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Effect of different dietary lysine level on the functioning of
genes participating in buildup of intramuscular fat in pork

Petra GRUNVALD ', I1diké JOCSAK2'*, Isaac Hyeladi MALGWI3',
Veronika HALAS?

1Department of Farm Animal Nutrition, Kaposvar Campus, Hungarian University of Agriculture and
Life Sciences, Guba Sandor Utca 40, 7400 Kaposvar, Hungary
2[nstitute of Agronomy, Kaposvar Campus, Hungarian University of Agriculture and Life Sciences,
Guba Sandor Utca 40, 7400 Kaposvar, Hungary
3Department of Agronomy, Food, Natural Resources, Animals and Environment (DAFNAE), University
of Padua, Viale dell’ Universita 16, 35020 Padova, Italy

ABSTRACT - The eating quality of pork, e.g. its taste and tenderness are favourably affected by inter-
and intramuscular fat (IMF) content. Many genes are involved in forming the fat deposited in the meat
and especially in between the muscle fibres, among others, the genes of the FABP family (FABP3,
FABP4), the LEPR gene, the SDC and the FASN. The objective of this trial was to study whether a mod-
erate change in dietary Lys content (approximately 6%) through the growing and fattening period re-
sults in a shift in the expression of genes involved in fat metabolism (FABP3, FABP4, LEPR, SDC and
FASN). In the study, Danbred pigs were assigned from a fattening study that involved 96 pigs (50-50%
barrows and gilts) from about 25 kg to 125kg live weight. The animals received three-phase feeding
and the feeds were formulated according to their requirements. The dietary treatments were set by
diets containing different Lys levels in all phases: 10.9, 9.1 g/kg, and 8.3 g/kg vs 11.5, 9.6 and 9.0 g/kg
Lys, respectively. The pigs were slaughtered in 125 kg live weight and carcass classification through
lean meat % was performed. Meat samples from the carcass were taken within 30 minutes post-mor-
tem from the longissimus dorsi muscle. Gene expression levels were quantified using RT-qPCR analysis.
The results indicated that variations in dietary lysine (Lys) content did not significantly influence
slaughter quality or the expression levels of genes associated with fat metabolism. Consequently, it can
be inferred that a 10% difference from the recommended Lys content does not alter lipid synthesis in
the longissimus dorsi muscle of pigs.

Keywords: pork quality, intramuscular fat, pig, lysine, gene expression

INTRODUCTION

Pork contributes to the meat consumption of the world by 40 %, and its quality
has a high impact on the preference of consumers. It is widely accepted that a
high level of intramuscular fat content (IMF) influences positively the culinary
quality of pork (Laack et al., 2001). In recent decades the selection of swine
primarily focused on growth, feed efficiency and the ratio of lean meat. Due to
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the negative correlation between the ratio of lean meat and IMF content, cur-
rent commercial swine strains contain less fat and have lower backfat thick-
ness and fat content in the muscle than indigenous breeds. Because of this, the
swine industry is highly interested in the increase of IMF content to satisfy
consumer needs. IMF content shows a significant difference between breeds
and between different lines within a breed (Pena et al, 2016). It is also influ-
enced by sex, age and feeding strategy.

IMF incorporates all of the lipids which are found in the muscles and can be
functional (cholesterol and phospholipids) or reserve lipids (triglycerides).
Recently multiple genes have been identified that participate in the develop-
ment of IMF and which play a key role in fat metabolism and the appearance
of fat in muscle tissue (reviewed by Malgwi et al, 2022).

Nutrigenomic research has provided evidence that the bioactive compo-
nents of food have an impact on the animal genome and the expression profile
of genes. Nutrigenomic studies explain the effect of dietary components on
transcriptomics and proteomics influencing the physiological state of the or-
ganism (Fenech et al, 2011).

Ithas been repeatedly reported that low lysine (Lys) content feed promotes
the accumulation of IMF in the muscle of swine. There is evidence that Lys-
deficient feed changes gene expression involved in fat synthesis (Katsumata et
al,, 2018), however, it is not clear whether moderately reduced Lys feed could
result in a shift in gene expression responsible for fat metabolism. A dose-res-
ponse relationship between dietary lysine (Lys) levels and intramuscular fat
(IMF) content in pork has been observed. This relationship provides the basis
for determining the optimal Lys level that maximizes both IMF content and
growth performance in pigs (reference). Specifically, lower dietary Lys levels
can enhance IMF content; however, they are associated with reductions in
growth performance parameters such as body weight gain and daily feed in-
take (Katsumata, 2011).

Additionally, multiple studies have shown that most genes with relation to
fat metabolism has indirect effects on the IMF content of pork. The effect of
these genes, however, has been observed to be diverse in different muscles
(Malgwi et al. 2022). Fatty acid binding proteins (FABPs) are intracellular pro-
teins which take part in fatty acid transportation from the plasma membrane
to the place of B-oxidation or to the synthesis of triacylglycerol and phospho-
lipids. This group of proteins is built up by different types, including liver,
heart, myelin, epidermis, brain, adipocytes and the bowel system (Becker et al,
1994; Chmurzynka et al 2006). The intracellular long-chain fatty acids in mus-
cle cells primarily originate from substances transported by H-FABP (Glatz et
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al. 2003). Damon et al. (2006) reported that the level of FABP4 (A-FABP) in the
longissimus dorsi muscle has doubled in swine with higher IMF content than
in the ones with lower IMF content, and positive correlation have been found
between the level of FABP4 (A-FABP) and adipocyte number and lipid content.
Stearoyl-CoA desaturase enzyme is encoded by the SCD gene which converts
saturated fatty acids into mono-unsaturated (MUFA) ones. The SCD gene is an
important regulator of lipid deposition and fatty acid synthesis in swine (Mal-
gwietal, 2022). The LEPR gene is known in context with the leptin receptor. It
takes part in the take-up of nutrients and in regulation of energy metabolism.
LEPR is a functional genetic marker which affects the growth and fat deposi-
tion of swine. An enhanced expression of this gene can be anticipated in ani-
mals with a higher level of fat deposition. The fatty acid synthase (FAS) enzyme
is encoded by the FASN genes. This gene regulates the de novo synthesis of fatty
acids from acetyl-CoA and malonyl-CoA in the presence of NADPH. The FASN
gene initiates the synthesis of fatty acids and mono-unsaturated fatty acids
during the early stages of lipid metabolism (Malgwi et al., 2022).

Therefore, the aim of this study was to investigate whether a moderate al-
teration in dietary lysine (Lys) content (approximately 6%) during the gro-
wing and fattening phases influences the expression of genes associated with
fat metabolism.

MATERIALS AND METHODS
Experimental Design

The muscle samples were taken from experimental pigs fed different dietary
Lys during the growing and fattening period. In the experiment, a total of 96
Danbred pigs (50-50% barrow and gilt) with an initial body weight of 25 kg +
5 kg (SD) were involved. The animals were kept in groups, 8 pigs in each pen.
Pigs were allocated to two treatment groups (n=48) that differed in dietary Lys
content. Three-phase-feeding was applied, the compound feeds in the growing
and fattening phase contained 10.9, 9.1, and 8.3 g/kg or 11.5, 9.6, and 9.0 g/kg
Lys in treatment A and B, respectively. Methionine and Cystine, Threonine and
Tryptophan to Lysine ratio was formulated according to the ideal protein con-
cept. The feed was pelleted and offered ad libitum and water was freely avail-
able from drinkers.

Feeding

The feeds were formulated isonitrogenous and isocaloric on net energy bases.
The crude protein and amino acid content of the experimental feeds except for
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Lys were formulated according to the breeder’s nutritional guidelines (SEGES,
2020). The composition and nutrient content of experimental feeds are shown
in Table 1, 2, 3.

The pigs were slaughtered in 126 kg + 4 kg (SD) live weight and carcass
qualifications were performed in the slaughter house of the MSC Vdgdhid in
Mohécs.

Table 1.
The experimental feeds for 25-40 kg pigs

Treatments

A B
Components g/kg
Corn 0 0
Soybean meal 183 178
Wheat 401.5 399.7
Barley 350 355
Plant oil 24 24
Lyine-HCL 0.6 1.5
DL-Methionine 0.4 0.8
L-Threonine 0.4 0.8
L-Tryptophan 0.1 0.2
Premix 0,3% 40 40
Sum 1000 1000
Nutrients g/kg
Dry matter 889.9 890.1
Net energy M]/kg 10 10
Crude protein 159.9 159.8
Crude fat 42.6 425
Crude fiber 34.2 34.1
Crude ash 53.4 53.2
Lysine 10.9 11.5
Methionine+Cystine 6.1 6.5
Threonine 7.1 7.5
Tryptophan 2.2 2.3
Ca 8 8
P 5.3 5.3
AID* Lysine 9.9 10.5
AID M+C 5.5 5.9
AID Threonine 6.2 6.6
AID Tryptophan 2.0 2.1

* AID = apparent ileal digestible
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Table 2.
The experimental feeds for 40-80 k;

* AID = apparent ileal digestible
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Table 3.
The experimental feeds for 80-120 kg pigs

Treatments

A B
Components g/kg
Corn 50 50
Soybean meal 131 128
Wheat 400.4 401.7
Barley 380 380
Plant oil 8 8
Lysine-HCL 0.5 1.4
DL-Methionine 0 0.2
L-Threonine 0 0.5
L-Tryptophan 0.1 0.2
Premix 0,3% 30 30
Sum 1000 1000
Nutrients g/kg
Dry matter 886.4 886.6
Net energy MJ/kg 9.9 9.9
Crude protein 139.9 140.2
Crude fat 27.3 27.2
Crude fiber 34 339
Crude ash 48 47.9
Lysine 8.3 9
Methionine+Cystine 4.9 5
Threonine 5.5 5.9
Tryptophan 1.7 1.8
Ca 7 7
P 0.5 0.5
AID* Lysine 7.4 8
AID M+C 4.1 4.5
AID Threonine 4.7 5
AID Tryptophan 1.5 1.6

* AID = apparent ileal digestible

Assessment in the abattoir

At the slaughterhouse the swine were first lowered in a shaft where the con-
centration of carbon-dioxide is about 90-95%. The animals spent 1-1.5
minutes down in this shaft. The stunned swine were hanged by their feet with
their head hanging down. Then they are transported on a conveyor belt where
they are stabbed once and they are exsanguinated. Post mortem they are
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scalded and their hair is removed, followed by their processing and dismem-
berment.

At this point carcass qualification and trade classification is performed.
During the estimation of lean meat content (%) ultrasonic measuring equip-
ment is used (UltraFom 300). About 7 cm from the plane of cut, between the
second and third ribs the loin muscle diameter and backfat thickness is meas-
ured (in mm). The lean meat % is calculated automatically from loin area (con-
verted from longissimus muscle diameter) and backfat thickness.

Gene expression studies
Sample collection and storage conditions

Meat samples were collected from randomly assigned 10 carcasses from each
treatment group. Samples were taken from the left carcass in less than 45
minutes following the slaughter, from the Musculus longissumus dorsi between
the 13th and 14th vertebra. The samples were placed in 2 mL DNase/RNase free
Eppendorf tubes containing RNA stabilizing liquid (RNAlater™, Thermo
Fisher Scientific. 168 Third Avenue. Waltham, MA USA 02451) with a 1:10
sample:liquid volume ratio to stabilize and protect the RNA content of the tis-
sues from degradation with immediate RNase inactivation. After keeping the
samples on 4 °C overnight, they were moved to a freezer and kept at -80 °C
until further processing.

Sample Preparation, and RNA extraction

Prior to initiating RNA extraction from muscle tissue, ribonucleases (RNases),
which are responsible for RNA degradation, are inactivated as an additional
precaution to protect the integrity of the RNA. To achieve this, f-mercaptoet-
hanol was used as the deactivating agent, ensuring the RNA remains intact and
suitable for the subsequent downstream analyses. The process of RNA extrac-
tion started with homogenisation of the tissues in the lysis buffer of RNeasy
Mini Kit (Qiagen, 19300 Germantown Road, Germantown, MD 20874, USA) in
a Tissuelyser II high-throughput sample disruptor (Qiagen, 19300 German-
town Road, Germantown, MD 20874, USA). To avoid RNA degradation, the
adapter of the homogenizer was cooled down to -20 °C and all the tools for
sample preparation as well. RNA extraction was carried out according to the
instructions of the manufacturer. To extract the RNA 30 mg of muscle tissue
was used. For the homogenisation, RTL buffer (This is a lysis buffer which is
used for the lysis of cells and tissues) was used, provided by the manufacturer.
This was followed by a precipitation with alcohol. After which the resulting
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solution was pipetted on the “RNeasy Mini spin column”, which was centri-
fuged and flow-through was discarded. Centrifugation steps followed with the
use of multiple washing buffers (RW1 buffer and RPE buffer). At last the RNA
attached to the column was dissolved with RNA-ase free water with RNase free
water.

All the tools for sample preparation and manipulation were pre-sterilised
by heat-air steriliser (Celsius 2000 SLE 600, MEMMERT, Germany) on 180 °C
for the elimination of microbes and the inactivation of RNases. The quantity
and quality of the extracted RNA were measured by Thermo Scien-
tific™ NanoDrop™ OneC Microvolume UV-Vis Spectrophotometer (Thermo
Scientific™ 840274200, 168 3rd Ave, Waltham, MA 02451, Massachusetts,
USA).

c¢DNA preparation

The cDNA preparation procedure was applied according to (Korenkovd et al.,
2015) starting with the same initial and highest possible concentration of the
extracted RNA (140 ng/uL), for which every sample was adjusted to, followed
by cDNA transcription.

As the first step of cDNA transcription genomic DNA has to be eliminated.
For this gDNA wipe-out buffer, the template RNA and RNase free water was
brought into reaction mixture which was incubated for 2 minutes at 42 °C (as
determined by the manufacturer and provided in the QuantiTect Reverse
Transcription Kit). In the next step the mater mix needed for reverse-tran-
scription is assembled for which the necessary reverse-transcriptase enzyme,
the RT buffer and the RT primer mix was provided by the manufacturer. The
RNA resulting from the first step was used as template (which does not contain
genomic DNA). The resulting mixture was first incubated at 42 °C for 15
minutes, then at 95 °C for 3 minutes (QuantiTect Reverse Transcription Kit
/Qiagen, 19300 Germantown Road, Germantown, MD 20874, USA/) and used
for downstream application without dilution, since inhibitory effect using un-
diluted cDNA was not experienced (Whelan et al., 2003).

Primer information

The genes analyzed in this study included LEPR (Leptin Receptor), FABP3
(Fatty Acid Binding Protein-3), FABP4 (Fatty Acid Binding Protein-4), SCD
(Stearoyl-CoA Desaturase), and FASN (Fatty Acid Synthase). The B-ACTIN gene
was used as a reference housekeeping gene for normalization. The primer
sequences for the analyzed genes are detailed in Table 4.

ACTA AGRARIA KAPOSVARIENSIS
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Table 4.
Primer sequences of the genes used for the gene expression study

Gene name Forward- and reverse primer sequence Reference
F: 5'’AGTTTGATGAGACAACAGCAGATGA 3’

H-FABP (FABP3) ¢ 5\cpAAGTTTGCCTCCATCCAGTGT 3 Tyraetal, 2011

F: 5' CTGGTACAGGTGCAGAAGTGG 3’

R: 5' TTCTGGTAGCCGTGACACCT 3’

A-FABP (FAPB4) Meng et al, 2018

F: 5' ACATTGCAGGGAAGGCATTT 3’

EER R: 5'CAGTTTGCACCTGTTTGTTGAAA 3’ e 6 o) 2D
F: 5' TTGCTCTGGGCGTTTGC 3’

AT R: 5' CGAGCTTTGTAAGTTCGGTGACT 3’ helail ity U
F: 5'-CGTCCTGCTGAAGCCTAACTC-3'

LS R: 5'-GCTCCTTGGAACCGTCTGTGT-3' Al A5
F: 5'-ACTGCCGCATCCTCTTCCTC-3'

praleiihy R: 5'-CTCCTGCTTGCTGATCCACATC-3' Ao et el 200

qRTPCR conditions

Real-time PCR was performed using SYBR Premix and Mx3000P Real-Time
PCR System (Agilent Technologies). Amplifications were performed in 10 pL
reaction volume containing 5 pL of SYBR Premix 0.2 pL (stock concentra-
tion:10uM) of each primer,1 pL of diluted cDNA, and sterile water. The PCR
amplification was carried out as follows: 95 °C for 15 min, then 40 cycles of 95
°C for 1s and 60 °C for 30 sec in normal two steps settings. PCR tests were per-
formed with three parallels in case of every sample.

Calculations and statistical analysis

The C; (threshold cycle) values given by qRT-PCR were evaluated according to
the following conditions. The applied method for the determination of relative
amount was the 2-2ACt method.

