and disruption of liver enzyme
activity [20]. Furthermore, a recent study highlights the effects of long-term exposure to
AFB;, which may lead to decreased bone density in broiler chickens not only as a result
of impaired vitamin D or calcium and phosphorus absorption, but the mycotoxin itself at
levels of 230 ng/kg causes decreased bone mass in poultry [21].

Deoxynivalenol (DON), also known as vomitoxin, is produced by Fusarium geamin-
earum and, in certain geographical areas, by F. culmorum [22]. The main crops affected
are maize and small grains such as wheat, oats and barley. In maize, “stem and ear rot”
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caused by F. graminearum may appear as purple or pink kernels with visible pink mould
growths on affected areas of the cob. Storage under optimum conditions (<14% humidity)
will minimise further toxin production by pathogenic fungi [5]. Contamination of feed
with DON even in low concentrations, below 1900 ug/kg, can lead to severe intestinal
pathologies according to current studies, affecting not only the morphostructural activity
of the intestinal villi of broilers but also possibly leading to decreased response of digestive
enzymes [23].

Fumonisins (FUMs) include a group of relatively recently discovered mycotoxins
(mainly fumonisins By, B, and B3), primarily produced by F. verticillioides and F. prolifer-
atum, with maize being the main commodity affected [24]. Grains damaged by insects,
birds or cracked kernels will often contain the highest levels of toxin and cause serious
disease in animals [25]. Worldwide reports have documented ppm levels of fumonisin By
contamination. Human exposure occurs at levels ranging from micrograms to milligrams
per day and is highest in regions where maize products are a staple. Based on toxicological
evidence, the IARC (International Agency for Research on Cancer) has classified fumonisin
B, as possibly carcinogenic to humans (group 2B) [26].

Ochratoxin A (OTA) is a naturally occurring fluorescent compound, and its detection
during analysis typically relies on this property [5]. Following aflatoxins, ochratoxin A
represents the most significant mycotoxin in terms of its impact. OTA is produced by mem-
bers of the genera Aspergillus (A. ochraceus, A. carbonarius) and Penicillium (P. verrucosum). It
has been observed that contamination with OTA is a global phenomenon, as evidenced by
studies [27,28]. The initial fungal growth in cereals can result in sufficient moisture through
metabolism to allow further growth and mycotoxin formation. Consequently, the toxin
may still be present in cereal products, thereby exposing human and animal populations to
contamination [5].

The IARC has classified ochratoxin A as Group 2B, possibly carcinogenic to humans,
based on certain indicators of carcinogenicity established in experimental animals [29].

Zearalenone (ZEN) is a mycotoxin produced by several Fusarium species, in particular
F. graminearum, F. culmorum, F. cerealis, F. equiseti, F. verticillioides and F. incarnatum [30],
which can cause several diseases in animals [31]. It is commonly found in maize but
can also be found in other crops such as wheat, barley, sorghum and rye. In general,
Fusarium specifically thrives and contaminates crops under wet and cold weather conditions.
Although ZEN is primarily a contaminant of field crops, development of the toxin can
also occur under inadequate storage conditions [32]. In the 2000s, the European Union’s
food safety policy was reformulated, in accordance with the approach of an integrative
concept “from farm to fork”, thus guaranteeing a high level of safety for food products in all
stages of the production chain [33]; even feed mills, like food units, must have auto-control
programs for contaminants [34,35].

Raw materials, such as cereals, oilseeds, legumes and, in particular, compound feed as
complex matrices, are susceptible to contamination with bacterial or fungal mycotoxins [36].
For example, a study conducted in Poland shows that compound feeds for broilers are char-
acterised by higher contamination with mycotoxins mainly belonging to the trichothecenes
group; grower and finisher feeds are characterised by higher numbers of bacteria and fungi
compared to starter feeds [37].

Considering the inclusion of compound feed production in the food chain, the current
research highlights the presence of five mycotoxins such as AFT, DON, FUM, OTA and ZEN
in samples taken over 5 years from a feed mill in the north of Romania. The results obtained
were compared with those reported by other national and international researchers, and
also the presence of more than one mycotoxin in the compound feed taken into study
was identified and discussed. Although environmental factors (such as drought or heavy
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rainfall) and climate change have affected the geographical area indicated in this study, the
mycotoxin values found in the samples did not exceed the legislative limits proposed by
the European Commission. In addition to identifying potential new mycotoxins, future
studies will examine how they affect animal health and how they co-occur in animal feed.

