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Epigenetic modifications can influence the phenotypes of subsequent generations through 
intergenerational and transgenerational effects. The aim of the research was to assess the impact of 
epigenetic factors acting during embryonic development on the structure and cellular composition of 
lymphoid organs in three generations of chickens. Two groups of eggs were injected once (in the F1 
generation) with a synbiotic (SYNs) or a synbiotic + choline (SYNCHs), while two other groups were 
injected in each successive generation (F2, F3—SYNr, SYNCHr). Synbiotic administration resulted 
in an increased cortex/medulla ratio of the thymus in the F1 but not in subsequent generations. 
In the spleen, an intergenerational effect (from F1 to F2) was found in the choline-supplemented 
(SYNCHs) groups but not in the SYNs groups. Not all changes observed in the F1 were evident in the 
F2 generation. No intergenerational effect was found in the cecal tonsil, and no transgenerational 
effects were observed in any of the tested organs. In ovo administration of synbiotics with choline may 
induce intergenerational phenotypic effects on specific immune organs. However, these effects either 
persisted through the first two generations or appeared solely in the F1 or F2 generations. Changes 
were evident in young birds but not in mature ones.
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Epigenetic modifications are essential mechanisms that fine-tune gene expression in response to extracellular 
signals and environmental changes. These mechanisms are considered to involve covalent modifications to 
DNA, as well as gene expression and translation modifications by microRNAs, other noncoding RNAs, and 
nucleosome positioning or remodeling1. In vertebrates, critical epigenetic reprogramming events occur during 
early embryogenesis and germ cell development2.

One way nonDNA-based inheritance may occur is through the transfer of an altered parental microbiome3. 
A similar research trend has been observed following in ovo stimulation of the chicken embryo microbiome, 
leading to long-term postembryonic effects. When bioactive substances such as prebiotics, probiotics, or 
synbiotics are administered in ovo on the 12th day of incubation, they can directly influence the composition 
of the microbiota in chickens4–7, while also indirectly improving their physiological traits8–10, immunological 
traits11–13, intestinal development14, and performance traits4,15. The molecular mechanisms underlying these 
phenotypic effects have also been extensively studied16–20.

Scientific reports have shown that specific probiotics can modify the expression of selected miRNAs21–24. 
For instance, it was demonstrated that the administration of a probiotic containing Saccharomyces boulardii 
increased the expression of specific miRNAs, which in turn alleviated inflammation22. Similarly, delivery of 
Lactobacillus plantarum can reduce cecal inflammation in Salmonella Typhimurium-infected neonatal broiler 
chicks through the regulation of miRNA expression21.
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Epigenetic mechanisms have been suggested to be responsible for silencing the expression of selected genes 
in the liver and spleen following early stimulation of the gut microbiota with specific bioactive substances25,26. 
Both of the two epigenetic mechanisms known to be responsible for gene silencing—DNA methylation and 
miRNA expression—were identified in genes silenced after in ovo administration of bioactive substances, such 
as prebiotics, probiotics, or synbiotics, in the chicken liver and spleen23,27. However, it has also been proved that 
the level of DNA methylation is dependent on tissue, genotype, and bioactive substance23,26–28.

Epigenetic inheritance refers to the concept that epigenetic modifications can influence not only the phenotypes 
of individuals directly exposed to specific factors but also those of their offspring and subsequent generations. This 
occurs through intergenerational and transgenerational mechanisms, which may involve epigenetic alterations 
during embryonic development or the transmission of epigenetic marks through gametes29,30. Epigenetic effects 
are broadly categorized into intergenerational and transgenerational inheritance. Intergenerational inheritance 
refers to the transmission of traits or phenotypes influenced by environmental factors to the next generation, often 
observed in cases where parental experiences affect offspring31. These parental effects are commonly regarded 
as examples of “context-dependent” epigenetic inheritance32. When an environmental stressor persists and 
continuously induces epigenetic changes across successive generations, it is referred to as a “context-dependent” 
multigenerational effect32. In contrast, transgenerational “germline-dependent” inheritance occurs when an 
organism’s germline is directly affected, leading to phenotypic modifications that persist across generations even 
in the absence of the original causative agent (i.e., the environmental stressor)33. Transgenerational transmission 
is characterized by the offspring (F1) passing the effects to descendants who have not been exposed to the 
stimulus, with altered phenotypes appearing in the second (F2) generation for male transmission or the third 
(F3) generation for female transmission29,32,34,35. Such changes may result from an environmental factor directly 
affecting a gestating embryo and the already-formed oocytes within a female embryo in mammals31,36.