Change of relative gene expression= 2-24Ct
Where:
AAC; =ACt treated-ACt untreated

Act = (Ct target gene'ct reference gene)

To better visualize the results, the log10 of 2-2ACtyalues were taken into ac-
count.

The gene expression and meat quality values were evaluated with a Stu-
dent’s t-test considering significant differences at the p<0.05 level. The data
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showed normal distribution. The statistics were performed using R-program
(R 4.1.2 for Windows, Remdr package).

RESULTS AND DISCUSSION

Pigs were slaughtered over 120 kg body weight in a commercial abattoir.
There was a 3.5 kg difference in live weight at slaughter and a 2.7 kg difference
in carcass weight (p=0.052). The higher Lys feed tended to increase the live
weight and the carcass weight, however, there was no difference in backfat
thickness, loin diameter and lean meat percentage between pigs of each treat-
ment (Table 5). Our data suggest that Lys recommendation may be slightly
overestimated since an approximately 6 % reduction in dietary Lys did not
compromise the body weight and the lean meat content of the body. In line
with our results, others have also found that a slight reduction in dietary Lys
does not change the pig growth. Kumar et al. (2016) reported that 10 and 15%
reduction in dietary Lys had no impact on growth performance and carcass
parameters in crossbred Landrace pigs either. Results of Jin et al. (2010) indi-
cated that finishing pigs fed a diet with 15% lysine restriction had no detri-
mental effects on growth performance and N utilization but could achieve sub-
stantial increases in marbling and longissimus fat content of pork.

Table 5.
Slaughter weight and carcass quality traits measured in the abattoir
A treatment B treatment
mean SD mean SD P-value
Live weight (kg) 124.4 2.4 127.9 45 0.052
Carcass weight (kg) 98.8 1.9 101.5 3.6 0.052
Backfat thickness (mm) 14.6 2.1 15.1 3.9 0.73
Loin diameter (mm) 63.5 2.9 63.0 4.9 0.80
Lean meat % 59.8 1.4 59.4 2.8 0.72

Treatment A: feed was formulated to contain 10.9 g/kg, 9.1 g/kg, 8.3 g/kg
digestible Lys in grower 1, 2, and finisher phases respectively; Treatment B:
feed was formulated to contain 11.5 g/kg, 9.6 g/kg, 9.0 g/kgin grower 1, 2, and
finisher phases respectively

In nutrigenomics studies, the general objective is to evaluate whether ex-
pression of genes is affected by dietary treatments. In this research, the expres-
sion of genes determining IMF was measured in meat samples that originated
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from pigs fed by different Lys content feed. The dietary contrast in Lys was
5.5% in phases of grower 1 and 2, and 8.4 % in the finishing phase.

The results of the gene expression in different dietary treatments are
shown in Figure 1. Dietary Lys content had no significant impact on the expres-
sion of measured genes.

2,50

2,00

Z—AACt

o

1,50
1,0

0,00 ii ii ii ii ii

0,5
LEPR FASN FABP3 FABP4

o

M Lower lysine content ~ HE Higher lysine content

Figure 1. Level of gene expression in m. longissimus dorsi samples of pork when pigs were
feed diets differed in digestible Lys content between 25-125 kg live weight.

Table 6.
Result of two-sample Student’s t-test
LEPR FASN FABP3 FABP4 SCD
two-sample t-test 0.21 0.67 0.99 0.91 0.30

The blue columns show the results of gene expression for feeding lower Lys
content feeds (10.9 g/kg, 9.1 g/kg, 8.3 g/kg in grower 1, 2, and finisher phases
respectively), the orange columns show the gene expression results for feeding
high Lys content feeds (11.5 g/kg, 9.6 g/kg, 9.0 g/kg in grower 1, 2, and finisher
phases respectively). In the case of SCD and LEPR genes, the means differ, but
the individual variance within the group was high, and thus no reliable statis-
tical difference could be found between the treatment groups with different
dietary Lys content. The treatment did not affect the activity of FABP3, FABP4
and FASN genes either. In general, the individual variances within the groups
were relatively high with exception of LEPR and FABR3 in high Lys group.
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In this study, the experimental contrast was set to achieve a moderate dif-
ference in dietary Lys content and this may have been insufficient, or the lon-
gissimus dorsi muscle (M. longissimus dorsi) may not have been the most su-
itable tissue for detecting differences in the expression of the target genes with
the levels of Lys supplied in the diets. Katsumata (2011) reported that IMF
content of longissimus dorsi muscle was twice as high in pigs fed lysine-de-
pleted diet, compared to control pigs (0.70% vs. 1.15% lysine; respectively). In
a further study of Katsumata et al. (2018) when pigs were fed with significantly
reduced Lys content diet (1.37% vs 0.78%) the level of Fatty Acid Synthase
mRNA in the liver increased. The mean level of FAS mRNA in Longissimus dorsi
muscle was also higher for those swine that received a diet with low Lys con-
tent (Katsumata et al, 2018). In line with that Palma-Granados et al. (2019)
found that the effect of lysine deficiency on lipid metabolism was tissue-spe-
cific, with an activation of lipogenesis in longissimus and biceps femoris mus-
cle but no apparent stimulation in backfat adipose tissue. However, it has to be
stressed that the experimental contrast was really huge in both trials, the re-
duction in dietary Lys was more than 40% and 50% in the referred studies
(Katsumata et al, 2018 and Palma-Granados et al., 2019, respectively).

The excessively low intramuscular fat (IMF) content in lean pig genotypes
negatively impacts pork eating quality, necessitating precision feeding strate-
gies informed by nutrigenomic insights. Palma-Granados et al. (2019) propose
that lysine (Lys)-deficient diets could effectively increase IMF content in both
lean and fat pig genotypes. However, it is critical that such strategies do not
compromise growth performance, as reduced growth rates carry adverse eco-
nomic and environmental consequences. Precision feeding approaches
tailored to individual genotypes and production goals could include carefully
timed and targeted Lys restrictions during the fattening phase, optimizing IMF
content while maintaining efficient growth and minimizing resource use.

CONCLUSIONS

In conclusion, a 6-8% variation in dietary lysine (Lys) content relative to the
recommended level did not significantly impact slaughter quality or fat synt-
hesis in the longissimus dorsi muscle of lean pigs. Moreover, the expression of
genes involved in fat metabolism, particularly those encoding fatty acid synt-
hase (FASN) and stearoyl-CoA desaturase (SCD), exhibited considerable indi-
vidual variability, even within a genotype subjected to intensive genetic se-
lection. This suggests that genetic factors may play a substantial role in regu-
lating fat metabolism, and minor dietary adjustments in Lys may not be suffi-
cient to induce notable changes in fat deposition at the molecular level.
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The role of nutrition in achieving more sustainable and
environmentally friendly aquaculture
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ABSTRACT - Sustainability applies to almost all aspects of human activity, and the ever-growing aqua-
culture industry is no exception. Feeding aquatic animals is of paramount importance in terms of eco-
nomic and environmental sustainability. This review discusses practices and promising new results for
improving feed efficiency at different levels of production intensity. Special emphasis is placed on
demonstrating how semi-intensive pond technology can be considered ab ovo sustainable also from a
social point of view. Recent achievements in the field of alternative protein sources to replace fishmeal
are also discussed, as well as the beneficial properties of special feed additives such as probiotics and
phytochemicals.

Keywords: aquaculture, sustainability, nutrition

INTRODUCTION

The concept of sustainability has become a prominent buzzword in the field of
research and development, and with good reason, as it relates to almost all as-
pects of human activity and has implications for the future of our planet. How-
ever, reviewing the core principles of sustainability from an aquaculture per-
spective may be useful. The primary objectives of sustainable aquaculture are
to produce food to minimize adverse environmental impacts and promote so-
cial and economic well-being. The following key principles are worth noting:

» Environmental Sustainability - Natural habitat disruption should be
kept to an absolute minimum, responsible waste management prac-
tices should be used, water quality should be protected, and biodiver-
sity should be conserved.

» Economic Sustainability - Key issues are: efficient production, fair
trade, community development.

» Social sustainability - Labour rights and community involvement are
involved.

» Animal welfare issues
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THE ROLE OF NUTRITION IN ACHIEVING SUSTAINABLE AND ENVIRONMENTALLY FRIENDLY AQUACULTURE

Specific practices for sustainable aquaculture include recirculating aquacul-
ture systems (RAS)., integrated aquaculture with agriculture or livestock, or-
ganic aquaculture, and using sustainable feed sources. Integrated multi-
trophic aquaculture (IMTA) represents an approach to sustainable aquacul-
ture that involves farming species from different trophic levels in a single sys-
tem (Fang et al,, 2016). The system offers both environmental and economic
benefits, including improved nutrient cycling, reduced environmental impact,
and increased profits (Granada et al., 2016). IMTA can be applied in freshwa-
ter, brackish, and marine environments, with various approaches tailored to
local conditions (Azhar and Memis, 2023). Research has shown that IMTA can
enhance sustainability in aquaculture by reducing nutrient outputs, improving
resource utilization, and potentially increasing public acceptance of aquacul-
ture operations (Granada et al., 2016). It should be noted that traditional semi-
intensive fishpond polyculture, although it is not usually assigned to this cate-
gory, is also essentially an IMTA. Furthermore, the polyculture of giant fresh-
water prawn, silver, and bighead carp with freshwater pearl mussel and silver
and bighead carp has also demonstrated considerable promise in inland ponds
(Tang et al., 2024). Similarly, the cultivation of mussels and seaweed in a bi-
culture has also yielded favourable results (Michler-Cieluch and Kodeih,
2008). This category also encompasses aquaponics, in which the waste pro-
duced by farmed fish or other aquatic creatures is used to nourish plants
grown hydroponically. The automatic recirculating system allows the purifica-
tion of water, which is then used again for the next cycle. Aquaponics requires
little monitoring or measuring, making it a relatively simple and low-mainte-
nance system.

Further detailed and pertinent general information on sustainable aquacul-
ture can be found in several publications, including those by Costa-Pierce
(2002), “SustainAqua” (2009), Shepon et al. (2021), Austin et al. (2022),
Pounds et al. (2022), Barbosa et al. (2024), Garlock et al. (2024), Keer et al.
(2024), Tucciarone et al. (2024) and Zhang et al. (2024) which all discuss the
object from a different point of view.

While economic sustainability remains a primary objective, all other crite-
ria mentioned above must also be considered to achieve sustainability in aq-
uaculture. Pursuing continuous improvement in production methods is imper-
ative while simultaneously reducing their environmental and energy footprint.
The nutritional requirements of the cultured species are undoubtedly a crucial
factor in this regard. The objective of this review is to identify the principal
elements of nutrition and feeding technology that can facilitate the enhance-
ment of the sustainability and environmental friendliness of the aquaculture
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industry, while simultaneously promoting economic sustainability. The opti-
mization of feed efficiency represents a pivotal concern in animal production,
given that feed constitutes a substantial proportion of overall costs. Fortu-
nately, economic and environmental protection objectives are aligned in this
case, thereby promoting sustainability. The objective of this study was to con-
duct a review of the principal fields of feeding and feed development and man-
ufacturing related to aquaculture's sustainability.

TECHNOLOGICAL METHODS OF FEEDING USED TO IMPROVE FEED
EFFICIENCY

Rational feed development and feeding practice are based on a thorough un-
derstanding of the nutritional requirements of cultured animals. The nutri-
tional requirements of aquatic animals, being poikilothermic organisms, re-
quire consideration of factors that differ from those applicable to warm-
blooded (homeothermic) animals. The temperature of the water in which the
animals are kept is a significant factor in their metabolism, which in turn af-
fects their energy requirements and therefore their feed intake. It is also im-
portant to consider the age of the animals, as this affects their growth rate in a
similar way to homeothermic organisms. It is also important to consider the
age of the animals, as this affects their growth rate. Figure 1. depicts the theo-
retical relationship between feeding level, growth rate, and feed conversion,
which collectively determine the efficacy of production.

To optimize feed efficiency, it is indispensable simultaneously to meet both
qualitative and quantitative nutrient requirements. The primary objective of
the aquaculture industry is to develop the most economically viable feed that
meets the nutritional requirements of a given age group of cultured species.
Other key considerations are reducing feeding costs and improving water
quality through optimal feeding technology. It is essential to minimize feeding
loss, which includes both the indigestible portion and all metabolic losses.
However, it is important to remember that a non-negligible amount of the of-
fered feed is typically uneaten. The proportion of uneaten feed varies consid-
erably, but an average of 10% has been estimated (Craig, 2009). Commercial
feed pellets must remain intact in water until consumed, which is especially
important for slow-feeding aquaculture species such as shrimp (Lovell, 1991).
Extrusion can be an alternative process for aquaculture feed production, in-
creasing digestibility, and functional properties of the aquaculture feed, such
as water stability and floatability. The thermal process during extrusion de-
creases the antinutritional factors present in legumes or other agro-industrial
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by-products, such as trypsin inhibitors and lectins. The beneficial effects of ex-
trusion are detailed by Delgado and Reyes-Jaquez (2018). The use of binders
as feed additives to ensure water stability has been a standard practice for
some time (Tacon, 1987).
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Figure 1. Correlation between feeding level, growth rate, and feed conver-
sion ratio (Modified after Lovell, 1998)

However, this does not address all issues related to feed loss. It is crucial to
identify the optimal feeding frequency to minimize this directloss and improve
the feed conversion ratio (FCR). To this end, published feeding rate tables are
available for the majority of commonly cultured species (Craig, 2009). In the
current market, there is a wide range of automatic feeders available for pro-
grammed feed delivery in cages, raceways, ponds, and RAS operations. These
can help to ensure optimal feeding. In the future, monitoring systems could
play a significant role in optimizing feeding regimes by providing information
about actual feed loss. This is an area that has been explored by Parra et al.
(2018). It is also essential to consider the key issues of nutrient sensing and
feeding stimulation in this context (Hancz, 2020).

The frequency of feeding was proven to have a significant effect on the
growth, feed conversion, and even reproductive performance of different fish
species. Optimal growth and feed utilization of juvenile Nile tilapia was
achieved by providing food four to five times per day (Daudpota et al., 2016).
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In contrast, rainbow trout (Oncorhynchus mykiss) showed the greatest food in-
take and growth with only two feedings per day, with minimal effect on body
composition (Grayton and Beamish, 1977). Two feedings per day were found
to be optimal for the growth and reproductive performance of the ornamental
Siamese fighting fish (Betta splendens) (James and Sampath, 2004). Juvenile
estuarine groupers (Epinephelus salmoides) exhibited optimal growth, food
utilization, and survival when fed to satiation once every two days, which cor-
responds to their 36-hour food deprivation period (Thia-Eng and Seng-Keh,
1978). These studies indicate that the optimal feeding frequency varies among
fish species and is influenced by factors such as metabolism, digestive rate, and
environmental conditions. To optimize the feed’s daily ration, a growth model
was developed based on data from Mexican tilapia farms by Dominguez-May
et al. (2024). In their model equations, the researchers employed all of the
available variables. Therefore, it is crucial to determine species-specific feed-
ing regimens to maximize growth and efficiency in aquaculture. Nowadays the
biggest fish feed manufacturing firms generally can supply producers with
these regimes, at least in the case of the most important species reared in in-
tensive systems.

The special features of semi-intensive systems

Semi-intensive aquaculture systems account for about 70% of tropic fish and
crustacean production (Tacon, 1996). Large pond areas in Central and Eastern
Europe also produce in this system, using a range of feeding methods, from
low-cost pond fertilization to supplemental feeding of energy-providing cere-
als, or even high-cost complete diets. However, all forms emphasize the im-
portance of natural food organisms as protein sources. The other cornerstone
is polyculture, based on the synergy of species with different feeding habits, a
practice derived from traditional Chinese aquaculture (Edwards, 2009).