2. Materials and Methods
2.1. Feed Samples

Compound feeds are especially susceptible to contamination with multiple mycotoxins
because they are a blend of multiple raw materials [10,38].

The broiler compound feed samples for starter, grower and finisher stages came
from a Romanian feed mill that produces 85,000 t/year, which is representative of the
country’s feed production. In 2019, 284 samples of compound feed were analysed (92 starter,
79 grower and 113 finisher), in 2020, 241 samples were analysed (91 starter, 87 grower and
143 finisher), in 2021, 306 samples were analysed (98 starter, 82 grower and 126 finisher),
in 2022, 333 samples were analysed (102 starter, 97 grower and 134 finisher) and in 2023,
350 samples were analysed (95 starter, 103 grower and 152 finisher). Samples of combined
feeds were taken from the feed mill’s storage bunkers and sent to the in-plant laboratory
for analysis.

For the analysis of the compound feed, 4, 7, 11 and 14 incremental samples were
manually sampled with a trowel from batches of 24, 48, 72 and 96 tonnes. The lot size
dictated how many elementary samples were sampled overall, which were then separated
and homogenised using a centrifugal mechanical divider to create the laboratory sample.
The incremental sample size was a minimum of 3 kg, and the aggregate sample was made
by reducing the incremental sample to a minimum of 0.5 kg. The feed samples were
analysed as such. The results obtained were interpreted on a dry matter basis of 88% (12%
moisture) in order to be compared with the maximum permissible limits established in the
European Union legislation, presented in Table 2.

Table 2. Detection and quantification limits for five mycotoxins.

Limits of Detection (LoD) Limits of Quantification

Mycotoxins (ug/kg) (LoQ) (ng/kg)
AFT 0.5 0.5
DON 50 50
FUM 50 50
OTA 0.5 0.5
ZEN 10 20

2.2. Equipment Used for Detection

The mycotoxin determination kits contained the following: microtiter plate spectropho-
tometer (450 nm); graduated cylinder (glass), 100 mL and 250 mL; glassware for preparing
sample extract: filter funnel and 50 mL flask; 20 uL, 200 puL and 1000 pL micropipettes;
50 pL, 100 pnL and 1000 uL micropipettes; filter paper: Whatman No. 1; scale (measurement
range at least up to 50 g and precision of £0.01 g); centrifuge (at least 3500 x g) + centrifugal
vials with cap (50 mL centrifuge tubes); vortex mixer 8-channel pipette for 50, 100 and
300 uL; grinder (mill); shaker; Ultra-Turrax.

2.3. Integrated Management System and Personnel Training

In the compound feed mill taken into study, the prevention of nonconformities in all
phases under the control of the organisation is achieved by maintaining and continuously
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improving the effectiveness of an integrated management system in accordance with the
requirements of the referenced standards: SR EN ISO 9001:2015, SR EN ISO 22000:2019 and
SR ISO 45001:2018 [39-41]. In concordance with the above listed standards, the establish-
ment is obliged to develop and comply with specific procedures on food quality and safety.
In this regard, all team members who used the RIDASCREEN-FAST kit were trained by
means of documented procedures (procedure on sampling techniques for laboratory exam-
inations; procedure on quantitative determination of mycotoxins). The training included
both theoretical aspects (technical principles of the kit and mycotoxins to be analysed) and
practical aspects (correct use of the kit, handling of laboratory equipment, compliance with
safety procedures). The training was an ongoing process, which included recap sessions
and periodic staff performance evaluations, with the aim of ensuring that staff remained
up to date with protocol updates.

2.4. Mycotoxins Analysis

The quantitative determination of mycotoxins was carried out according to the analyti-
cal method described in the RIDASCREEN®FAST enzyme immunoassay technical manuals
provided by R-Biopharm AG, Darmstadt, Germany. The contamination levels of AFT are
the sum of AFB;, AFB,, AFG; and AFG, and of DON and FUM are the sum of FB; and FB,,
and OTA and ZEN in the samples were measured using individual RIDASCREEN®FAST
laboratory kits.