The effectiveness of transmitting epigenetic modifications to subsequent generations depends on the timing of 
the environmental factor’s interaction with the organism’s epigenome. It has been indicated that, initially, global 
DNA demethylation followed by de novo methylation occurs during the migration of primordial germ cells 
(PGCs) toward their final destination in the gonads37. A second similar process occurs after fertilization38. These 
two periods in the life of birds represent specific windows of methylome sensitivity to environmental factors30, 
during which modifications are more easily induced than at other life stages39. This is why environmental 
stimuli during these two periods have a more profound impact on the animal phenotype compared to similar 
factors encountered later in life34. Moreover, intense somatic cell divisions occurring during the perinatal period 
facilitate the transfer and preservation of epigenetic patterns in all subsequent generations of cells derived 
from those exposed to modifying factors34. Furthermore, since the epigenome regulates gene expression, these 
epigenetic modifications can directly influence developmental processes33.

The aim of our research was to assess the impact of epigenetic factors acting during embryonic development 
on the structure and cellular composition of selected lymphoid organs in chickens. The addition of the choline 
as primary methyl group donor, was also tested. The experiment covered three generations of birds, allowing 
for the description of intergenerational and transgenerational effects. Moreover, the novelty of this work lies in 
the use of an in ovo chicken model to test the hypothesis of intergenerational and transgenerational inheritance 
of the influence of epigenetic modulators in birds. Additionally, this experimental design was innovative in its 
approach. In parallel, we established two experimental groups: one consisting of birds that received a single in 
ovo injection in the F1 generation and another comprising individuals subjected to repeated in ovo injections 
across successive generations. This setup enabled us to investigate both germline-dependent and context-
dependent mechanisms of inheritance.

Results
Morphometrical analysis of central immune organs
The effect of administering synbiotic PoultryStar® solUS (Biomin GmbH, Herzogenburg, Austria; further referred 
to as PS) and synbiotic PS combined with choline in the thymus was assessed based on the C/M diameter ratio. 
On D14 of the F1 generation, a significant increase (P < 0.05) in this coefficient was observed in the SYNs group, 
along with an upward trend (P = 0.053) in the SYNCHs group (Fig. 1). However, no significant differences in the 
C/M ratio were observed between the examined groups in the F2 and F3 generations.

The C/M ratios in the bursa of Fabricius are presented in Fig. 2. The administration of bioactive compounds 
had no effect on the bursa of Fabricius in either the F1 generation or the subsequent generations.

An analogous analysis of the C/M ratio at 21 weeks of age was, in many cases, not possible due to significant 
involution of both the thymus and the bursa. In the remaining cases, no significant differences were found 
between the studied groups (data not shown).

To test the influence of environmental factors on the examined parameter, intergenerational comparisons of 
control groups were also performed. In the thymus, the C/M ratio differed significantly (P < 0.05) between all 
generations, with the lowest value observed in the F1 generation and the highest in the F2 generation (Fig. 3). In 
the bursa, the C/M ratio also showed a significant difference between the F1 and F2 generations, again reaching 
its lowest value in the F1 generation and the highest in the F2 generation (Fig.  3). It should be emphasized 
that while a natural effect of the rearing season on the C/M ratio was observed, all treated groups within each 
generation were compared to the same control group to ensure the validity of results within each individual 
generation.