To gain a deeper understanding of the functioning of a polyculture fish
pond from a production biology perspective, it is first necessary to recall the
Elton pyramid (Figure 2.), which is a well-known model in this field. The pri-
mary producers in a water body are the phytoplankton and higher plants. The
decomposers are the bacterioplankton and bacteria as well as invertebrates
that dwell in the sediment. The primary consumers are the zooplankton taxa,
with the second level comprising mostly omnivorous fish, which serve as food
for the carnivores at the highest levels. The red percentage indicates the ratio
of energy or weight at a given trophic level. In the case of a semi-intensive fish
pond, the feed is a significant input of energy, incorporated in the nutrients, of
course.
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Figure 2. Elton’s pyramid on energy relations of ecosystems (Source: Wikipedia)

In the context of the practice of feeding, the factors related to fish are spe-
cies, variety, sex, and especially age. This is because the efficiency of digestion
improves with age. The most significant environmental factor is water temper-
ature. (An increase of 10°C results in a doubling of the metabolic rate.) How-
ever, the impact of atmospheric pressure must also be considered. It is of the
utmost importance to determine the daily ration, as feeding is typically al-
lowed ad libitum, which makes it easy to commit feed waste. As it is not feasi-
ble to directly observe consumption, the only viable approach is to assess the
quantity of unconsumed grains at designated feeding locations after a few
hours and then modify the daily ration accordingly on the subsequent day. Alt-
hough feeding once a day is not the most optimal practice, it is common due to
the significant costs associated with labour. In the case of female breeders in
the period preceding artificial propagation, a restricted feeding regimen is em-
ployed. The production of natural feeds is promoted by the use of organic or
inorganic fertilizers. In a well-designed polyculture, all trophic levels are ex-
ploited by fish. Green fodder is consumed by grass carp, (Ctenopharyngodon
idella) and the unconsumed part, in addition to the fish faeces, serves as ferti-
lizer. It should be noted that grains are not the only substance that can be used
for feeding; many kinds of by-products from the milling and food industries
can also be employed, thus contributing to an environmentally friendly, circu-
lar economy (Hancz and Horvath, 2007).
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Last but not least socio-economic concerns of low and medium-intensity
aquaculture need also be mentioned, general aspects and methods of evalua-
tion of which are discussed by Bhari and Visvanathan (2018). Aquaculture has
been recognized as a potential tool for poverty reduction and food security en-
hancement, particularly in low-income countries (Viswanathan and Genio,
2001). While intensive aquaculture has raised environmental concerns, semi-
intensive systems are being explored as a more sustainable alternative (Pome-
roy et al.,, 2014). Studies in the Philippines have shown that aquaculture pro-
vides new opportunities for poor households, women, and youth, despite chal-
lenges such as limited access to credit and skills (Philminagq et al., 2007). The
socioeconomic impacts of aquaculture are complex, affecting factors such as
employment, food security, and overall well-being. To maximize benefits and
minimize negative impacts, integrated farming systems, stakeholder involve-
ment, and well-defined rights are recommended (Pomeroy et al., 2014).

CURRENT ACHIEVEMENTS OF THE AQUATIC ANIMAL NUTRITION AND
FEED INDUSTRY

Alternative nutrient sources

In response to the mounting costs and environmental concerns associated
with global fisheries, the aquaculture industry has undergone a significant
transition, moving away from its historical reliance on fishmeal (FM) and fish
oil (FO) as feed ingredients and towards more sustainable alternatives.
McLean (2023) provides an overview of animal, microbial, and plant-based
feedstuffs that have been examined as potential substitutes for FM/FO. In this
regard, plant-based feedstuffs and rendered meat products have been the sub-
ject of the most extensive research, and a substantial body of literature exists
on their use in the feeding of a wide range of important species cultivated glob-
ally. This research is ongoing and is yielding valuable insights. However, alter-
native sources of nutrients, including single-celled products such as fungi and
yeasts, bacteria, and microalgae, are also being investigated as potential
sources of protein, lipids, pigments, and enzymes. The role of feed additives,
including exogenous enzymes (such as phytases, lipases, proteases, and carbo-
hydrates), is also being evaluated as a means of potentially enhancing the nu-
tritional profile of aquafeeds.

Additionally, chemoattractants and palatants, as well as pre-, pro-, and syn-
biotics, are being explored as potential tools for improving the digestibility and
palatability of aquafeeds. However, due to the limitations of this review, our
focus is limited to the latter issues.

ACTA AGRARIA KAPOSVARIENSIS
27



THE ROLE OF NUTRITION IN ACHIEVING SUSTAINABLE AND ENVIRONMENTALLY FRIENDLY AQUACULTURE

Soybean

The use of soybean meal (SBM) and soy protein concentrate (SPC) as alterna-
tives to fishmeal in aquafeeds is becoming increasingly prevalent due to the
growing demand and limited supply of fishmeal (Dersjant-Li, 2002; Gatlin,
2003). SBM is a highly nutritious plant protein source, often constituting 50-
60% of the diet of omnivorous freshwater fish species (Gatlin, 2003). However,
SBM contains anti-nutritional factors that can restrict its inclusion levels
(Dersjant-Li, 2002). SPC, which contains reduced anti-nutritional components,
has demonstrated potential for partial or complete replacement of fishmeal
without adverse effects on growth performance in a range of aquatic species
(Dersjant-Li, 2002; Gyan et al., 2019). In recent years, there has been a growing
interest and adoption of enzymatically hydrolyzed soybean as a fishmeal sub-
stitute in aquafeeds. Huang et al. (2024) demonstrated that replacing up to
45% of dietary fishmeal with enzymatically hydrolyzed soybeans did not neg-
atively impact the growth performance of juvenile Chinese mitten crabs (Eri-
ocheir sinensis). Similarly, Tibaldi et al. (2006) demonstrated that substituting
50% of dietary fishmeal with enzymatically hydrolyzed soybean meal has no
adverse effects on the growth performance and whole-body composition of
European sea bass (Dicentrarchus labrax). Furthermore, the use of a multi-en-
zyme strategy for the hydrolysis of soybean has been demonstrated to be more
effective than a single-enzyme approach in terms of substituting fishmeal in
aquafeeds. It has been demonstrated that protease-treated soybean meal can
substitute for 20% of fishmeal in the diets of largemouth bass (Micropterus
salmoides). Furthermore, combination treatment with protease and non-
starch polysaccharide enzymes has been shown to facilitate the replacement
of up to 47.27% of dietary fishmeal with soybean meal for largemouth bass
(Zhang et al., 2019). Therefore, soybean protein hydrolyzed through multiple
enzymes represents an efficacious substitute for fishmeal in aquafeeds. Xu et
al. (2024) obtained similar results on juvenile American eel (Anguilla rostrata).

The utilization of organic acids in the domain of aquaculture and the aq-
uafeed industry has recently witnessed a surge in interest. Farmers are keen
to enhance their yields through the culture-based system and the commercial-
ization of organic acids in aquaculture, to improve growth performance and
disease control. As evidenced by the research reviewed, numerous studies
have demonstrated that organic acids, their salts, or blends in feed enhance
growth, feed utilization, gut health, and disease resistance in aquatic animals.
In general, studies on organic acids have indicated that they can enhance
growth performance and nutrient utilization in aquaculture. The growth factor
appears to be contingent upon the specific type of organic acid employed and
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the host organism in question (Ng and Koh, 2011). The utilization of organic
acids in aquaculture is gaining considerable traction. The results of research
studies indicate that organic acids, their salts, or mixtures can enhance growth,
feed utilization, gut flora health, and disease resistance in aquatic animals.
However, the beneficial effects vary by species and type of acid, and research
suggests that further investigation is needed to understand the mechanisms
involved. The economic feasibility of incorporating organic acids is limited, so
scientific evidence is needed to support the benefits of their use (“Organic ac-
ids in aquafeeds - A sustainable alternative to antibiotics” 2019).

Microorganisms: microalgae, yeasts, fungi, and bacteria

Microalgae, in particular, have high biomass productivity and a low environ-
mental footprint, making them an environmentally sustainable option (Nagap-
pan et al.,, 2021). However, challenges remain in commercial production, in-
cluding high costs and the need for novel processing technologies to improve
digestibility and reduce antinutritional factors (Sarker, 2023; Siddik et al,,
2023). Despite these hurdles, ongoing research and technological innovations
are focused on optimizing microbial-derived nutrients for aquaculture, with
the potential to significantly contribute to the industry's sustainable growth
(Gamboa-Delgado and Marquez-Reyes, 2018; Nagappan et al., 2021).

Sarker et al. (2023) gave an excellent overview of the benefits of using mi-
croorganisms in aquafeeds, mentioning first the microalgae protein and oil
that has gained momentum for their use in aquaculture feeds. Marine microal-
gae, particularly have great potential to replace fishmeal and fish oil in salm-
onids and other finfish feeds because of their high levels of fatty acid and pro-
tein content. Marine microalgae, Nannochloropsis oculata, Isochrysis sp., and
Schizochytrium sp. showed promise in aquafeed because they are rich in EPA,
DHA, protein, key amino acids (methionine and lysine), lipids, and are good
sources of minerals. Defatted N. oculata coproducts (leftover biomass oil ex-
traction) contain approximately 20% to 45% crude protein, with good amino
acid profiles. Including defatted N. oculata as a protein source into diets up to
33% for tilapia and up to 10% for Atlantic salmon did not affect their perfor-
mance or health status. Another unique benefit of the defatted microalgae is
their function in serving not only as an excellent protein source but also as a
source of polyunsaturated fatty acids (PUFAs) to enrich n-3 fatty acids. Defat-
ted N. oculata is more nutrient-dense compared to the whole cells. The digest-
ibility of lysine (often deficient in terrestrial crop protein) was higher], and the
EPA was also highly digestible, making it a good candidate for EPA supplemen-
tation in tilapia feed (Sarker et al., 2018) A recent study showed that Isochrysis

ACTA AGRARIA KAPOSVARIENSIS
29



THE ROLE OF NUTRITION IN ACHIEVING SUSTAINABLE AND ENVIRONMENTALLY FRIENDLY AQUACULTURE

sp. is a highly digestible protein, amino acid, lipid, and fatty acids source for
rainbow trout. This species could be a good candidate for fishmeal and fish oil
replacement in rainbow trout diets and can be used as a health-promoting
omega-3, DHA supplement in diets. Research showed that lipids extracted
from Desmodesmus sp. could be used (20%) in the salmon feeds without any
negative effect on growth and fillet composition. A Spirulina algal meal could
be also incorporated in 10% of the rainbow trout feed without any adverse
effect on fish performance (Kiron et al,, 2016, Sirakov et al., (2012).

Yeast has also emerged as a viable substitute protein source in the aquacul-
ture industry due to its potential as a nutritional supplement, as illustrated in
Table 1. Furthermore, yeast has the potential to act as an effective immune-
stimulating agent, thus helping to prevent disease. However, except methio-
nine, lysine, arginine, and phenylalanine, which are typically the limiting es-
sential amino acids in various fish species, the various yeast species have
amino acid profiles that are advantageous compared to fishmeal (Sultana et al.,
2024).

Table 1.
Chemical composition of Saccharomyces cerevisiae yeast meal and fishmeal.

Composition S IR | cerevislaey  hhaden fishmeal
from beer fermentation

Dry matter% 93 91.2-92

ME (kcal/kg) 1990 3370

Crude protein% 44.4 59-68.5

Crude fat% 1 9.1-10.4

Crude fiber% 2.7 0.9

Ca% 0.12 4.87-5.34

P% 1.4 2.93-3.05

Source: Hicks et al., 2016; Bertolo et al., 2019.

Research indicates that yeast antimicrobial peptides can replace up to 40%
of fishmeal in fish diets, with a 1% supplementation significantly improving
disease resistance (Gyan et al., 2019). The utilization of yeast in aquafeeds
could potentially reduce global fishmeal usage by 13.94% and decrease the
carbon footprint of aquaculture, contributing to improved sustainability in the
industry. FM replacement using brewer’s spent yeast (BSY) is 30-50% for car-
nivores and 35-80.8% for omnivore fish. Also, the utilization of BSY in the
global aquafeed industry could reduce fishmeal usage by up to 13.94% (0.369
MMT) globally and reduce the carbon footprint by about 1.79 megatonnes of
CO: and fish-in-fish-out ratio (FIFO) from 0.82:1 to 0.71:1. Thus, utilization of
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BSY in the aquaculture sector improves circular bio-economy and environ-
mental sustainability in fish production. (Gokulakrishnan et al., 2022).

Edible insects

The production of edible insects for animal feed has seen significant growth
over the past decade, due to several key factors, as:

» Theincreasing global demand for animal protein, driven by population
growth and changing dietary preferences, has created a need for alter-
native protein sources, further stimulating the expansion of the insect
farming industry.

» Sustainability concerns include the reduction of greenhouse gas emis-
sions, the conservation of land and water resources, and the optimiza-
tion of feed conversion ratios.

» The nutritional value of insects is a rich source of protein, essential
amino acids, vitamins, and minerals, rendering them an attractive al-
ternative to conventional protein sources such as soy and fishmeal in
animal feed.

» Research and development: The increased research into the benefits
of insect-based feed has contributed to a greater awareness and ac-
ceptance of this practice among farmers and consumers.

» Technological advancements: Technological advancements have led
to improvements in farming and processing technologies, thereby en-
hancing the viability of insect production.

In their introduction to "Insects as Sustainable Food Ingredients," Dunkel
and Payne (2016) provide a comprehensive overview of the global significance
of edible insects. They highlight the growing demand for animal-based protein,
the efficient use of land and water, and the limitations of non-renewable en-
ergy sources. In light of the mounting concerns surrounding sustainability,
Guiné et al. (2021) present significant findings regarding the efficiency of in-
sects in comparison to other livestock. Furthermore, they indicate that the en-
vironmental impact of insect production considers factors such as feed con-
version, land use, and water consumption. In comparison to other land ani-
mals, insects require the least amount of feed, land, and water. This is followed
by chickens, pigs, and cows. In his book chapter, Riddick et al. (2014) provided
a comprehensive overview of the utilization of insects as a protein source in
aquaculture at the time. This review of the research discusses four key spe-
cies—the black soldier fly, the common house fly, the silkworm moth, and the
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yellow mealworm—which were selected as model insects to illustrate the pro-
gress been made. It is crucial to consider the variations in protein and fat con-
tent across these species, given that they differ not only between species but
also between developmental stages within a species. The primary findings of
the study indicated that the inclusion of insects in the form of meals or pellets
could provide an adequate protein source to partially substitute for conven-
tional fish meals in the diets of omnivorous fish species, such as catfish and
carp, as opposed to carnivorous fish, including trout and salmon. It is impera-
tive to develop cost-effective, large-scale farming techniques to meet the in-
creasing demand for farmed fish.

Additionally, it is important to consider that insects serve not only as meal
replacements but also as probiotics due to their chitin and AMP content. The
inclusion of insect meal in fish diets, even at relatively low levels, has the po-
tential to enhance the immune system of fish and improve their performance,
as evidenced by previous studies in other livestock species. It is also important
to note that there are more than 200 species of farmed fish, and their dietary
requirements remain poorly understood. Furthermore, the process of insect
meal elaboration before its incorporation into animal feed warrants consider-
ation (Nogales Mérida et al., 2018). In their 2022 overview, Hameed et al. dis-
cussed the potential benefits and opportunities of insect-based feed, empha-
sizing its capacity to enhance the sustainability and efficiency of aquaculture
practices. The authors of the review article in question cite recent research and
studies on the use of insects as a feed source for fish and other aquatic species.

Feed additives

Modern aquafeeds generally contain the following basic ingredients:

e Fishmeal: A primary source of protein derived from fish, providing es-
sential amino acids and omega-3 fatty acids.

e Soybean meal: A common plant-based protein source, often used to
supplement fish meal.

e Corn gluten meal: Another plant-based protein source, adding both
protein and energy.

e Wheat gluten: Provides protein and helps improve the binding and
texture of the feed.

o Fish oil: A source of essential fatty acids, particularly omega-3, im-
portant for growth and health.
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Using the following kinds feed additives in different concentrations de-
pends on factors like species, age group, heath status and production goals and
keeping conditions.

e Vitamins: Essential vitamins such as A, D, E, K, and B vitamins to sup-
port overall health and growth.

e Minerals: Essential minerals like calcium, phosphorus, magnesium,
and trace minerals such as zinc, copper, and selenium.

¢ Binders: Ingredients like wheat bran or starch are used to improve pel-
let stability and texture.

e Probiotics and prebiotics: To enhance gut health and improve nutrient
absorption.

e Antioxidants: Such as tocopherols or ascorbic acid to maintain feed
quality and stability.
Flavoring agents: To enhance palatability and stimulate feeding.

o (oloring agents: To improve the appearance of the feed or the colora-
tion of the fish.

The specific composition of the ingredients may vary depending on the par-
ticular nutritional requirements of the aquaculture species in question, and
may also be adapted to reflect local availability and cost-effectiveness.