The extraction methods for mycotoxin determination are different depending on the
specific toxin analysed. Total aflatoxins and fumonisins are extracted using 70% methanol,
followed by mixing 5.0 g of ground sample with 25.0 mL of methanol. The extract is
mixed thoroughly for three minutes and then filtered through filter paper. The resulting
filtrate is then diluted with distilled water, containing 1.3 mL of fumonisin and 1 mL of
aflatoxin. However, the extraction solvents are different for deoxynivalenol, ochratoxin A
and zearalenone. DON is extracted by shaking 5.0 g of sample with 100 mL of distilled
water, whereas ochratoxin A requires 50.0 mL of diluted ECO extractor. ZEN also uses 70%
methanol, in the same way as AFT, but with a different dilution ratio.

In the case of incubation and washing, the test for AFT requires a 10 min incubation
with the enzyme-antibody mixture at room temperature (20-25 °C), whereas DON, FUM
and ZEN normally require a 5 min incubation. OTA requires a more complex extraction,
with a 5 min mixing step followed by centrifugation, which differentiates it from other
mycotoxins in terms of sample preparation.

Washing the wells is performed with 250 pL of buffer solution and by repeating the
process twice, and it is similar for all mycotoxins determined. After washing, each well
is treated with 100 uL of substrate/chromogen and incubated for varying periods: 3 min
for DON, FUM and OTA and 5 min for AFT and ZEN, all at room temperature in the dark.
After this incubation, 100 uL of stop solution is added to each well, and the absorbance
is measured at 450 nm. For most mycotoxins, absorbance is normally read 10 min after
the addition of the stop solution. In the case of OTA, the reading time is extended slightly,
again requiring up to 15 min.

2.5. Statistical Analysis

The data obtained from the analyses were statistically processed and interpreted.
The minimum and maximum values were determined, and the position and variance
estimators, arithmetic mean (x) and standard deviation (s) were calculated for the samples
with positive results. Means and standard deviations were calculated using Microsoft Excel
2016 [42]. The statistical analysis of variance (ANOVA) was conducted using the GraphPad
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Prism (9.3.0) program to compare the levels of each mycotoxin across different feed types

and the annual averages.

3. Results

The concentrations of AFT, DON, FUM, OTA and ZEN of the starter compound feed

are presented in Table 3.

Table 3. Results of mycotoxicological assessment of starter compound feed.

Positive Samples (ug/kg)

Mycotoxin Year No. of Samples —
% 1st Quartile X s 3rd Quartile Maximum
2019 92 70.6 0.9 1.6 0.8 2 46
2020 91 57.1 0.3 0.7 0.8 0.95 4.8
AFT 2021 98 63.4 0.4 1.2 0.7 1 42
2022 102 72.2 0.7 0.8 0.9 1.5 4.5
2023 95 58.5 0.3 0.7 0.6 0.7 3.8
2019 92 89.1 74 99.2 67.6 100 470
2020 91 98.9 60 155.1 200.1 140 1120
DON 2021 98 92.3 57 136.3 85.7 230 670
2022 102 97 .4 50 98.4 128.2 120 910
2023 95 79.6 47 87.2 78.1 100 730
2019 92 77.1 30 172.3 194.8 222 1230
2020 91 51.6 10 65.3 97.5 65 460
FUM 2021 98 65.2 50 824 113.8 270 820
2022 102 87.2 65 142.7 189.6 300 1170
2023 95 55.8 20 75.6 96.2 120 510
2019 92 82.6 0.62 1 0.7 1.3 3.59
2020 91 61.5 0.1 0.5 1 0.5 74
OTA 2021 98 72.3 0.1 1.2 0.5 1.7 8.2
2022 102 85.3 0.5 1 0.8 1.4 6.8
2023 95 57.8 0.2 0.5 1.2 0.9 47
2019 92 94.5 11.2 19.7 10.4 25 49
2020 91 90.1 5.1 11.9 11.2 12.6 57.4
ZEN 2021 98 95.8 8.3 20.8 13.7 32 45.2
2022 102 86.5 12 13.9 124 27 67.4
2023 95 97 .4 6.5 21.4 10.2 15 52

Xx—mean; s—standard deviation.

The most evident contamination in the case of AFT, according to the results obtained,

occurred in the year 2022, the year in which most feed samples were tested, but the most

significant contamination related to the number of samples tested and with a high maxima

of 4.6 or even 4.8 was in the years 2019 and 2020, and also in 2020 we observed a massive

contamination of samples with the DON mycotoxin, reaching a maximum of 1120 pg/kg.