Cell composition of peripheral immune organs
The influence of epigenetic factors on peripheral lymphoid organs was examined by analyzing the proportion 
of Bu-1+ cells (B lymphocytes), CD4+ cells (Th lymphocytes), and CD8+ cells (cytotoxic T lymphocytes and NK 
cells). Among the peripheral lymphoid organs, the spleen and CT were selected for analysis.
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In the spleen of the F1 generation on day 14, a significant decrease in the number of CD8+ cells was observed 
in the SYNs group, which had previously received only the synbiotic, and in the SYNCHs group, which had 
received the synbiotic combined with choline during embryonic development (Fig. 4). However, this effect did 
not persist until the 21st week after hatching, at which point the proportion of all analyzed cell types showed no 
differences between the groups.

In the F2 generation on day 14, a significant decrease in the number of CD8+ cells was again observed in the 
SYNCHs group, which was also accompanied by a reduction in the number of Bu-1 positive cells (Fig. 4). By the 
21st week after hatching, in the SYNCHs group, similar to the F1 generation, no differences in the number of 
immune cells were observed compared to the control. Interestingly, in the mature F2 SYNs group, a significant 
increase in the number of CD4+ cells was observed. The birds in this group had received a single PS injection 
in the F1 generation and were then reared without further interventions. In the F3 generation, the influence of 
epigenetic modulators on the number of spleen lymphocytes was not apparent, both on day 14 and at week 21 
after hatching (Fig. 4).

In the spleen of the first generation, a significant increase in the CD4+/CD8+ cell ratio was observed in both 
the SYNs and SYNCHs groups, primarily due to a decrease in the percentage of CD8+ cells (Fig. 5). However, 
this effect was no longer present in chickens of this generation by week 21, nor was it observed in subsequent 
generations at either analyzed time point.

Morphometric measurements of the germinal center surface area were also conducted in the spleen (data not 
shown). No statistically significant differences were observed between the control and in ovo-treated groups at 
any generation or time point.

Fig. 2.  Cortex-to-medulla ratio in the bursa of Fabricius of chickens on day 14 after hatching. The control 
group (C) and groups treated in ovo with synbiotic (SYNs) or synbiotic combined with choline (SYNCHs) in 
the first generation, as well as those treated in the first and each subsequent generation with synbiotic (SYNr) 
or synbiotic combined with choline (SYNCHr), are shown. F1–F3 represent generations. No significant 
differences compared to C were found.

 

Fig. 1.  Cortex-to-medulla ratio in the thymus of chickens on day 14 after hatching. The control group (C) 
and groups treated in ovo with synbiotic (SYNs) or synbiotic combined with choline (SYNCHs) in the first 
generation, as well as those treated in the first and each subsequent generation with synbiotic (SYNr) or 
synbiotic combined with choline (SYNCHr), are shown. F1–F3 represent generations. A significant difference 
compared to C is indicated (*P < 0.05).
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In the CT of the F1 generation, the administration of bioactive substances had no effect on the number of 
lymphocytes, except for an increase in the number of CD8+ cells in the SYNCHs group at week 21 after hatching 
(Fig. 6). However, in the F2 generation, an increase in the number of CD4+ lymphocytes was observed in the 
SYNCHr group on day 14, along with an increase in the number of Bu-1+ lymphocytes in the SYNr and SYNCHr 
groups at week 21 after hatching (Fig. 6). These changes were only evident in individuals that received bioactive 
substances prenatally and whose parental generation (F1) had also received the same substances. In contrast, no 
significant changes were found in individuals from the SYNs and SYNCHs groups, which were only the offspring 
of treated birds.

In the F3 generation, similar to the spleen, no changes in the number of immune cells were observed in the 
CT in any of the experimental groups compared to the control groups (Fig. 6).