A feed premix is defined as a concentrated blend of vitamins, minerals,
amino acids, and other nutrients that have been formulated for addition to an-
imal feed. The objective is to guarantee that the ultimate feed mixture provides
the essential dietary requirements for any livestock in general, and also for aqg-
uaculture species, of course3. The use of a premix allows producers to effi-
ciently balance the nutritional content of the feed, thereby enhancing animal
health, growth, and productivity. Feed premixes can be formulated to meet the
specific nutritional requirements of a given species or production goal. They
are typically mixed with a base feed ingredient before administration to ani-
mals. A premix is defined as a blend of micro-ingredients mixed into a carrier
substance. The addition of a premix to a feed is often the smallest, yet has the
potential to have the most significant impact on the nutritional value of the
feed. An effective premix should facilitate the uniform distribution of micro-
ingredients and enhance their absorption. The selection of an appropriate car-
rier for the micro-ingredients can facilitate the attainment of optimal charac-
teristics concerning flowability and homogeneity. Furthermore, the utilization
of suitable and stable forms of vitamins and minerals is crucial to guarantee
optimal bioavailability for the intended species. Furthermore, innovative oral
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delivery systems, including bio-encapsulation and enteric-coated beads, are
being developed to enhance the efficacy of in-feed medications (Daniel, 2009).
The objective of these advancements in aquafeed premixes is to facilitate sus-
tainable growth in aquaculture while addressing challenges related to fish
health and environmental concerns.

Modern aquafeed premixes have undergone significant developments to
address concerns related to sustainability and to enhance the health of fish.
While fishmeal and oil were historically the primary ingredients, their limited
supply has prompted the investigation of alternative sources (Hardy, 2009).
Microalgae biomass is emerging as a promising sustainable feed ingredient,
offering essential nutrients and bioactive compounds that can enhance fish
survival, colouration, and fillet quality (Nagappan et al, 2021). Probiotics,
prebiotics, and synbiotics are increasingly incorporated into aquafeeds to im-
prove growth performance, immune competence, and overall fish well-being
(Rohani et al.,, 2021). These bio-friendly additives can potentially mitigate
stress and enhance the composition of the intestinal microbiota. The extensive
research conducted on prebiotics and probiotics has resulted in the rapid pro-
duction and broad-scale application of these bioactive compounds in various
fields, including medicine, nutrition, and agriculture. However, the intensifica-
tion of aquaculture practices has increased the stress for aquatic animals and
the environment. Various chemicals and antibiotics have been applied that
cause serious problems and indirectly affect human health and even directly
by producing antibiotic-resistant bacteria strains. Nevertheless, novel prod-
ucts and applications may significantly alter the profile of good practices in
many fields, from disease prevention to water quality management, and usher
in a new era of sustainable development in this field (Hancz, 2022).

The use of phytochemicals (also called phytoactive or phytobiotics) is also
flourishing in aquaculture. These are alkaloids, flavonoids, pigments, phenol-
ics, terpenoids, steroids, and essential oils of plant-derived compounds associ-
ated with maintaining good health in the human cultural heritage of many
countries. The phytochemicals contained in herbs can enhance the innate im-
mune system and possess antimicrobial capabilities that can be used without
causing environmental and /or hazardous problems. Most phytochemicals are
redox-active molecules having antioxidant properties that can improve the
overall physiological condition of fish, thus acting as growth promoters. Their
endocrine-modulating ability can even be used for sex reversal (Chakraborty
and Hancz, 2011; Chakraborty et al.,, 2014). Tastan and Salem (2021) and Dev
et al. (2024) provided comprehensive overviews of the most recent advances
in this field, emphasizing the necessity for further studies to investigate the
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potential synergistic effects of combined phytochemicals. Additionally, they
underscored the importance of conducting more extensive research to assess
the industrial applications of phytochemicals on a larger scale.

CONCLUSIONS

Sustainability has become a key issue in all areas of human activity concerning
the environment, climate, social stability and well-being, and ultimately the fu-
ture of humanity in a thriving globe. Aquaculture has an important role to play
as a supplier of healthy food and as a possible guardian of the good quality and
biodiversity of natural waters.

Semi-intensive pond aquaculture has evolved ab ovo according to the prin-
ciples of sustainability and so provides a model for a holistic approach to sus-
tainability.

Feed production and feeding technology are certainly the most important
areas of the aquaculture industry, both from an economic and environmental
point of view, especially in different types of intensive systems. The production
of balanced diets that meet the physiological needs of an ever-increasing num-
ber of aquatic animals has already yielded tremendous results and is in con-
stant progress.

In addition to the traditional components of feed additives such as vitamins,
minerals, binders and antioxidants, relatively new supplements such as prebi-
otics, probiotics and phytochemicals are particularly important. The latter can
help reduce the use of hazardous chemicals and antibiotics.

Fortunately, all of the above areas of aquatic animal nutrition, which are of
immense economic importance, are undergoing intense research and develop-
ment that will help achieve sustainability goals.
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ABSTRACT - The study, conducted at the Hungarian University of Agriculture and Life Sciences, in-
volved five poultry species across 25 genotypes (N = 174). Environmental enrichment elements such
as pumpkins, apples, corncobs, and hay were tested in pens designed to simulate real farm conditions.
We monitored the consumption and weight change of these elements over a week, aiming to identify
preferences and practical benefits for different poultry genotypes, contributing to improved animal
welfare and potential economic efficiencies in production. TETRA SUPER HARCO consumed pumpkin
and hay at rates over twice those of other layer hybrids (20 g/hen/day vs. 10 g/hen/day). The prefer-
ence for red apples was markedly higher in TETRA-L SUPERB and TETRA-SL LL, with up to tenfold
greater consumption compared to green apples (5 g/day/hen vs. 0.5 g/day/hen). Meat hybrid geno-
types like TETRA-HB COLOR and ROSS 308 showed significant hay consumption (25 g/day/hen), sur-
passing layer hybrids. Native dual-purpose breeds preferred pumpkin (10 g/day/hen) and had lower
consumption of hay, especially the Transylvanian bald-necked hens (3 g/day/hen). All hen genotypes
showed reduced interest in enrichment elements over time. Ducks, particularly the Hungarian white,
showed high consumption rates for pumpkin (up to 15 g/day/duck) and meadow hay (up to 51
g/day/duck), significantly more than other genotypes. Geese exhibited the highest consumption across
all elements, with up to 74.8 g/day/goose of hay, reflecting their grazing nature. Turkeys consumed the
most apples, averaging 28.3 g of red apples per individual, while guinea fowls showed lower consump-
tion rates. Generally, softer elements like pumpkin were preferred, with the consumption of harder
items such as corn being minimal. These results highlight differences in enrichment use based on gen-
otype behavior and size, suggesting practical implications for enrichment strategies in avian manage-
ment. Environmental enrichment enhanced the behavioral repertoire of all poultry species, benefiting
their welfare. Laying hens preferred red apples over green, likely due to color attraction. Meat-type
hens favored hay, reflecting their larger appetite and calmer behavior. Indigenous dual-purpose geno-
types used enrichment elements more than intensively reared hybrids. Corn cob was minimally con-
sumed, suggesting it's less effective as an enrichment material. Geese utilized enrichment the most,
while Hungarian guinea fowl showed minimal interest, possibly due to their wilder nature. Turkey gen-
otypes varied in their enrichment use, with a tendency towards hay. Further research with larger sam-
ple sizes and diverse enrichment forms is recommended.

Keywords: environmental enrichment, poultry behaviour, genotype preferences, animal welfare, con-
sumption patterns
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COMPARATIVE ANALYSIS OF ENVIRONMENTAL ENRICHMENT PREFERENCES IN POULTRY

INTRODUCTION

The development and study of various environmental enrichment processes is
currently in its heyday across Europe. One of the main reasons for this is that
the European Council banned the keeping of laying hens in traditional cages
from January 1, 2012. In addition, the fact that a significant part of the popu-
lation of the developed world has increased concern for the welfare of animals
also plays a big role. This is perfectly demonstrated by a 2019 survey, which
clearly shows that the majority of customers (regardless of their financial si-
tuation) prefer products that state that they come from appropriate animal
welfare practices (Cornish et al, 2020).

Compared to other poultry raised for meat use (broiler chicken, broiler
duck, broiler goose), laying hens spend much more time, up to 1-1.5 years, in
production compared to 5-9 weeks. It is important that this long period of time
is spent under the conditions of the husbandry technology. That is why laying
hens receive the greatest professional and scientific attention among poultry
species and utilization directions in terms of husbandry technology and
environmental enrichment issues.

It is known that physical constraints, especially housing, significantly influ-
ence animal behavior (Black and Hughes 1974). Comfortable behavior can be
associated with a positive emotional state in domestic hens (Zimmerman et al,
2011).

According to Jacobs et al. (2023), the activity level of animals can be impro-
ved by modifying the environment. Enrichment, which increases the comple-
xity and diversity of the environment, can have great benefits for poultry wel-
fare. Playful behavior leads to a positive feeling of well-being and, although we
do not yet know how much play would be optimal, it has been proven that their
deprivation reduces the well-being of animals. One of the goals of environ-
mental enrichment is to reduce or even prevent the occurrence of harmful be-
haviors. Overall, environmental enrichment serves to preserve the mental and
physical health of poultry, thereby improving commodity production.

Continuing to highlight the importance of environmental enrichment, it can
be said that visual environmental enrichment can enhance neural develop-
ment. Enrichments that test the left/right hemisphere of the brain and target
behavioral characteristics can prepare the birds for the specific type of adult
housing environment (e.g. cage, indoor, outdoor). In addition, the use of
structural enrichment elements is also necessary for the optimal development
of the skeleton. Enrichment elements can improve the function of the immune
system by applying mild stress factors that promote adaptability. Housing
systems with a rich stimulus environment can have many benefits, including
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reducing fear, which facilitate later transitions to multilevel technology. Ove-
rall, it can be said that environmental enrichment is necessary for the birds'
physical and "mental” health, since the final product, be it meat or eggs, largely
depends on these factors. Of course, breeders must adapt to different herd pre-
ferences in order to provide each group with the most suitable environmental
enrichment according to age and genotype (Campbell et al,, 2019).

Researchers have already tried a wide variety of environmental enrichment
elements, primarily in hen keeping, such as litter materials (Huber, 2001; De
Haas (2014), beak abrasive blocks (Farkas et al., 2021), special beak-wearing
feeders (Runion, 1993), brightly colored bottles, balls , rattles (Reed, 1993),
perching bars (Gunnarsson, 1999; Huber, 1999) and we could list more. In this
research, we are looking for an answer to whether a the extent to which the
environmental enrichment elements (hay, apples, corncobs, pumpkins) placed
in different poultry were used and consumed by the different poultry species
and genotypes. Which one they like the most, and which one may be justified
to use for poultry species. With the results and conclusions of our study, we
hope to be able to help practitioners in creating a more stimulating and well-
being environment for animals, as well as in achieving the most economical
production possible.

MATERIALS AND METHODS

The study was conducted at the Kaposvar Campus of the Hungarian University
of Agriculture and Life Sciences with five different poultry species, with a total
of 25 genotypes (N = 174).

Transdanubia's largest animal breeding exhibition, the "KAN University
Days" is the defining high-ranking professional event of the Hungarian Univer-
sity of Agriculture and Life Sciences in the autumn, at the economic poultry
exhibition, the dominant breeders and breeding organizations of our country
present the genotypes of various species and utilization types. We conducted
our study at this location, where we created environmental conditions and
conditions suitable for keeping poultry species.

After the exhibition, we carried out the tests for one test week.

The conditions of our study and the number of elements per genotype were
given, and an increase in the number of elements may be justified in a further
study.

At the same time, the uniqueness and specialness of our research is that we
examined the preferences and practical experiences of different environ-
mental enrichment elements used in both large and small farms in the same
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conditions in several genotypes of hens, turkeys, guinea fowls, ducks and ge-
ese.

The tested genotypes were

Commercially available laying hybrid hen genotypes

1. TETRA SUPER HARCO parent stock (17 weeks of life) (n = 14) 2 roosters, 12
hens (Babolna TETRA Kft.)

2. TETRA-L SUPERB parent stock (21st week of life) (n = 13) 1 rooster, 12 hens
(Babolna TETRA Kft.)

3. TETRA-SL LL parent stock (20 weeks of life) (n = 14) 2 roosters, 12 hens
(Babolna TETRA Kft.)

4. TETRA-SL LL commercial hybrid (21st week of life) (n = 15) 15 hens (Ba-
bolna TETRA Kft.)

Commercially available meat-type hen genotypes:

1. TETRA-HB COLOR parent stock (17th week of life) (n = 17) 3 roosters, 14
hens (Babolna TETRA Kft.)

2.ROSS 308 parent stock (19 weeks oflife) (n = 15) 1 rooster, 14 hens (Poultry-
Tim Kft.)

3. ROSS 308 commercial hybrid (5th week of life) (n = 11) 5 roosters, 6 hens
(Agro-Ciko Kft.)

Native dual purpose hen genotypes:
1. Hemp-seeded Hungarian hen (19 weeks of life) (n = 4) 1 rooster, 3 hens
(NBGK, MGE*)
2. White Hungarian hen (19 weeks of life) (n = 3) 1 rooster, 3 hens (NBGK,
MGE)
3. Yellow Hungarian hen (19 weeks of life) (n = 3) 1 rooster, 3 hens (NBGK,
MGE)
4. Captive colored Hungarian hen (19 weeks of life) (n = 3) 1 rooster, 3 hens
(NBGK, MGE)
5. Hemp-seeded Transylvanian bald-necked hen (19 weeks of life) (n = 3) 1
rooster, 3 hens. (NBGK, MGE)
6. Black and white Transylvanian bald-necked hen (19 weeks of life) (n =8) 2
rooster., 6 hens. (NBGK, MGE)

(*Breeder: National Center for Biodiversity and Gene Preservation;
Breeding Organization: Hungarian Livestock Gene Preservation Association)
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Turkey indigenous genotypes:
1. Bronze turkey (1 year old) (n = 3) 1 gobbler, 2 hens (NBGK, MGE)
2. Copper turkey (1 year old) (n = 3) 1 gobbler, 2 hens (NBGK, MGE)

Guinea fowl:
1. Hungarian guinea fowl (1 year old) (n = 6) (NBGK, MGE)

Duck genotypes:

1. STIMUL-MG AS (mulard) parent stock (28 weeks of life) (n = 4; 1 drake, 3
hens) (ORVIA Magyarorszag Kft.)

2. White Hungarian duck (2 years) (n =4; 1 drake, 3 hens) (NBGK, MGE)

3. Variegated (wild-colored) Hungarian duck (2 years old) (n = 4 pcs; 1 drake,
3 hens) (NBGK, MGE)

4. ST5 LOURD parent stock (65th week of life) (n = 4; 1 drake, 3 hens) (ORVIA
Magyarorszag Kft.)

Goose genotypes:

1. Gray goose SI 14 parent stock (1 year) (n = 4; 1 gander, 3 geese) (ORVIA
Magyarorszag Kft.)

2. Hungarian goose (18 weeks of life) (n = 4; 1 gander, 3 geese) (NBGK, MGE)
3. INTEGRAL-MB 09 geese (5.5 years) (n = 4; 1 gander, 3 geese) (Integral-
Group Kft.)

4. Dunai Magyar Lud Egyes (9th week of life) (n = 6; 1 gander, 3 geese)
(ANABEST Kft.)

5. White goose SI 4 parent stock (1 year) (n = 4; 1 gander, 3 geese (ORVIA Ma-
gyarorszag Kft.)

All hen genotypes were of almost the same age (17-21 weeks of life).

The observation of the flock and the collection of data started after a 5-day
adaptation period.

The pens with a floor area of 4 m? (2 x 2 m) were littered with dust-free
softwood shavings (10 cm thick) (picture 2, picture 3). A suspended hand-fil-
led self-feeder was placed in the scratching area littered with wood shavings,
from which the animals could consume the commercially available feed ad li-
bitum, drinking water from a manually filled open surfaced self-drinker (pic-
ture 3).

The temperature in the barn during the test was usually 15-182C. We used
LED (Dilaco Lighting Agro Star LED Spot) lighting for 16 hours a day (sunrise:
start: 3:45, duration: 30 minutes, light: 4:15; sunset: start: 19:45, duration: 30
minutes, total darkness: 20:15).
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Picture 1. Placement of the pens, part of the stock

Five different environmental enrichment elements were suspended in the
pens, the center of which reached the height of the animals' backs (picture 3).
The tested environmental enrichment elements were the following:

1. Pumpkin (Canadian pumpkin, 'Orange’ variety) quartered along the lon-
gitudinal axis

2.Red 'Jonathan' apple (4 half apples strung on top of each other, small juice
apple category, more acidic, sour taste)

3. Corn cob

4. Green 'Mutsu' apple (4 half apples strung on top of each other, small juice
apple category, sweet taste)

5. Meadow mixed hay

The environmental enrichment elements were suspended in the same or-
der and distance from each other and other technological elements in all pens
for all genotypes (picture 3).

If there were more replicates per genotype, we would have suspended
them randomly.

If an environmental enrichment element was completely used up, it was
immediately replaced.
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Picture 2. The layout of the test pen and the environmental enrichment elements, con-
sumption and weight loss

The observation of the flock, the installation of environmental enrichment
elements and the collection of data started after a 5-day adaptation period and
took place over the course of a test week.