With the same approach of a ratio of positive samples to the number of samples studied,

2019 is the most significant year for FUM and OTA contamination of broiler starter feed.

Table 4 contains the results obtained for the grower feed with regard to the level of

contamination with all mycotoxins investigated.
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Table 4. Results of mycotoxicological assessment of grower compound feed.
. No. of Positive Samples (ug/kg)
Mycotoxin Year . — . .
Samples % 1st Quartile X s 3rd Quartile Maximum

2019 79 68.3 0.7 1.4 0.7 2 2.7
2020 87 494 0.5 0.7 0.5 1.4 24

AFT 2021 82 59.8 0.8 1.7 0.8 2.2 2.5
2022 97 753 1 1.9 0.9 3.1 3.9
2023 103 52.7 0.5 0.8 0.7 2.7 42
2019 79 87.3 80 95.4 56.7 100 330
2020 87 96.5 60 178.3 250.4 152.5 1290

DON 2021 82 77.6 100 98.5 327.2 370 1480
2022 97 86.8 120 146.8 94.7 230 580
2023 103 94.7 90 85.8 112.9 460 740
2019 79 69.6 110 156.5 176.2 440 912
2020 87 43.6 65 56.3 72 70.5 300

FUM 2021 82 51.3 90 87.6 162.7 300 500
2022 97 86.8 60 122.8 134.6 290 972
2023 103 42.7 50 54.2 82 160 420
2019 79 79.7 0.65 1.2 1.1 1.63 8.3
2020 87 52.8 0.55 0.7 1.1 0.6 5.6

OTA 2021 82 87.9 0.9 0.5 1.7 2.7 9.2
2022 97 44.2 1.4 1.4 22 4.6 74
2023 103 62.4 3.8 0.9 1.1 10.2 17.2
2019 79 93.6 10.5 18.3 10.1 30 39.2
2020 87 90.8 10.2 11.6 8.6 15 45

ZEN 2021 82 92.3 15.7 23.8 11.3 54.9 729
2022 97 96.2 11.3 17.8 73 29.6 48
2023 103 91.4 12.8 19.4 9.6 27.2 54.4

X—mean; s—standard deviation.

Considering the results and applying the same rule of reporting the percentage of
positive samples to the number of samples studied for the grower feed, we observe that the
levels of AFT, DON and ZEN were the highest in the years 2019 and 2020. FUM and OTA
recorded higher contamination levels in the years 2021 and 2022.

The results of the mycotoxicological assessment of the finisher compound feed are
listed in Table 5. Analysing the results and applying the same rule of a ratio of the
percentage of positive samples to the total number of samples studied for the finisher
feed, we note a significant contamination with all mycotoxins in the years 2019 and 2020,
with contamination reaching even maximum values of 1510 ug/kg for DON in 2020 or
1080 ng/kg for FUM in 2019.

The five-year investigation of mycotoxin contamination in broiler compound feed has
revealed a complex pattern of co-occurrence between several mycotoxins, as can be seen in
Figure 1. The most frequent co-occurrence involved four mycotoxins detected in 38.51% of
the samples. The data highlight the risk of multiple mycotoxin contamination of broiler
feed, with a wide range of co-occurrence combinations observed.
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Table 5. Results of mycotoxicological assessment of finisher compound feed.
. No. of Positive Samples (ug/kg)
Mycotoxin Year . — . .
Samples % 1st Quartile X s 3rd Quartile Maximum

2019 113 64.9 0.9 1.5 0.7 2 4.6
2020 143 51.04 0.7 0.8 0.7 1.2 3.9

AFT 2021 126 69.2 1.3 1.3 0.8 3.7 4.8
2022 134 49.3 1.8 0.7 0.6 4.2 52
2023 152 53.9 1 1.9 0.7 2.2 3.7
2019 113 91.07 70 90 54.1 90 321
2020 143 98.6 60 161.7 219.1 160 1510

DON 2021 126 89.7 90 96 62.4 240 581
2022 134 93.02 130 176.3 232.3 540 1740
2023 152 954 80 128.5 119.8 470 842
2019 113 714 70 175.2 215.2 222 1080
2020 143 67.1 60 95 156.5 100 900

FUM 2021 126 61.8 90 150.4 162.3 320 870
2022 134 78.2 130 184.7 226.3 280 1400
2023 152 64.9 90 98 165.7 130 960
2019 113 82.1 0.5 1.4 22 1.6 18.5
2020 143 65.03 0.5 0.8 1.2 0.9 8.5

OTA 2021 126 72.2 1.5 1.2 2 4.2 94
2022 134 63.5 0.8 0.9 1.1 2.8 13.7
2023 152 84.2 1.3 1.9 24 3.7 214
2019 113 91.9 11.6 19.3 14.3 25 78.7
2020 143 95.8 10.3 13.4 10.2 17.4 51

ZEN 2021 126 89.5 12.4 17.6 15.6 19.2 87.9
2022 134 93.2 19.6 23.8 13.4 35.7 89.4
2023 152 94.7 11 14.2 114 18.9 62

X—mean; s—standard deviation.

These compound feeds contain varying proportions of raw materials to provide

different nutrient levels, with cereal grains always being the primary component. ANOVA

results showed no significant differences (p < 0.05) in the levels of each mycotoxin across

feed types and annual averages. The high proportion of cereals in all these compound feeds

may account for the lack of differences. However, it is anticipated that starter compound

feed would have less contamination than finisher compound feed, likely due to the lower

amount of maize used in the formulation for young poultry, as maize is the main contributor

to mycotoxin contamination.
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Figure 1. Co-occurrence of mycotoxins in broiler feed over the five-year study period.

4. Discussion

Broiler compound feeds are balanced feed formulas containing a variety of ingre-
dients to ensure complete and healthy nutrition. Main feedstuffs include: maize and
wheat flour—used to provide carbohydrates, protein and fibre; soy and sunflower meal—
vegetable protein concentrates; vegetable oils (e.g., sunflower oil)—sources of fats, which
are essential for energy and overall health of the chickens; salt—added to balance sodium
levels; minerals (calcium, phosphorus, magnesium, etc. )—essential for bone and nervous
system development; vitamins (A, D3, E, B)—help support the immune system and prevent
deficiencies; plant fibre (e.g., wheat bran)—helps the digestive system function properly.
The exact composition of compound feed varies depending on the age of the chick, stage
of growth and production goals. Typically, broiler feeds are formulated to ensure fast and
efficient growth while maintaining poultry health.

Mycotoxins in feed are a significant problem for animal and human safety, and recent
studies have shown that food and feed contamination is the rule rather than the excep-
tion, impacting all segments of society, from farmers and feed producers to the general
public [3,43-45]. Food and feed can be vectors for harmful bacteria, viruses or chemi-
cals that are responsible for a wide range of human and animal health diseases [46,47].
Mycotoxins are secondary metabolites of filamentous fungi that cause massive losses to
agriculture worldwide. AFT, OTA, DON, FUM, ZEN and trichothecenes are currently the
most commonly tested in the food and feed safety industry [48].

In addition, the range of fungal species that produce these toxins is wide, including
Fusarium, Aspergillus and Penicillium species. A two-year study assessed yeast and mould
contamination of raw materials and compound feeds; in starter compound feeds, the genus
Aspergillus was predominant in 2019 (46.6%), while in 2020, species of the genera Penicillium
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and Cladosporium were identified in the majority of samples (50%); for combined feeds for
growing and finishing, the genus Aspergillus was predominantly identified in 2019 (60%
and 72.2% of samples, respectively) and 2020 (61.5% and 46.6%, respectively) [49]. For the
60 most common mycotoxins found in feed, 48% were shown to be produced by the genus
Fusarium, 13% by the genus Aspergillus, 8% by the genus Penicillium and 12% by the genus
Alternaria [50].

In a study conducted by Shar et al. [51], it was found that the natural occurrence
of toxins belonging to the genus Fusarium in compound feed was similar to that in the
raw materials used in their production. The incidence of mycotoxins in feed followed the
following order: ZEN > FUM > DON.

In the current research, the highest prevalence in feed was the mycotoxin ZEN (93%),
followed by DON (91%) and then OTA, which was identified in 70% of the total samples
studied. The incidence of mycotoxins in starter, grower and finisher compound feeds
followed the following order: ZEN > DON > OTA.