4

Picture 3. The layout of the test pens and the placement of the inserted environmental en-
richment elements, with the turkey genotypes in front
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During the observations, we remeasured the weight change of the various
environmental enriching elements daily, thus the extent of their weight loss.
We also monitored the feed consumption of the animals.

In our research, we deliberately used environmental enrichment elements
that could also function as food. After all, the wild ancestor of the domestic
fowl, the red jungle fowl, spends most of its active time almost constantly se-
arching for and eating food (Dawkins, 1989; Deemling and Bubier, 1999) and
even caged laying hens spend around 40% of their time feeding filled (Horn,
1981). Stimulus enrichment related to nutrition is the one that is most suitable
for arousing and binding the animal's interest compared to other diverse but
less used stimulus enrichment elements (e.g. chain, ball, mirror, shelf, perch,
etc.). In case of a larger consumption, it may be necessary for economical pro-
duction to calculate the amount and content of the expected consumption of
stimulus-enriching elements during feeding and production. Examining pro-
duction indicators was not the aim of the research.

RESULTS

Use of environmental enrichment elements in the case of different ge-
notypes of laying hens

Among the layer hybrid genotypes, we had the opportunity to observe three
groups of parent stock and the TETRA-SL LL commercial hybrid.

The consumption of pumpkin and hay by TETRA SUPER HARCO, shown in
the first half of the diagram, proved to be exceptionally high, more than twice
that of the other three test groups, even the red apple was preferred by the
light-bodied TETRA-L SUPERB parent stock with a lively temperament and the
medium-heavy TETRA-SL LL hybrid (Figure 1). The green apple consumption
was almost exactly the same for TETRA SUPER HARCO and the TETRA-SL LL
hybrid, while the other two genotypes only consumed half of it during the
study period. In the case of all genotypes, it is clear that the attention of the
layer hybrids was captured by the corncob the least during the observation,
they only consumed a few grams of it in a week. Due to its physical properties,
this environmental enrichment element was less able to be consumed by the
hen.
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Figure 1. Average daily weight loss of different environmental enrichment elements du-
ring the test week for the different genotypes of laying hens (g/bird)

By inserting the two different apples, we searched for the answer to which
one the hen would prefer if she chose the apple. It is worth using red or green
apples in practice, if it comes down to it.

Overall, it can be said that we experienced a higher consumption of red app-
les, since all genotypes, except for TETRA SUPER HARCO, consumed red apples
to a greater extent, which difference in the evening of the TETRA-SL LL hybrid
is double, and in the case of the light-bodied TETRA-L SUPERB parent stock,
more than it was tenfold.

Use of environmental enrichment elements in the case of different meat
hybrid genotypes

Among the environmental enrichment elements, the hay consumption of the
TETRA-HB COLOR and ROSS 308 parent stock was outstanding. It is in-
teresting that the parent stock TETRA-HB COLOR, which gives premium meat
quality, and which grows more slowly, and ROSS 308, which is used for the
production of typical large-scale chickens, consumed hay in a similar pro-
portion (picture 4), which surpassed the hay consumption of the previously
presented layer hybrids (TETRA SUPER HARCO except).
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One of the reasons for this high consumption rate may be that these ge-
notypes have a high appetite and feed consumption. It is also characteristic
that these calmer, more phlegmatic genotypes ate more of the easier-to-con-
sume environmental enrichment element.

By the way, it is a well-known fact from practical application that straw,
which is somewhat similar to hay, attracts the attention of broiler chickens to
a large extent and also has a positive effect in reducing foot diseases (Baxter et
al, 2018).

The consumption of pumpkin and apples was similar for these two ge-
notypes, showing a value of about one third of the hay, while the meat-type
hens paid almost no attention to corn, and used roughly the same amount as
the layer hybrids.

The evaluation of the ROSS 308-a broiler final product was left to the end
because this genotype was a rather special case. There was hardly any meas-
urable consumption of environmental enrichment elements by these birds. On
the other hand, their consumption of mixed feed was exceptionally high com-
pared to the other genotypes, well representing the meat type's high appetite
serving its outstanding growth potential.
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Figure 2. Average daily weight loss of different environmental enrichment elements du-
ring the test week for different meat type hen genotypes (g/bird)
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There was no meaningful, significant difference between the consumption
of red and green apples, they were consumed to approximately the same ex-
tent.

With their phlegmatic and calm temperament, we can explain that they
"concentrated” only on eating the food placed in front of them, and then on
resting afterwards.

Y b sty ~ Z- s i X N
Picture 4. Hay consumption of the meat-type TETRA-HB COLOR and ROSS 308 parent
stock

L

We also found that the interest in environmental enrichment elements dec-
reased somewhat during the study period, even in the study by Ohara et al.
(2015), where it was established that the use of environmental enrichment
elements gradually decreased as the age of the birds increased.

Use of environmental enrichment elements in the case of native dual-use
hen genotypes

The native dual-purpose breeds shown in the diagram represented a comple-
tely different category than the genotypes discussed so far.

On the other hand, they paid at least as much, if not more, attention to the
environmental enrichment elements placed in the voliere than their egg and
meat hybrid counterparts (Figure 3). In the pens of almost all indigenous
poultry breeds, pumpkin consumption was the highest with values of around
10 g/hen, followed by red apples and hay, not far behind. Green apple was con-
sumed moderately in the pens of most genotypes, except for Hemp seed color
Hungarian hens, where the amount used by the animals was a slightly higher
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6.8 g/hen. These birds also ate about as much of the corn cob as the previously
mentioned genotypes.
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Figure 3. Average daily weight loss of different environmental enrichment elements du-
ring the test week for the different native dual purpose hen genotypes (g/bird)

Overall, it can be said that among the six indigenous breeds, the black and
white Transylvanian bald-necked hens had the lowest weight loss from all
environmental enrichment elements. The bald-necked ones consumed less
hay specifically, one of the reasons for which may be that the protruding har-
der, sharper straw fibers could have irritated or poked the bald neck area,
which could have disturbed them in eating hay.

These dual-use breeds, suitable for indoor or outdoor conditions, made ex-
tensive use of all environmental enrichment elements, one of the reasons for
which is the wilder, more natural life instinct that can be traced back to the
wilder genotype.

In addition, it may be worth mentioning that the genotypes of TETRA and
ROSS were kept in intensive housing conditions before the test, so they did not
encounter hay and other environmental elements and factors occurring in
semi-intensive conditions.

On the other hand, the indigenous dual-use Hungarian genotypes were
raised in semi-intensive conditions. That is why we prefer to compare them
with each other, which is also why they are included in a diagram.
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Use of environmental enrichment elements in the case of the studied
duck genotypes

The consumption of environmental enrichment elements of the studied duck
genotypes is in some cases much higher compared to the hen-shaped ones dis-
cussed so far (Figure 4).
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Figure 4. Average daily weight loss of different environmental enrichment elements du-
ring the test week for different duck genotypes (g/duck)

This can be explained by their visibly larger larger body size and the fact
that ducks especially like to peck and search with their beaks. With the excep-
tion of the white Hungarian duck, we measured approximately the same
pumpkin weight loss in the pens of the other three genotypes, 7-8.1 grams per
duck. The Hungarian white duck consumed 15 grams/duck of this environ-
mental enrichment element, which is twice that of the other breeds. The con-
sumption of the two types of apple and the corn was similar for the four ge-
notypes, even the inserted meadow hay was used quite differently, because in
the pen of the variegated (wild-colored) Hungarian ducks, we measured a we-
ight loss of 51g/duck during the test period, one of the reasons for which is the
genetic background, i.e. it is also to be found in the wilder, more natural tem-
perament. In the case of the other genotypes, this was only between 5.9 and
13.6 g/individual.
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Overall, we observed that the duck breeds, like the other genotypes parti-
cipating in the study, first consumed the soft, easier-to-eat inside of the pump-
kin, and then switched to its harder flesh. In relation to their consumption of
hay, we noted that they did consume part of the ducks as an element that en-
riches the environment, but they just "played"” with the other part.

Use of environmental enrichment elements in the case of the investiga-
ted goose genotypes

[t can be confidently stated that for the five environmental enrichment ele-
ments, the highest weight loss was measured in the pens of the goose ge-
notypes (Figure 5).
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Figure 5. Average daily weight loss of different environmental enrichment elements du-
ring the test week for different goose genotypes (g/goose)

Geese are known to be excellent grazers, they really like to peck and use
their strong beaks to dig into harder materials. Wild specimens and their do-
mesticated but free-range relatives both graze alot and are very curious, which
is why they taste almost everything (Vickery and Gill, 1999). For this reason,
we fixed the environmental enrichment elements in the pens of the geese par-
ticipating in the study with a material that they cannot catch. Regardless of
this, there was an example of some environmentally enriching element being
pinched to such an extent that it ended up in the litter. In such a case, the inser-
ted food was completely consumed within a short time, pointing out that the
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spatial location of the potential food intended as an environmental enrichment
element can also affect the level of consumption. If an experimental item ran
out, we naturally replaced it as soon as possible.

We can cite the INTEGRAL-MB 09 breeding animals, the two parent stock
of geese, and the bar chart of the Hungarian goose as a perfect example of this,
as it perfectly illustrates how much higher weight loss could be measured in
the event that the environmental enrichment element was added to the litter.
It can therefore be said that the geese were most interested in the five environ-
mental enrichment elements when they were below the litter level.

However, striking differences in the consumption of individual environ-
mental enrichment elements can also be observed between the investigated
goose genotypes. We measured weight loss of 10.1-13.6 g/goose even in the
pen of the parent stock of the Dunai lid goose and the white goose, while the
other three genotypes consumed almost five times and seven times this
amount during the test period.

The same division can be said about the hay consumption of goose breeds.
Individuals of the two genotypes shown in the first half of the table consumed
only 12.2-13.6 grams, and in the pens of the other three groups of geese, We
measured a weight loss of 61.8-74.8 g/goose during the week.

Use of environmental enrichment elements for the examined turkey ge-
notypes and guinea fowls

The consumption of the environmental enrichment element developed very
differently for these three genotypes. These breeds were not overly interested
in corn either, the consumption of the individuals was between 0.2 and 0.7
grams. Pumpkin was consumed by turkeys to about the same extent, guinea
fowls were somewhat less interested in it (Figure 6).

The two types of apples were consumed prominently by the turkey com-
pared to the other two genotypes. In this booth, an individual consumed an
average of 28.3 grams of red apples in one week, and 18.4 grams of green app-
les. The apple consumption of the other two genotypes was only a fraction of
these values. The two genotypes of turkeys used at least twice as much hay as
the Hungarian guinea fowl.

We would like to note that for these breeds (bronze turkey, copper turkey,
Hungarian guinea fowl),  measured the greatest weight loss on environmental
enrichment elements in the last two days.

It may be that even according to our experience, these wilder genotypes
had the hardest time getting used to their new place, perhaps the five-day
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adaptation period before the test proved to be too little for them and they only
start to show their natural behavior after that.
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Figure 6. Average daily weight loss of different environmental enrichment elements du-
ring the test week for turkey and guinea fowl genotypes (g/bird)

Other observations and comments

In summary, we found that based on our observations, the hen genotypes used
in the production of hybrids and their end products proved to be the most su-
itable for rapid adaptation, their rhythm of life and behavior were least affec-
ted by the new, never-before-seen environment. In the case of native ge-
notypes, it is conceivable that during semi-intensive education, they could
have encountered more diverse environmental factors and been familiar with
them.

Focusing on the corncob as the environmental enrichment factor used in
our study, our view is that the majority of the animals were not so interested
in this element because it proved to be difficult to obtain.

Because if the corn had been placed in front of the animals not in the form
of a tube, but crumbled, so that we could have measured a higher weight loss,
it would have functioned more as feed than as an environmental enrichment
element.

Most of the examined genotypes usually only consumed the softer, seedier,
fibrous, easier-to-squeeze part of the pumpkin placed in the booth, which, in
turn, helped the longer-term use of this element.
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Hay was one of the first to attract the attention of birds everywhere, but
mostly this element was not consumed for nutritional purposes, rather they
pulled the fibers out of the bundle out of curiosity and then threw them into
the litter.

In practice, for large farms, other, simpler forms of placement of these
environmental enrichment elements are recommended, which are less labor-
intensive, such as distribution in a feeding basket, net or trough system, de-
pending on the material and species.

During the test week, we did not experience any injuries or deaths, in which
the use of environmental enrichment elements could have played a role, beca-
use according to Reed et al. (1993), environmental enrichment during pro-
duction can be an important factor that affects the level of fear of adult birds
and can reduce the risk of injuries.

In addition, according to Son et al. (2022), alfalfa hay effectively alleviates
the stress that occurs in animals during keeping, and is also able to improve
the production of laying hens in flocks kept in aviaries.

The aim of the thesis was not to examine the production and feeding of ani-
mals. However, we considered it important to record the amount of daily feed
consumption of the different genotypes, which has an informative nature.

Table 1 only describes the feed consumption of those hen genotypes that
are in domestic and international trade, have high production potential and
economic weight. In addition, the daily feed consumption data corresponding
to the given age were presented from the public product brochures of the
breeding companies.

In relation to almost all parent pairs, it can be clearly seen that the laying
hens in our study consumed more feed than the daily feed consumption
amounts given by the breeding company, even with the consumption of stimu-
lus-enriching elements that can function as feed. The simple reason for this is
that, in this life stage, the parent pair is kept with naturally dosed feeding based
on the recommendation of the breeding company, while in my study we fed ad
libitum. It is also known that laying hens consume more in addition to ad libi-
tum feeding.

From the point of view of production and feed consumption, we obtain truly
relevant and usable data regarding the bottom line, in the case of the final pro-
duct ROSS 308. Commercially available feed was available to them ad libitum
both in colony conditions and in the study. In our study, they consumed 25%
less feed than the daily feed consumption data provided by the breeding com-
pany. From this, I conclude that the consumption of stimulus-enriching ele-
ments could also reduce the amount of feed intake. Although, according to our

ACTA AGRARIA KAPOSVARIENSIS
57



COMPARATIVE ANALYSIS OF ENVIRONMENTAL ENRICHMENT PREFERENCES IN POULTRY

measurements, 6.5 g/day/individual was lost, which does not necessarily exp-
lain the 46 g lower feed consumption. There is probably another reason for
this. For example, the feed we feed is not exactly the same as described in the
ROSS 308 final product brochure, and in our study there was 16 hours of
lighting, while the ROSS 308 final product brochure states 18 hours of lighting
at this age, which of course affects feed consumption.

Table 1

Development of daily feed consumption of different hen genotypes
Genotvpe Feed consumption Literature Diffe-

P g/day/bird data (g) rence (g)
TETRA SUPER HARCO p.s. (12 h, 1 r) 133 871 +46
17th week of life
TETRA-L SUPERB p.s. (12 h, 1 1) 83 952 -12
21st week of life
TETRA-HB COLOR p.s. (14 h, 3 1.) 203 1153 +88
17t week of life (21. week of
life)

TETRA-SL LL p.s. (12 h, 2 1)) 102 904 +12
20t week of life
TETRA-SL LL c.h. (15 h.) 104 975 +7
21stweek of life
ROSS 308 p.s. (14 h, 11.) 223 996 +124
19th week of life
ROSS 308 c.h. (11) 134 1807 -46
5th week of life

1: BABOLNA HARCO LAYER Parent Stock Chart and Graphs (URL1); 2: TETRA L SUPERB Parent Stock
Management Guide (URLZ2); 3: TETRA HB COLOR Parent Stock (URL3); +: TETRA-SL LL Parent Stock
Management Guide (URL4); 5: TETRA-SL LL toj6hibrid Tablazatok és grafikonok (URLS5); ¢: ROSS 308
Performance Objectives 2016 (URL6); 7: ROSS 308 ROSS 308 FF Performance Objectives 2022 (URL7)

CONCLUSIONS

Based on the results of our study, we concluded that the presence of environ-
mental enrichment elements may have increased the behavioral repertoire of
all poultry species, since they dealt with these different diverse environmental
enrichment elements, which is particularly beneficial from an animal welfare
point of view. The enrichment elements, to varying degrees, attracted the ani-
mals' interest as they consumed and utilized them. Since laying hybrid ge-
notypes generally consumed more red apples than green ones, we conclude
that laying hens prefer red apples over green ones as an enrichment element.
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We hypothesize that this preference may be due to a greater attraction to the
color red rather than green, with taste likely playing a secondary role.

The meat-type parent stock hens predominantly consumed hay, which we
attribute to their larger appetite and calmer temperament, leading to a feeding
behavior that prioritizes easily, quickly, and abundantly available enrichment
elements.