Although there are hundreds of mycotoxins, regulatory limits or recommendations for
maximum tolerated levels in food and feed have been established for only a small number
of them [52]. The recognition that mycotoxins affect the health and productivity of poultry
and pigs has led to the introduction of regulations setting maximum permissible limits for
aflatoxins and guideline recommendations (recommended tolerance levels) for ochratoxins
and a small number of fusariotoxins. The limits vary not only according to mycotoxin
type, animal species, intended use, feed materials and feedstuffs but also according to
regulatory organisation or country; the European Union has established guidelines for feed
materials and feedstuffs, with differences depending on the age of the animal and the stage
of production [53].

The main aflatoxins consist of aflatoxins By, By, G; and G, and can be produced by
select isolates of A. flavus or A. parasiticus [25,54,55]. The Rapid Alert System for Food and
Feed (RASFF) reported 5045 and 439 notifications of mycotoxin contamination of food and
feed exported to European Union countries worldwide during 20102019, respectively,
and approximately 89% of mycotoxin contamination notifications of food and 98.6% of
feed contamination notifications were attributed to AFT contamination [56]. Averaging
the results obtained in all five years taken in study for the feed tested from the feed mill,
the maximum AFT content of the combined starter, grower and finisher feed samples was
2.4 ug/kg and reached 5.2 ug/kg for the finisher feed for the year 2022.

The European Commission has established a maximum level for aflatoxin B1 of
20 pg/kg for feed materials, 10 ug/kg for complementary and complete feedingstuffs,
5 ug/kg for compound feedingstuffs intended for chickens and young birds and 20 pg/kg
for compound feedingstuffs for poultry (except young animals) [15]. For many years, these
toxins were not considered a problem in European agricultural production until early 2013,
when aflatoxins in maize for animal feed from the Balkan area caused serious problems
in Europe [57,58]. In the present study, we did not identify AFT in concentrations above a
maximum permitted level set by the European Commission.

In a study by Greco et al. [59], 44 out of 49 samples of compound feed for broiler chick-
ens were contaminated with aflatoxins, with an average level of 2.685 ng/kg. Decastelli [60]
analysed 616 feed samples, and AFT was found in 44 (7%) of the samples. Martins et al. [61]
analysed poultry feed and found that 10% and 22%, respectively, were contaminated with
AFB at concentrations of 1-21 ug/kg. Segvi¢ Klari¢ et al. [62] determined AFT in feed
in the range 4.2-10.3 pg/kg (mean 6.9 ng/kg) in 4 (31%) out of 13 samples. In our study,
the mean levels of AFT contamination in the combined feed samples were lower than the
results reported by previous studies.
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Current research highlights a new way of minimising the presence of mycotoxins in
complete animal feed; namely, in the case of AFT, various combinations of fruit pomace are
used to minimise the number of mycotoxins, the most common being forest fruits [63].

DON is mainly produced by F. graminearum and, in some geographical areas, by F.
culmorum [59]. The average results for DON in the current study were between 321 and
1740 pg/kg in all five years of the combined feed samples; these results were compared
with the European limit values and did not exceed them, but in a recent study published
by the EFSA regarding DON contamination in poultry feed, since 2017 the EFSA has
recommended limits of 600 pg/kg for broilers and turkeys, with effects on gut health and
growth suppression in broilers at concentrations of less than 1900 nug/kg DON in their
feed [64]. While the current research results show that DON levels in broiler feed samples
were below the European regulatory limits for compound feed, EFSA’s recommendations
underline the need for more stringent limits designed for the biological sensitivity of
broilers. A study conducted by Greco et al. [59] shows that 44 out of 49 samples (90%) were
contaminated with DON (median 222 pg/kg). In a study on feed, Cegielska-Radziejewska
et al. [37] examined poultry feed samples and detected DON contamination in all samples
in the range of 3.1-99.4 ug/kg (median 33.6 pug/kg). In another study, DON was found in
56% of poultry feeds, and the median concentration was 303 ng/kg [65]. Driehuis et al. [66]
analysed 72 feed samples, and DON was found in 54% of the samples with a maximum
concentration of 2408 pg/kg (mean 433 pg/kg). In our study, the average levels of DON
contamination were higher than those found by Cegielska-Radziejewska et al. [37] and
lower than the results obtained by Labuda et al. and Driehuis et al. [65,66].

FUMs are a group of mycotoxins (mainly FBy, FB; and FB3) produced mainly by
Fusarium verticillioides and F. proliferatum, and maize is the main commodity affected by this
group of toxins [25]. In the present study, the maximum FUM contents in the compound
feed samples for starters, growers and finishers were between 300 ug/kg and 1400 pg/kg,
with the highest values identified in 2022 in the compound feed for finishers. The European
Commission established a guideline value of 60,000 ug/kg for the sum of FB; and FB,
in maize feed materials and 20,000 ug/kg for complementary and complete feed for
poultry [15]. In the present study, we did not detect FUMs at concentrations higher than
the guideline values established by the European Commission.

A study conducted by Greco et al. [59] shows that fumonisins were detected in all
samples analysed in a range of 222-6000 ng/kg, and Martins et al. [61] found that 1%
of 337 poultry feed samples were contaminated with FB; in a range of 24-34 ug/kg. In
another study, Almeida et al. [67] analysed 127 compound feed samples, and FUM was
detected in 9% of the samples at a maximum content of 390 pug/kg (median 164 pg/kg).
Another study found that FUM in compound feed for broilers had a mean concentration of
304 ug/kg (maximum 1160 pg/kg) in 49 out of 50 samples [66]. Zachariasova et al. [68]
analysed 70 samples of poultry and pig feed, and FUM was detected at a maximum content
of 10 ug/kg. In their study, Segvi¢ Klari¢ et al. [62] found that 7 out of 13 feed samples
were contaminated with FUM, and their average was 2300 pg/kg, and the maximum
content was 5000 pg/kg. In the present study, the average concentration of FUM in all the
compound feed samples was lower than most of the results reported by previous studies.

OTA is a mycotoxin mainly produced by P. verrucosum and A. ochraceus [25]. In the
current research, the maximum OTA content of combined starter, grower and finisher feed
samples was determined, and the determined values ranged from 3.5 ng/kg to 21.4 pg/kg
for all years included in this study. The European Commission has set a guideline limit
value of 250 pg/kg for OTA in feed materials represented by cereals and cereal products
and 100 pg/kg for complementary and compound feed for poultry [15]. In a study, Jaimez
et al. [69] evaluated the occurrence of OTA in 22 samples of poultry feed; 43% of poultry
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feeds were contaminated with OTA at a mean content of 0.50 ug/kg. In a study about
concentration of mycotoxins in broiler feed, Martins et al. [61] analysed 100 samples of
poultry and pigs feed samples, and OTA was found in one sample at concentration of
4 ug/kg. In our study, the mean contamination levels of OTA in compound feed samples
were higher than the results reported by Jaimez et al. [69] and lower than the results
reported by Martins et al. [61].

ZEN is one of the most common mycotoxins, being mainly produced by F. gramin-
earum and F. culmorum [25]. In this study, the maximum ZEN content found in the com-
bined starter, grower and finisher feed samples was averaged over all years and ranged
from 39.2 ug/kg to 89.4 ng/kg. The European Commission has set a guideline level of
2000 pg/kg for ZEN in feed materials from cereals and cereal products and 3000 ug/kg
for maize by-products. The legal limits for ZEN for broilers are not found in the Euro-
pean Commission regulations; therefore, most research is based on limits based on clinical
observations from studies conducted over time on poultry; therefore, the limits for ZEN
in feed are very varied, ranging from 4 to 11,192 ug/kg [70]. In the current study, we
did not detect ZEN at concentrations higher than the limit values observed in the clinical
studies. Although the mycotoxins levels found in this study were below the regulatory
limits set for broiler feed, these limitations are not always biologically safe. Chronic ex-
posure to mycotoxins at subregulatory levels might have negative consequences, such as
immunosuppression and impaired growth performance.