Indigenous dual-purpose genotypes, reared semi-intensively, made greater
use of the enrichment elements compared to intensively reared modern laying
and meat hybrid parent stock and commercial genotypes.

Only a few grams of corn cob, used as a environmental enrichment, were
consumed by the various poultry species over a week. From this, we infer that
among the tested enrichment elements (pumpkin, red apple, green apple, hay,
corn), corn is the least effective as a stimulant. We believe this may be due to
its physical properties, making it difficult to consume in this form. It may be
beneficial to fix it in place, such as on a wall, to make it easier to consume.

Despite this, they may have dealt with it relatively much, tweaked it, it may
have achieved its goal of enriching the environment, but they could not con-
sume it.

Since the ROSS 308 mixed-sex final product consumed the least amount of
all the enrichment elements, it can be concluded that among all the studied
poultry species and utilization directions, the use of these elements is least jus-
tified in broiler chicken farming.

Geese, compared to other commercial poultry species, utilized the enrich-
ment elements the most, especially hay, which is due to their species-specific
characteristics. As they are highly inclined to use enrichment elements, their
application is recommended, particularly in housing conditions and age gro-
ups where reducing stress and aggressive interactions is necessary.

The Hungarian guinea fowl consumed relatively small amounts of all the
enrichment elements placed in their enclosure. This could be due to their
wilder nature, as they are at a lower level of domestication and are more ca-
utious. Further research is recommended to study the use of enrichment ele-
ments in larger housing systems and under calmer conditions.

The two turkey genotypes showed different usage patterns of the enrich-
ment elements. However, like the geese, they consumed relatively more hay,
likely due to their lower level of domestication, large body size, and strong
beaks.

For more comprehensive and in-depth conclusions, further studies with
larger sample sizes and more repetitions are recommended. Standardizing re-
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aring conditions for the same poultry genotypes is also important. Additio-
nally, it is crucial to examine the effects of different enrichment materials on
production and aggression. It is also recommended to explore offering the en-
richment elements we studied in different, fixed forms, as well as testing other
enrichment materials across all poultry species.
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Mycotoxin contamination can occur at almost all levels of food production, processing, storage and dis-
tribution, and causes significant economic damage in animal husbandry, animal and crop production.
Ingestion of foodborne mycotoxins can cause numerous diseases and health impairments. This review
presents the different forms of fumonisin that can occur in foods and feeds, as well as the possible ef-
fects of digestion on these forms. The description of the toxicity of fumonisins includes the biochemical
background, the different degree of toxicity of individual fumonisin metabolites, and the caused detri-
mental health effects on different species. The biological detoxification of mycotoxins has an advantage
over physical and chemical methods with respect to nutrient losses, therefore this review focuses on
the biological processes that can lead to the elimination of fumonisins. The presented methods involve
bacterial binding and degradation that can promote the detoxification of fumonisins consumed with
food or feed.

Keywords: fumonisin, gastrointestinal tract, food matrix, digestion, bioaccessibility

BEVEZETES

A penészgomba populaciok szaporodasuk azon fazisaban, mikor képzddésiik
és pusztulasuk egyensulyba kertl, szekunder anyagcseretermékeket hoznak
létre. Egyes penészgomba fajok szekunder anyagcseretermékként mikotoxi-
nokat is termelhetnek. A mikotoxinok kialakuldsahoz nem elégséges csupan az
adott faj genetikai potencidlja, hanem az aladbbi kérnyezeti feltételeknek is tel-
jestlniiik kell: 1. megfelel6 homérséklet, 2. megfelel6 nedvességtartalom, 3.

*CORRESPONDING AUTHOR

Magyar Agrdr- és Elettudomdnyi Egyetem, Elettani és Takarmdnyozdstani Intézet

P< 7400 Kaposvdr, Guba Sandor utca 40., @ +36 (20) 246-8814

E-mail: varga-szatmari.viktoria@phd.uni-mate.hu 63



https://doi.org/10.31914/aak.5167
mailto:varga-szatmari.viktoria@phd.uni-mate.hu
https://orcid.org/0009-0008-8905-3964
https://orcid.org/0000-0001-8613-0620

FUMONIZIN ATALAKULASA AZ EMESZTES SORAN, TOXIKUS HATASUK, BIOLOGIAI HATASTALANITASUK

elegendd oxigén, 4. megfelel6 és elegend6 mennyiségii szubsztrat, 5. sziikséges
relativ paratartalom. A biogazdalkodas térhoéditdsa és a novényvéddszerek
egyre hangsulyosabb kiszorulasa noveli a penészgombak tulélési esélyeit, ez-
altal a mikotoxinok termel6dése sem kertil kell6 mértékben visszaszoritasra.
Ezen feliil egyes rovarok hozzajarulnak a penészgombdk terjesztéséhez, mely-
nek koévetkeztében a ndvények nagyobb aranyban ferté6zédhetnek (Freire és
mtsai, 2017; Kovdcs, 2019). A mikotoxinok kis molekulatomegiik miatt kifeje-
zett antigénhatassal nem rendelkezd toxikus vegyiiletek. Elviselik a magas h6-
mérsékletli (100-110 °C) hékezelést, nem bomlanak le a f6zés, melegités so-
ran. Kémiai stabilitdsuknak koszonhet8en az élelmiszerek tarolasa és feldol-
gozasa soran sem bomlanak le (Dawlal és mtsai, 2019). A gyomornedv sdsav-
tartalmanak ellendllnak, a szervezetben akkumulalédhatnak. A placentdn at-
jutva a magzatra is veszélyt jelentenek ezek a metabolitok, valamint tejjel ki-
valasztédva az Ujszlilott egészségét is karositjadk. A FAO adatai szerint a vilag
gabonatermelésének koriilbeliil 25%-at az FB1 szennyezettségnek leginkabb
kitett gabondk - az arpa, buza és kukorica - adjak, melyek nem csak a human
taplalkozasnak, hanem az abrakfogyaszté haszonallatok (sertés, baromfi, ké-
r6dzok) takarmanyainak alapjat is képezik. Sulyos esetben a szennyezett téte-
lek fogyasztasra, takarmanyozasra mar nem alkalmasak, ezért azok novelik az
élelmiszerveszteség mértékét. Tovabba kiemelendd tény, hogy a mikotoxinok
altal kivaltott betegségek gydgykezelési koltségei névekvd tendenciat mutat-
nak. A mikotoxinnal szennyezett élelmiszer vagy takarmany elfogyasztasa a
gyomor-bélrendszeri traktust érinti els6ként. A bélrendszer normal miiko-
dése, a szervezet teljes egészére hatassal van (emésztés, abszorpcio, helyi im-
munvalasz, mikrobiom 0sszetétele). Az emésztitraktus egyik feladata a pato-
gén kdorokozdkkal és toxinokkal szembeni védekezés. A fumonizinek és szar-
mazékaik a vékonybélbdl szivdodnak fel, a véraramon keresztiil szamos szerv-
hez (m3j, vese, tiidd, nyel6cso, agy) eljutnak és kifejtik karos hatasaikat. Mind-
ezekbdl kovetkezik, hogy a mikotoxinok jelenlétével és a mikotoxinok és szar-
mazékaik okozta megbetegedések (mikotoxikdzisok) veszélyével fokozottan
szamolni Kkell a jov6ben, amennyiben nem teszlink hatékony lépéseket annak
érdekében, hogy termelédésiiket visszaszoritsuk, vagy mennyiségiiket a kon-
taminalodott taplalékban csokkentstik.

Az 1960-as évek 6ta a mikotoxinok mintegy 400 féle valtozatat fedezték fel
(Liu és mtsai, 2022). Vildgszinten a taplalékban leggyakrabban el6fordulé mi-
kotoxinok az aflatoxinok (AFB1, AFB2, AFG1, AFG2, AFM1); a zearalenon
(ZEA); az ochratoxinok; a fumonizinek (f6ként FB1, FB2, FB3, FB4); a trichote-
cének (féként DON, T-2, HT-2) és a patulin (PAT) (Liu és mtsai, 2022).
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A FUMONIZINEK SZERKEZETE ES ELOFORDULASI FORMAI A
TAPLALEKBAN

A fumonizinek a poliketidek csoportjadba tartoz6 természetes bioaktiv anya-
gok, amelyeket kiilonb6z6 mikroorganizmusok termelnek és a gazdaszerve-
zetre nézve karos hatassal rendelkeznek (Ridley, 2009; Braun és mtsai, 2017).
A fumonizineket f6ként a Fusarium penészgombafajok termelik, els§sorban a
F. verticillioides és a F. proliferatum, de a fekete Aspergillus és néhany Tolypoc-
ladium penészgomba faj esetében is megfigyelték mar a fumonizinek termel6-
dését (Frisvad és mtsai, 2007; Mogensen és mtsai, 2010). A fumonizineknek
tobbféle szerkezeti formaja ismert, a szakirodalom négy f6 fumonizinanalog
csoportot kiilonboztet meg (A, B, C, P), melyek koziil a legelterjedtebb a fumo-
nizin B1, B2, B3 és B4. A B-csoporton beliil a fumonizin B1 fordul el6 a leggyak-
rabban (Kovdcs, 2019). A fumonizin B-csoportot képviseld vegyiiletek koziil az
FB1-3 el6fordulasi aranya kukoricdban a kovetkez6képpen alakul:
FB1:FB2:FB3 - 12:4:1 (Li és mtsai, 2024). A FB4 a tobbihez képest nagyon kis
mennyiségben fordul elé. Magyar kutatdk irtak le el6szor, hogy egyes F. verti-
cillioides torzsek képesek termelni zsirsavval acilezett fumonizineket (O- és N-
acil-FB1 szarmazékok) is, amelyek joval toxikusabbak, mint maga az FB1 toxin
(Bartdk és mtsai 2010; 2013; Csenki és mtsai, 2023).

A fumonizinek szerkezetileg hidroxi-eikozdn szarmazékok észterei (Ko-
vdcs, 2019). A 20 szénatomos aminopentol alapvazhoz két propan-1,2,3-tri-
karbonsav oldallanc kapcsolddik észterkotéssel, illetve egy szabad aminocso-
porttal is rendelkeznek (Braun és mtsai, 2017). Az FB anal6gok szerkezetiik-
ben csak kis mértékben térnek el egymastol. A FB1 toxin harom hidroxilcso-
portot, az FB2 és FB3 toxinok kett6t (az egyik hidroxil-csoport helyzetében kii-
l6nbodznek egymastdl), mig a FB4 csak egyetlen hidroxilcsoportot tartalmaz (1.
abra)

A fuzarium fajok szamos szanté6foldi kultirnévényen elszaporodhatnak,
ezek koziil a kukorica és a buza a legjelentésebbek. Jelenlétiik befolyasolja a
névény novekedését és a termésmennyiséget. A fuzarium gomba a novény fej-
16désének minden szakaszaban képes megtamadni a gyokeret, szarat és a ka-
laszt, mialatt a penészgomba mar elkezdi a mikotoxin termelését. A névények
betakaritdsa, szaritasa, tarolasa soran is folytatddik a mikotoxinok kialakulasa,
ezzel szennyezve az élelmiszer-, és takarmany-alapanyagot (Igbal és mtsai,
2021). A fert6zo6tt n6vény a penészgombaval szembeni védekezés soran képes
a mikotoxinok szerkezetét modositani, az igy keletkez6 vegyiileteket ,masz-
kolt” mikotoxinoknak nevezziik (Rychlik és mtsai, 2014). A ,maszkolt” mikoto-
xin kémiai moédositas révén jon létre xenobiotikumok hatasara. A folyamat ko-
vetkeztében a mikotoxinok szadmos folyamat (konjugaci6, hidrolizis, redukci6,
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oxidacié) eredményeként a névény szamara kevésbé toxikus molekuldkka ala-
kulnak at, mint amilyen az eredeti forma volt. A mddositas eldsegiti a né6vény-
nek, hogy ezeket az atalakitott metabolitokat a vaku6élumokba zarja, majd ezen
molekuldk jellemzden egyesiilnek a ndvényi sejtfal komponensekkel (Freire és
mtsai, 2017). A glikozilaldssal megvaldsulé konjugacié a névény szamadra vé-
delmet nyujt, azonban az ember és az allatok szervezetében az emésztérend-
szerben az endogén enzimes és/vagy a mikrobialis folyamatok dekonjugaciot
eredményezhetnek, azaz a glikozidkotés hidrolizisével felszabadulhat az ere-
deti forma, ezaltal ,aktivalédik” a mikotoxin (Rychlik és mtsai, 2014; Jin és
mtsai, 2021).
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1. abra. A fumonizin B1-4 analégok kémiai szerkezete (Kostic és mtsai, 2019)

A mikotoxinok tobbféle formaban fordulnak el6 a taplalékban, amelynek
azért van jelent6sége, mivel az egyes formak biolégiai hozzaférhet6sége (bio-
assessibility) és toxicitasa eltérhet egymastél. Rychlik és munkatarsai csopor-
tositasa szerint (2014) a szabad, mddositatlan forma (1) mellett jelen lehetnek
matrixhoz fizikailag vagy kémiailag kétott formaban (2), valamint médositott
formaban (3) egyarant. A modositas lehet biolégiai eredetii (3a) (pl. ,masz-
kolt” mikotoxinok a novények esetében) vagy tisztan kémiai eredetd (3b).
Utdébbi esetben a kémiai reakciékat az alapanyagok feldolgozasa soran alkal-
mazott 1épések (pl. termikus eljarasok) eredményezik. Emésztés sordn, illetve
az emésztérendszerben zajlé mikrobialis folyamatok révén a médosult formak
részben visszaalakulhatnak az eredeti szabad (1) formava.
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A matrixhoz kotott mikotoxinok (2) egy része az élelmiszer- vagy takar-
manymatrixban fizikailag kérbezarva helyezkedik el, mig mas résziik kovalens
kotéssel kapcsolodik a makromolekuldkhoz. A fumonizin mikotoxinok a tri-
karballilsav-részeik funkciés csoportjai révén képesek kovalensen kapcso-
16dni a szénhidratokhoz és fehérjékhez (Shier és mtsai, 2000, Seefelder és
mtsai, 2003). A matrixhoz kétott mikotoxinok jelentds része felszabadulhat az
emésztés soran, mikor a fizikai barriert képzé makromolekulak hidrolizalnak
az endogén enzimek hatasara. A keményit6hoz kotott fumonizin mikotoxinok
szabad fumonizinekké alakulhatnak az emésztés soran (Humpf és Voss, 2004).
A taplalékban a kotott formaban jelen 1é6v6 FB1 mikotoxint f6ként kukoricabol
késziilt ételekben mutattak ki, azonban a matrixhoz kotott forma jelen volt
ezen kiviil kukoricapehelyben, sérben, borban, rizsben, szdjaban, szaritott
gylimolcsokben, didfélékben és kutyatapban is (Manyes és mtsai, 2013; Tan és
mtsai, 2022; Yang és mtsai, 2023). A matrixhoz kotott forma azt takarja, hogy
a mikotoxin és a tdpanyagkomponensek egyiittesen egy komplexet alkotnak. A
mikotoxinok elsédlegesen nagyobb makromolekuldkhoz kotédnek (fehérje,
keményitd, cellul6z, hemicellul6z) (Tan és mtsai, 2022). A kotés modjanak ab-
bdl a szempontbdl van jelentésége, hogy a bevitelt kovetéen a matrixbdl mi-
lyen iitemben szabadulnak fel a mikotoxinok az emésztés soran, illetve a mak-
romolekuldhoz mar nem ko6t6d6 forma milyen tovabbi atalakuldsokban tud
részt venni pl. hidrolizis, acilezés, mivel ez befolyasolja az eredeti forma biol6-
giai hozzaférhet6ségét.

A bioldgiailag médositott mikotoxinok (3a) ugy jonnek létre, hogy a mikro-
szképikus penészgombak altal képzett eredeti mikotoxin-szerkezet médosul,
mikor a méreganyag bekeriil egy masik biologiai rendszerbe (névények, alla-
tok, gombak vagy mikrobak) és a méreganyagot felvevd szervezet megprobalja
azt detoxifikalni. Példaul egyes novények képesek a zearalenont és a dezoxini-
valenolt glikozid képzéssel atalakitani, amely a novény szamara detoxifikaciot
jelent, azonban a novényt taplalékként felvevd szervezetben ez a médosulat
hidrolizis soran visszaalakulhat az eredeti formava (Rychlik és mtsai, 2014; Jin
és mtsai, 2021).

A kémiailag médositott mikotoxinok (3b) esetében az all az atalakulas hat-
terében, hogy az élelmiszer vagy takarmany el6allitdsa soran alkalmazott ter-
mikus és egyéb kezelések a mikotoxinok kémiai szerkezetének valtozasat
eredményezik. A fumonizin B1 szabad aminocsoportja képes reagalni a redu-
kal6 cukrokkal a Maillard reakciéban, igy termikus miiveletek esetében N-(1-
dezoxi-D-fruktéz-1-il)-fumonizin B1, valamint N-(karboximetil)-fumonizin B1
szarmazékok keletkeznek (Humpf és Voss, 2004; Falavigna és mtsai, 2012). Az
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élelmiszerek lUgos kezelése (Humpf és Voss, 2004) soran a fumonizin B trikar-
ballilsav-részei hidrolizalhatnak (Du és mtsai, 2017).

A (3b) csoporthoz abban hasonlit a (2) csoport, hogy a matrixhoz kotott
mikotoxinok esetében is kialakulhat kémiai kotés a mikotoxin és a biomoleku-
lak kozott, azonban a (2) csoport esetében a mikotoxin makromolekuldhoz
kapcsolodik, igy a taplalék alap-matrixdhoz ,rogziil”, mig a (3b) csoportba tar-
toz6 reakciéknal mdédosul(nak) a mikotoxinok funkciés csoportja(i), ez azon-
ban nem jar makromolekularis kot6déssel. A kémiai médosulads mindkét eset-
ben (2 és 3b) tobbnyire az alapanyag feldolgozasa sordn, emberi beavatkozas
eredményeként jon létre. Ezzel szemben a (3a) csoport esetében a mikotoxin
kémiai szerkezete egy biologiai rendszerben, enzimek altal katalizalt reakciok
révén modosul.

A FUMONIZINEK LEHETSEGES ATALAKULASAI AZ EMESZTES SORAN

Az emésztérendszerben végbemend folyamatok el6segithetik a mikotoxinok
szabad formajanak kialakulasat. A matrixhoz kotott, vagy modositott forma-
ban jelen 1év6 fumonizin emésztés soran val6 felszabadulasa, illetve eredeti
formdaba valé visszaalakulasa allhat annak a tapasztalatnak a hatterében, hogy
atermészetesen szennyezett taplalékmatrixbdl emésztést kovetben jelentésen
tobb fumonizint mutatnak ki, mint emésztés elétt. Egy referenciaanyagban -
in vitro emésztést kovetden - a FB1-3 6sszege 8010 pg/kg volt, mig a referen-
ciaanyag forgalmazdéja altal deklaralt FB1 (2406 pg/kg) és FB2 médosulat (630
ug/kg) osszege csupan 3036 pg/kg volt (Dall’Asta és mtsai., 2009). Ugyanezen
szerz6k kukoricalisztben RIMV modellben végzett emésztést kovetden a fumo-
nizin koncentraciét 30-50%-kal nagyobbnak mérték, mint az emésztés elbtt.
Ennek hatterében feltehet6leg az allt, hogy a fehérjék és a szénhidratok altal
megkotott FB molekulak jelent6s hanyada a makromolekulak hidrolizise soran
felszabadult a taplalékmatrixbol. A hidrolizis a FB esetében nem kovetkezett
be, mivel a chimusban nem mutattak ki sem részlegesen, sem teljesen hidroli-
zalt FB szarmazékot (Dall’Asta és mtsai., 2009). Az aldbbiakbol az kévetkezik,
hogy az emésztési folyamatok a matrixhoz koétott formak szabadda valasat
eredményezhetik, de nem zarhat6 ki a moédositott pl. maszkolt formak felsza-
badul4sa sem. Osszességében elmondhatd, hogy az emésztés olyan atalakula-
sokat eredményezhet az egyes formak aranyaban, amely megnévelheti a FB
toxikus hatésat.

A mikotoxinok biolégiai hozzaférhet6ségét (bioaccessibility) az hatarozza
meg, hogy mekkora hdnyaduk van jelen, illetve alakul 4t felszivédasra alkalmas
formaba, mikézben athalad a gyomor-bél traktuson (Versantvoort és mtsai,
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2004; Gonzdlez-Arias és mtsai, 2013). Egy résziik eredend6en szabad forma-
ban van jelen, mig egy masik résziik az emésztés sordn a makromolekulak hid-
rolizisét kovet6en valik szabadds, illetve egy tovabbi hanyaduk mikrobialis fo-
lyamatok kovetkeztében szabadul fel. A mikotoxinok vizes oldatanak biolégiai
hozzaférhet6sége gyakorlatilag 100 szazaléknak tekinthetd. A taplalék matri-
xok kiilonb6z8sége hatast gyakorolhat a mikotoxinok bioldgiai hozzaférhetd-
ségére, azaz kiillonboz6 taplalékfajtak esetében adott mikotoxin mennyiségbdl
eltérd hanyad valhat felszivodasra alkalmassa (Gonzdlez-Arias és mtsai, 2013).

A matrixhatds, azaz a fumonizinek két6édése egyes tdpanyagkomponensek-
hez, tehat hatast gyakorolhat a bioldgiai hozzaférhet6ségre. Egy finomra és
durvara daralt kukoricaliszt in vitro emésztési vizsgalata soran a fumonizinek
eltérd bioldgiai hozzaférhetdségét figyelték meg. A modell a monogasztrikus
allatok emésztérendszerét imitalta, annak érdekében, hogy a szdj, gyomor és
vékonybél fazisban az emésztés alatti biokémiai folyamatokat és a tdpanyagok
biolégiai hozzaférhet6ségét tanulmanyozni lehessen (Versantvoort és mtsai,
2004). A kutatds ramutatott arra, hogy a fumonizinek koriilbelil 90%-a a vé-
konybélben szivddik fel, 10 % pedig a gyomorban és a vastagbélben. Tovabba
kiemelték azt, hogy a biologiai hozzaférhet6séget szamos tényezd befolyasolja
(kezelés, élelmiszer tipusa, szerkezete, és mas vegyliletekkel valé kolcsonha-
tasa). Az in vitro emésztés soran a finomra 6rolt kukoricalisztb6l kisebb arany-
ban (27%) szabadult fel a fumonizin, mint a durvara 6rolt kukoricalisztbdl
(35%), tehat a finomra 6rolt kukoricaliszt esetében kisebb volt a fumonizin bi-
olégiai hozzaférhetGsége. Ez a megfigyelés arra utal, hogy a fumonizin szoros
matrixkapcsolatot 1étesitett a rezisztens keményitével, redukalé cukrokkal,
asvanyi anyagokkal és lipidekkel, amely komponensek nagyobb aranyban vol-
tak jelen a finom kukoricaliszt mintdkban, mint a durvaban (Massarolo és
mtsai, 2020). A fumonizinek a tdplalékkomponensekkel alakithatnak ki kova-
lens kotést, vagy fizikailag korbezarva helyezkednek el a matrixban. Az emész-
tési folyamatok a két kotési médra masképpen hatnak. Az a forma, amelyik
nem kovalens kotéssel kapcsolddik a taplalékhoz, az emésztés soran szabad
formaju fumonizinné alakulhat. A kovalens kotéssel a matrixhoz kapcsol6do
fumonizin szarmazékok (pl. N-karboxi-metil-FB1) in vitro emésztése soran azt
talaltak, hogy ezek nem szabadulnak fel az emésztés soran, az emésztéenzimek
nem képesek a kialakult kovalens kotéseket felhasitani az N-alkil-FB1 és az N-
acil-FB1 konjugadtumokban (Falavigna és mtsai, 2012; Braun és mtsai, 2017).
Ez szamos kérdést és megoldasra varo feladatot felvet élelmiszerbiztonsagi és
egészségiigyi szempontbdl is.
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Emésztés soran a fumonizin biotranszformaciéja az emésztérendszerben
1év6 mikrobak tevékenysége révén is megvaldsulhat. In vitro emésztésszimu-
laciés vizsgalat igazolta, hogy a sertés vakbélben taldlhaté mikrobiota képes a
fumonizint el6szor részlegesen hidrolizalt fumonizinné, majd aminopentolla
hidrolizalni (Fodor és mtsai, 2007). A trikarballilsav- részletek elvesztése miatt
a HFB1 kevésbé polaris, mint az FB1. Emiatt a felszivodasban kiilonbségek
adédhatnak a két forma kozott. Bouhet és munkatarsai (2007) patkdnyokon
végzett kisérlete sordn megallapitottak, hogy az oldallancok elvesztése el6se-
giti a HFB1 felszivddasat a bélben (Bouhet és mtsa, 2007). Ferrara 2021-ben
munkatarsaival emésztés szimulacié soran a fumonizinek mikrobialis bio-

s sz

Bacteroides torzsek voltak a legdominansabbak (Ferrara és mtsai, 2021).

A FUMONIZINEK TOXICITASA ES HATASMECHANIZMUSA

A mikotoxinok bioldgiai elérhet6ségét (bioavailability) az hatarozza meg, hogy
mekkora hanyaduk jut felszivédast kovetden a szisztémas keringésbe, tehat
potencialisan azt a részt jelenti, amely a szovetekben ki tudja fejteni karos ha-
tasat. A bioldgiai elérhetéség kisebb, vagy legfeljebb akkora, mint a biolégiai
hozzaférhet6ség. Az elméletileg 1étez6 legrosszabb eshet6ség az, amikor az
elérhet6ség azonos a hozzaférhetdséggel, ez azt az esetet jelentené, amikor a
mikotoxin potencidlisan felszivodasra alkalmas hanyada teljes egészében fel-
szivéadik és a keringéssel eljut a szovetekhez. A gyakorlatban nyilvanvaléan az
oldott hanyad nem teljes egészében szivodik fel, illetve a felszivddast kdvetben
is végbe mennek olyan folyamatok, melyek a szovetek terhelését csokkentik. A
szisztémas keringésbe jutas el6tt, az U.n. ,first pass effect” soran a mikotoxinok
szerkezete atalakulhat, mikor az intoxifikalt szervezet megprébalja 6ket hatas-
talanitani (biotransformation), illetve jelends résziik kitiriilhet a szervezetbdl.
Mig a hozzaférhet6séget (bioaccessibility) alapvet6en a taplalékmatrix és az
emésztésfizioldgiai jellemzdk, valamint a bélmikrobiom befolyasoljak, addig a
biolégiai elérhetéséget (bioavailability) - ezeken kiviil - a szervezet mikotoxi-
nokkal kapcsolatos anyagcserefolyamatai is (Gonzdlez-Arias, 2013).

A fumonizin mikotoxinok mérgezé hatasat jelentsen befolyasolja azok bi-
olégiai elérhetésége, amely fajonként valtozé értéket mutat. Altalanossagban
elmondhatd, hogy szajon at a szervezetbe juttatott FB1 bioldgiai elérhet6sége
viszonylag kis mértékii, sertés esetében 3-6% kozott van (Prelusky és mtsai,
1994), mig tojotytikoknal még az egy szazalékot sem éri el ez az érték (Vudat-
hala és mtsai, 1994). Teheneknél szajon at torténd FB1 bevitelt kovetSen az
FB1 és annak metabolitjai nem mutathatéak ki a vérplazaban (Prelusky és
mtsai, 1995), amely azt jelzi, hogy kérédz6kben, feltehet6en az el6gyomrokban
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zajlé mikrobialis folyamatok miatt, ezen mikotoxin biol6giai elérhet6sége na-
gyon csekély.

Osszességében elmondhaté, hogy a takarmannyal felvett fumonizinnek
csak kis hanyada jut el felszivédast kovet6en az allat szervezetének tobbi ré-
szébe, azonban ez a kis mennyiség is jelentds egészségkarosité hatassal ren-
delkezik, és ezt a human vizsgalatok is aldtamasztjdk. Az FB1 toxin emberre
lehetségesen rakkeltd hatasu (2B csoport) besorolast kapott (IARC, 2002; So-
riano és mtsai, 2005).

A toxikus hatas Kifejtésében a molekula szerkezetén beliil kétféle funkciés
csoport jatszik szerepet, az amino-csoport, illetve az észterkotésben 1év§ tri-
karballilsav-rész (Vanhoutte és mtsai, 2016). A fumonizin B1 szerkezete ha-
sonl6 a szfinganinéhoz (Soriano és mtsai, 2005). A szabad aminocsoporttal
rendelkez6 fumonizinek kompetitiv médon gatoljak a ceramid szintdz miiko-
dését (Riley és mtsa, 2019), a ceramid szintdz gatlas miatt pedig a szfingolipi-
dek anyagcseréjében zavar keletkezik (Vanhoutte és mtsai, 2016). A szfingoli-
pidek olyan masodlagos lipidek a sejt membranszerkezében, melyeknek szfin-
gozin az alapvaza. A fumonizinek kétédnek a ceramid szintdzokhoz, és er6s in-
hibitorai annak. Ezek az enzimek (CerS1-CerS6) katalizaljak a ceramid képz6-
dését szfinganinbol (vagy szfingozinbdl) és palmitatbdl vagy mas hosszu szén-
lancu zsirsavakbol. A ceramid-szintdz gatlasa tehat megzavarja az altalanos
szfingolipid metabolizmust, és tobbek kozott a sejtekben 1évé szfinganin és
metabolitjainak névekedéséhez, valamint a sejt ceramid és komplex szfingoli-
pidek mennyiségének csokkenéséhez vezet (Haschek és mtsai, 2002). In vitro
patkdny hepatocitakon végzett vizsgalatok alapjan a szfinganin (Sa) felhalmo-
z6dasa volt megfigyelhet6 a vérben, vizeletben, majszovetben FB1 hatdsara
(Riley és mtsa, 2019). A megemelkedett szint oka az, hogy mivel a ceramid szin-
tdz enzim szabalyozza a szerin-palmitoiltranszferdz enzim miikodését (SPT) -
az SPT Sa-t termel - FB1 hatdsara a megemelkedett Sa szint nem gatolja az
SPT-t, hanem az SPT tovabbra is folyamatosan termeli a Sa-t (Riley és mtsa,
2019). A Sa sokkal gyorsabb litemben halmozdédik fel, mint a szfingozin (So),
az aranyuk igy felborul és megzavarja a szfingolipidek normal bioszintézisét.
Ezzel igazolhat6, hogy a Sa/So aranya indikatorként hasznélhat6 a FB kitettség
megfigyelésére. Mivel a Sa és a So is atjut a membranon, ezért megjelennek
vizelet és vérmintakban, ahol kimutathat6, hogy az FB1 kitettség miatt az ara-
nyuk a kedvez6 mértéktdl eltér (Chen és mtsa, 2018, Riley és mtsa, 2019). A Sa
felhalmozo6dasa proapoptotikus, citotoxikus hatast okoz (Soriano és mtsai,
2005; Lallés és mtsai, 2009). Soriano és munkatarsai (2005) vizsgalatai szerint
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mar 0,2 mg/kg feletti FB fogyasztas esetében gatlas ala kertil a szfingolipidek
bioszintézise, és ez a hatas néhany 6ran beliil jelentkezik.

Az FB1 masik célpontja a mitokondrium, ahol a sejtlégzés csokkentésével
az oxidativ szabadgy6kok (ROS) (féleg a szuperoxid) taltermel6dését eredmé-
nyezi. Az FB1 az I. mitokondrialis komplex gatlasan keresztiil depolarizalja a
mitokondridlis membrant, amely végs6 soron ROS termeléshez, a CaZ* szintjé-
nek hibas jelzéséhez, és a Ca2+ arany felborulasahoz vezet. A Ca2* arany felbo-
ruldsanak eredményeként - a citoplazmaban né a szintje, mikézben a mito-
kondridlis Ca2* felvétel csokken - sejthaldl kovetkezik be (Domijan és mtsai,
2011). In vitro és in vivo kisérletekben az FB1 bevitelét kovet6en a normalis
értékt6l magasabb szuperoxid dizmutdz-aktivitast és malondialdehid szintet
mértek (Domijan és mtsai, 2011; Braun és mtsai, 2017). Az oxidativ stressz ha-
tasara a DNS is karosodhat a megnovekedett lipid peroxidacié miatt. A miko-
toxin jelenléte a szervezetben stresszhatast produkal, ami sejtszinten oxidativ
karosodast okoz (Zeebone, 2023).