In a study by Greco et al. [59], 42 samples of compound feed for broiler chickens
were contaminated with ZEN (median 50 pg/kg). In a study on mycotoxins in compound
feed for broiler chickens, ZEN was found in 1 out of 22 samples at a low concentration
of 0.5 pg/kg [69]. Labuda et al. [65] detected ZEN in 88% (44) of the samples with an
average concentration of 21 nug/kg and a maximum content of 86 nug/kg. Driehuis et al. [66]
analysed 72 samples of compound feed, and ZEN was identified in 28% of the samples
with an average of 80 ug/kg and a maximum level of 363 nug/kg. In the compound feed
samples analysed by Martins et al. [61], 13% of the samples were found to be contaminated
with ZEN at a level between 104 and 356 ng/kg. Zachariasova et al. [68] analysed a total of
70 broiler compound feed samples, and ZEN was found at a maximum content of 104 g/kg.
In our study, it was observed that the average levels of ZEN contamination in broiler
compound feed samples were lower than those obtained in the studies by Driehuis et al.,
Martins et al. and Zachariasova et al. [61,66,68].

In northern Romania, according to the observations of the authors involved in this
study, as well as local and national sources of monitoring of meteorological phenomena in
the period 2019-2023, the increased humidity of 2019-2021 is highlighted as being a result
of heavy rains with increased periodicity, leading to the occurrence of average humidity
levels ranging between 74 and 76% compared to 2022 and 2023, which recorded an average
humidity of 65%.

The grains that can contribute to mycotoxin pollution in compound feed are mainly
those that are susceptible to infestation by mycotoxin-producing moulds or fungi. The most
commonly affected are the following: maize—a staple in feeds and often affected by fungi
of the genera Fusarium, Aspergillus and Penicillium, which produce mycotoxins such as
AFT, FUM and DON; wheat—also vulnerable to mycotoxin contamination, especially DON;
barley and rye can be contaminated especially with DON and ZEN.

Meteorological factors could explain the higher contamination of feed raw materials
and later the complete compound feed for broilers, as observed in the results obtained for
the years 2019 and 2020. However, we have to consider that some mycotoxins such as AFT,
although they prefer high humidity, have been confirmed by some studies to also accu-
mulate during periods of prolonged drought [71,72]. The natural protective mechanisms
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of forage plants are affected by long periods of drought, making it impossible for them
to form protective structures against pathogens and thus to prevent the multiplication of
mycotoxins.

Co-Occurrence

Co-occurrence in the case of compound feed is most often identified because the
presence of mycotoxins in each of the raw materials used in the production of compound
feed is very likely; therefore, current research is focused on the study of the synergistic or
antagonistic effects of mycotoxins [10,73].

The data obtained in the current study highlight the co-occurrence of mycotoxins; thus,
in 26% of the analysed samples, the concomitant presence of the five studied mycotoxins
was confirmed. On the other hand, the combinations of AFT, FUM, OTA and AFT, FUM
and ZEN were the least frequent, accounting for only 0.2% of cases in the compound feed
samples analysed over the 5 years. In a 2019 investigation carried out in Spain, Arroyo-
Manzanares et al. [74] demonstrated the co-occurrence of more than eight mycotoxins in
2.19% of pig compound feed samples; they also highlight that in 98.7% of the studied
samples, they found at least two mycotoxins present simultaneously.

Also, in the case of the compound feed samples studied, we highlighted in Figure 1
that in most cases (38.51%) we identified the concomitant presence of four mycotoxins.
Gruber Dominger et al. [75] explain that, in fact, the scenario of co-occurrence of mycotoxins
in the feed is the most plausible.

5. Conclusions

Studies on the assessment of mycotoxin contamination in compound feed for broiler
chickens in Romania are limited, and the high frequencies of contamination observed
in this study emphasise the importance of improving mycotoxin control throughout the
country. In the period 2019-2023, during which the analysed samples were collected from
the combined feed factory in Romania, the samples showed contamination levels below
the maximum limits allowed by the European Union; however, we consider it necessary to
establish and apply biologically relevant regulatory thresholds and limits that could ensure
the health of poultry. In addition, it has been shown that the distribution and presence of
mycotoxins varied from one year to the next due to the changes in climatic conditions.

Co-occurrences of mycotoxins have been widely identified; even though levels have
been low, there is a need to increase knowledge about their combined effects on animal
and human health.

Concerning future research directions in Romania, these should be extended to more
feed mills, feed materials and types of compound feed in order to develop a practical guide
to provide a comprehensive overview of the risks in the food chain. In particular, it is also
relevant to investigate the possibility of the transfer of mycotoxins into products of animal
origin and to analyse the combined effects of mycotoxins on animal health, including
synergistic or antagonistic effects between them.
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