Invivo és in vitro kisérletek alapjan a FB-re els6sorban a lovak és a sertések
érzékenyek. Lovaknadl leukoencephalomalacidt (agyvel6 elhalasos elvaltozasa),
sertéseknél tiidévizeny6t (pulmonary oedeme) valt ki, sziv- és érrendszeri be-
tegségeket okoz, illetve maj-, és vesekarosité hatasu. Patkanyoknal in vivo ki-
sérletekben maj-, és veseelfajulast, idegrendszeri tiineteket figyeltek meg (Ko-
vdcs és mtsai, 2016). Ezen kivil nyulaknal, baranyoknal is hepatoxikézist,
nefrotoxikézist, agyvérzést okoz az FB1 toxin (Soriano és mtsai, 2005; Zeebone
és mtsai, 2020). Baromfinal erds immunszupressziv hatast, mig majmoknal ér-
elmeszesedést okoz (ateroszklerdzis) az FB1 toxin bevitele (Soriano és mtsai,
2005). Human vonatkozast tekintve vel6cs6zarédasi rendellenességet, néve-
kedési zavart, kardiovaszkularis defektust figyeltek meg, illetve a nyel6csérak
kialakuldsaban is szerepet jatszik (Andrade, 2023). Az afrikai , kukoricabeteg-
ség” is a mikotoxin szennyezettségnek koszonhetd. Ez 6sszetett tlineteket pro-
dukal, a nyel6cs6rakon kiviil a korai nemi érés, a kariopatia, a férfiak mellmeg-
nagyobbodasa, {ziileti elvaltozasok, toxikus leukémia is a toxikdzisnak tulajdo-
nithat6 (Dutton, 2009). Az emberek és allatok védelme érdekében szamos or-
szadgban meghataroztak a taplalékban és takarmanyban jelen lev6 FB koncent-
raci6 maximalis beviteli értékét (Hahn és mtsai, 2014). Az EFSA 2018-as hata-
rozata alapjan a fumonizinekre vonatkoz6 napi toleralhaté beviteli érték (TDI)
1 mg/kg/nap (EFSA, 2018). A fumonizin egyes szerkezeti m6dosulatainak to-
xikus hatasa kiillonbozhet egymastdl, valamint az altaluk kivaltott szervi tiine-
tek is eltéréek lehetnek. A médosult mikotoxinok toxicitdsban betoltott sze-
repe alabecsiilt, és még tobb kutatast kivan ezen metabolitok hatdsainak a fel-
deritése, és ezzel parhuzamosan a TDI értékek valtoztatasa is fontos szempont.
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Kezdetben ugy vélték, hogy a hidrolizdlt FB1 metabolit (HFB1, ami-
nopentol) toxikusabb, mint az FB1, mivel a trikarballilsav-részletek hidnya
csokkenti a molekula polaritasat, amely eldsegitheti az abszorpciét (Hopmans
és mtsai, 1997). Ezzel szemben, egy allatkisérletben, malacokkal végzett vizs-
galatok szerint, a hidrolizis hatdsara nem nétt, hanem csékkent az emészt6-
rendszerre és a majra gyakorolt toxikus hatas (Grenier és mtsai, 2012). Az FB1
toxin hidrolizalt formajaval (HFB1) végzett kutatds sordn sertés epitel sejteket
vizsgaltak. A sertéseket FB1-el és HFB1-el mesterségesen szennyezett takar-
mannyal etették, majd 6sszehasonlitottdk a toxicitasukat. Arra az eredményre
jutottak, hogy a HFB1 nem okozott hepatotoxikdzist, nem rontotta a bél mor-
arra enged kovetkeztetni, hogy a HFB1 a Sa/So aranyt kevésbé boritja fel, mint
az FB1 (Grenier és mtsai, 2012). 2019-ben IPEC-]2 sejtvonal 6sszehasonlité
vizsgalata szintén azzal zarult, hogy a HFB1 kevésbé rontja a bél egészségi al-
lapotat, mint az FB1 (Gu és mtsai, 2019). Ez ellentétben &ll azzal a kutatassal,
ahol patkanyban vizsgaltdk a HFB1 toxicitasat. Bouhet és munkatarsai (2007)
a HFB1-et joval toxikusabbnak talaltak, mint az eredeti format. A HFB1 a maj-
ban és a vesében az FB1-hez hasonld rakkelté hatasd metabolitnak bizonyult
(Manyes és mtsai, 2014). Az ételkészitési eljarasok koziil a nixtamalizalas (h6-
kezelés ligos kozegben) szerepet jatszhat a HFB1 kialakuldsdban. HT-29 sejt-
tenyészetben a HFB1 toxicitasat vizsgaltak, ahol a HFB1-r6l megallapitottak,
hogy a ceramid szintaz inhibitora és szubsztratja is egyben, a kapott N-palmi-
toil-AP1 (PAP1) pedig a ceramid szintdz még er6sebb inhibitora. A PAP1 10-
szer toxikusabb, mint az FB1 vagy a HFB1 (Merrill és mtsai, 2001).

A gasztointesztindlis traktus érintettsége nem elhanyagolhat6, mivel a fu-
monizinekkel kontaminalédott taplalék elsédleges expozicidés szerve a gyo-
mor, a bélrendszer és a kapcsol6dé szervek. A bélrendszer megfelel6 allapota
nélkiilozhetetlen az optimalis emésztés fenntartdsahoz, az abszorpciéhoz, a
patogénekkel szembeni miikod6képes immunvalaszhoz és védekezési reakci-
6hoz. IPEC-2 sejtmodellben Wen és munkatarsai (2024) vizsgaltak a fumonizi-
nek bélgyulladasban betoltott szerepét. Azt talaltdk, hogy a nuklearis faktor
kappa B (NF-kB) p65, az extracellularis szignal-szabdalyozott kindz (ERK), az
interleukin 6 (IL-6) és az IL-1f fontos célpontok, mert a fumonizin ezeken ke-
resztll hat a gyulladas kivaltasdban. Az Nf-kB a citoplazmaban lokalizalt nuk-
learis faktor, amely két6dni képes a limfocitakhoz és tobbek kézott az immun-
valaszban vesz részt, orvosi jelentdsége a sejtproliferaciéban van tumorok ki-
fejlédésénél. Az IL-6 és a IL-1 makrofagok, limfocitak altal kivalasztott citoki-
nek. Az IL-1f az autoimmun halézat részeként mas citokineket mobilizal, ezen
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felll a pankreasz sejtjeinek pusztulasaért is felelssé tehetd (Musker és mtsai,
2018).

A bélrendszerben talalhat6 epitel sejtek képviselik az els6dleges védvona-
lat az immunvalasz kialakitdsdban, Ugy, hogy mucint szekretdlnak, ezaltal
fenntartjak a mikrobak optimadlis életmiikodéséhez szilikséges kornyezeti igé-
nyeket. Az intesztindlis szimbionta mikrobidta tAimogatja a véd6funkciék mii-
kodését, azaltal, hogy szabalyozza a gyulladasgatlé faktorokat és az IgA (im-
munglobulin A) termel6dését, illetve anyagcserefolyamataik révén szénhidra-
tokat fermentalnak, aminek kovetkeztében rovid szénlancu zsirsavak (SCFA)
jonnek létre. Ezeknek a zsirsavaknak az a jelent6sége, hogy elésegitik az epitel

Az emésztés sordn a taplalékban 1évé mikotoxinok és az emésztérendszer
mikrobiotaja kélcsdonoés kapcsolatban all egymassal. Az emésztérendszerben
oldott formaban jelen 1év6 mikotoxinok mennyiségét megkotés vagy bontas
révén befolyasolhatjak a mikrobapopulaciét alkoté torzsek; valamint a miko-
toxinok jelenléte azzal jarhat, hogy hatdsukra médosul a mikrobiom 6sszeté-
tele és az epitel sejtek normalis miikodése és morfoldgiaja is karosodik (Lallés
és mtsai, 2009; Zeebone, 2023). Az alacsony d6zisd FB1 csokkenti a bélhamsej-
tek citokinvalaszat, a sejtek életképességét a sejtproliferacié gatlasa és az
apoptdzis indukcidja révén, mig a nagyobb dézisok citotoxikusak (Lallé és
mtsai, 2009). In vivo kisérlet alapjan egerekben az FB1 moédositotta a glikoli-
pidek eloszlasat a vékonybélben taldlhaté epitel sejtekben, valamint felbori-
totta a Sa/So ardnyt (Enongene és mtsai, 2000; Lallé és mtsai, 2009). Az FB1
kitettséget a hsokkfehérjék (HSP25 és HSP70) megemelkedett szintje is jelzi
a majban, vesében és az immunrendszer egészében. Zeebone (2023) sertések-
kel végzett kisérlete soran szovettani vizsgalattal hepatotoxikus és nefrotoxi-
kus hatas jelenlétét detektalta, amirdl a majban és vesében taldlhaté HSP70
fehérje magas aktivitasa is visszaigazolast adott. Lallé (2009) és munkatarsai
szintén sertésekkel végzett kutatdsukban ravilagitottak arra, hogy 25-30
mg/kg FB1-el kiegészitett takarmany etetésének hatasara az alfa-B krisztallin
és a COX-1 enzim aktivitdsa megemelkedett a vastagbélben, amely azt jelezte,
hogy a vastagbélben a mikotoxin karos hatasa jobban érvényesiilt, mint a gyo-
morban vagy jejunumban. A kdrosodas mértéke azonban ezekben a traktusok-
ban is szdmottevd volt, annak ellenére, hogy mérsékeltebb HSP70 szintet mér-
tek a gyomorban és ezen vékonybéli szakaszban (Lallé és mtsai, 2009).

A FUMONIZINEK BIOLOGIAI HATASTALANITASA

Az eddigieknél hatékonyabb prevencids, eliminalé vagy detoxifikalé modsze-
rekre van sziikség, annak érdekében, hogy a mikotoxinok okozta egészségi és
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gazdasagi karok ne novekedjenek tovabb. A mikotoxinok fizikai vagy kémiai
Uton torténd atalakitasdhoz tobbnyire olyan koriilmények sziikségesek, me-
lyek az élelmiszerek vagy takarmanyok tapértékének csokkenésével jarnak,
mivel az értékes makro- és mikronutriensek is kdrosodhatnak a magas h6mér-
séklet(i és/vagy a kémhatads megvaltozadsaval jar6 kezelések soran. Az élelmi-
szerek el6allitdsakor alkalmazott eljarasok hatast gyakorolhatnak a mikotoxi-
nok szerkezetére és mennyiségére. A kémiai szerkezet megvaltozasa révén ki-
alakulé vegyiiletek toxicitdsa azonban nem feltétleniil lesz kisebb, mint az ere-
deti metabolité, ennek akar az ellenkezdje is el6fordulhat.

A bioldgiai hatastalanitasi modszerek el6nye a kémiai vagy fizikai kezelé-
sekkel szemben az, hogy tobbnyire enyhébb koriilmények alkalmazasaval és
kevesebb tdpanyag veszteséggel jarnak (Liu és mtsai, 2022). Lényegiik, hogy
egyes baktériumok képesek a mikotoxinokat a feliiletiikon megkdtni, vagy en-
zimes dton olyan médon atalakitani, hogy a képz6dott metabolit kevésbé le-
gyen toxikus, mint az eredeti forma. A mikotoxinok baktériumok feliiletén vald
megkotddéséhez nem feltétleniil sziikséges aktiv anyagcserével rendelkez6
baktérium, elég, ha a sejtfal intakt allapotban van. A sejtfalban taldlhaté pep-
tidoglikdnhoz kothet6 ez a fajta képesség. A tejsavbaktériumoknak tipikus,
Gram-pozitiv baktériumokra jellemz6 sejtfala van, amely vastag, tobbrétegii
peptidoglikdn réteget tartalmaz.

2001-ben egy olyan Sphingopyxis torzset fedeztek fel, melyrél késébb bebi-
zonyitottdk, hogy karboxilészteraz enzimjei képesek az FB1-et hidrolizalni,
mikozben aminopentol (HFB1) keletkezik; illetve izolaltak benne egy ami-
notranszferaz enzimet kddol6 gént is, ez az enzim a HFB1-et képes dezami-
nalni piruvat jelenlétében (Heinl és mtsai, 2010). Tébb kutatas is arra az ered-
ményre jutott, hogy az FB1 mikrobidlis megkdtése elterjedtebb jelenség, mint
az enzimes bontasa (Niderkorn és mtsai, 2009; Pizzolitto és mtsai, 2012; Zhao
és mtsai, 2016; Dawlal és mtsai, 2019). Dawlal és munkatarsai (2019) fluoresz-
cens festéssel bizonyitottak, hogy a fumonizineket szamos tejsavbaktérium ké-
pes megkoétni. A vizsgalt Lactobacillus plantarum, Lactobacillus delbureckii és
Pediococcus pentosaceus torzsek koziil a L. plantarum é16 allapotban és elhalt
allapotban 1évé sejtjei egyarant nagyobb aranyban voltak képesek a fumonizin
megkotésére, mint a vizsgalatban részt vevd tobbi torzs (Dawlal és mtsai
2019). Khalil és munkatarsai (2015) azt tapasztaltak, hogy patkanyok vérszé-
rum paraméterei a normalis, elfogadhat6 szintre alltak vissza, mikor 50, 100
és 200 mg/kg dozisi FB1-t tartalmazé tapjukat tejsavbaktériummal (L. delbu-
reckii, és Pediococcus acidilactici torzsekkel) egészitették ki. A hematoldgiai
vizsgalatok eredményei arra mutattak ra, hogy a kontroll csoporthoz képest, a
csak FB1 mikotoxinnal kezelt patkdnyok biokémiai paramétereinek értékei
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emelkedtek, ami szervkarosoddsra utal (maj, vese). A tejsavbaktériummal és
mikotoxinnal is egyszerre kezelt patkdnyokndl a vérszérumparaméterek nor-
malizalodtak (ALT, AST, bilirubin szint, 6sszfehérje). A kisérlet soran figyelték
a DNS karosoddasat a vérplazmdaban. A kontroll csoporthoz képest a masodik és
harmadik héten a csak FB1 mikotoxinnal kezelt allatoknal vettek észre karo-
sodast. A tejsavbaktériummal és az FB1 toxinnal is kezelt csoportban viszont
csokkent a DNS karosodasanak aranya. Mindez mutatja, hogy a tejsavbaktéri-
umok jelenléte a tApban azzal jart, hogy csokkent az FB1 DNS karosit6 hatasa
avérplazmaban, valamint javultak a vérszérumparaméterek. Ezdini és munka-
tarsai (2020) tunéziai vajbdl izolalt Lactobacillus paracasei torzset keverek
egerek takarmanyahoz, melyhez FB1 mikotoxint is adtak (100 mg/kg). A vizs-
galat kimutatta, hogy a L. paracasei torzs csokkentette az FB1 bioldgiai hozza-
férhet6ségét egerek gyomraban és bélrendszerében, amely azt eredményezte,
hogy az FB1 altal generalt kdrosodas (oxidativ stressz, hisztopatolégiai elval-
tozasok) mértéke csokkent.

KOVETKEZTETESEK ES JAVASLATOK

A fumonizin szennyezettség elkeriilésének legjobb eszkdze a prevencié. A
szennyezett tételek esetében széba johet azok detoxifikaldsa. A mikotoxinok
hatéstalanitasara alkalmazott fizikai és kémiai médszerek jelentds tdpanyag-
veszteséggel jarnak, ezért nagyobb hangsulyt kell fektetni olyan biol6giai mé6d-
szerek kidolgozasara, melyek kelléen hatékonyak. A fumonizin biotranszfor-
macidja megvalosulhat mikrobialis atalakitas révén, azonban a fumonizinek-
b6l keletkez6 szarmazékok toxikologiai megitélése nem egységes. Tovabbi ku-
tatasok sziikségesek a fumonizinek hidrolizalt, dezaminalt és egyéb szarmazé-
kai toxicitasanak tisztazasara. Egy masik lehetséges mdd az emésztérendszer-
ben oldott allapotban 1év6, bioldgiailag hozzaférhet6 fumonizinek mennyiség-
ének csokkentése, olyan baktériumtorzsek felkutatasaval, melyek feliileti meg-
kotés révén képesek hatékonyan csokkenteni az oldott formaban 1évé fumo-
nizinek mennyiségét, ezaltal kevésbé tudnak felszivodni a fumonizinek az
emésztérendszerben.

Tobb vizsgalat eredménye alatamasztja, hogy az intakt taplalékbdl megha-
tarozott fumonizin-szint eltér attél, mint amit az emésztésszimulaciot kove-
t6en mériink; feltehetdleg azért, mivel a matrixhoz kotott, vagy médositott for-
mak egy része felszabadul az emésztés sordn. Ebbdl kdvetkezik, hogy a fumo-
nizin expozicié szempontjabdl pontosabb képet kapunk, amennyiben a minta-
el6készités soran - az extrakcids lépést megelézden - emésztésszimulaciot al-
kalmazunk, és az in vitro emésztést kovetéen oldott allapotban jelen levd fu-
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mozininek mennyiségét hatdrozzuk meg, mivel ezzel az értékkel tudjuk meg-
becsiilni a fumonizinek felszivédasra potencidlisan rendelkezésre all6 meny-
nyiségét.

Koszonetnyilvanitas: A publikaci6 a RRF-2.3.1-21-2022-00007 szamu és
LAgrar biotechnoldgia és precizids nemesités az élelmiszerbiztonsagért” elne-
vezésl projekt keretében késziilt.
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