Discussion
In poultry practice, the delivery of bioactive compounds, including synbiotics, on day 12 of embryonic 
development (E12) is referred to as in ovo stimulation, in contrast to in ovo feeding, which occurs around E17–
186,40,41. However, the prebiotic and probiotic components in the synbiotic preparation are not available to the 
host at the same time. Due to their high solubility in water and relatively small size, prebiotics can penetrate 
the outer and inner shell membranes, stimulating the development of innate microflora in the developing 
intestinal tract20. In contrast, probiotics are most likely ingested by the embryo on E19, only after the chick’s 
beak mechanically breaks the inner shell membrane at the start of hatching20.

In the context of avian immune system development, the administration of bioactive substances on E12 
occurred at a time when hematopoietic cell precursors were already present in both the thymus and the bursa 
of Fabricius. The epithelial thymus rudiment undergoes three waves of colonization by progenitors, each lasting 
1–2 days: the first begins on E6, the second on E12, and the third starts around E18 and continues just after 
hatching42. The first wave derives from para-aortic foci, while the subsequent two waves come from the bone 
marrow43. In the bursa, the first B-cell precursors, which derive from para-aortic foci, enter the organ between 
E10 and E1544,45, and by E12, the first IgM+ B cells are already present46,47. In the present research, the influence 
of synbiotic PS and synbiotic PS combined with choline on the C/M ratio in the thymus and bursa of Fabricius 
was studied. In ovo synbiotic administration led to an increase in the C/M ratio in the thymus of F1 chickens 
on day 14. On the other hand, the effect of synbiotic administration was not observed in the bursa. In both 
analyzed organs, no significant differences in the C/M ratio were observed in subsequent generations, suggesting 
the loss of the phenotype observed in F1. Moreover, comparisons of the C/M ratio in the control groups across 

Fig. 3.  Comparison of the cortex-to-medulla ratio in the thymus and bursa of Fabricius of chickens on day 14 
after hatching in control groups. F1–F3 represent generations. Bars with no common letter differ significantly 
(P < 0.05).
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the three consecutive generations showed a significant increase in this ratio in the F2 generation compared to 
the F1 generation (Fig. 3). It should be noted that our experiment involved three consecutive bird generations, 
reflecting the natural changes that occur between generations raised in different seasons of the year. It is standard 
practice in poultry breeding for subsequent generations of birds to be raised in different seasons. The seasonal 
effect cannot be completely excluded in poultry breeding, particularly regarding semi-intensive management 
systems and more primitive, extensive poultry breeds. It is also worth noting that while a natural seasonal effect 
on the C/M ratio was observed in the control groups of our study, the administered bioactive compounds did 
not influence this phenotype within each separate generation. The C/M ratio in both organs followed the same 
trend, either increasing or decreasing within a given generation. Therefore, it can be assumed that different 
environmental factors affecting the birds’ immune system in each generation led to changes in the C/M ratio 
in both examined organs. The increase in this ratio in the thymus may result from the increased proliferation 
of young thymocytes in the cortex of this organ. In contrast, in the bursa of Fabricius, the cortex of the follicles 
gradually increases its surface area starting on the first day after hatching. This process depends on contact with 
environmental antigens in the intestinal lumen48 or even those absorbed directly from the surface of the cloaca 
(cloacal lips)49,50. One of the most likely environmental factors contributing to the significant changes in the 
central immune organs was the different seasons of the year, and therefore the composition of environmental 
antigens when the material was collected. The mechanisms by which environmental factors caused the observed 

Fig. 4.  Area occupied by antigen-positive cells (mean ± SD) in the spleen of chickens from the control group 
(C) and groups treated in ovo with synbiotic (SYNs) or synbiotic combined with choline (SYNCHs) in the 
first generation, as well as those treated in the first and each subsequent generation with synbiotic (SYNr) or 
synbiotic combined with choline (SYNCHr). F1–F3 represent generations. Significant differences compared to 
C are indicated (*P < 0.05, **P < 0.01).
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phenotypic changes is a separate issue. It is possible that at least some of the agents are capable of epigenetically 
modifying progenitor cells in the central lymphoid organs.

Two different preparations were used in the experiment: one containing only the synbiotic PS (SYN) and the 
other containing the synbiotic PS supplemented with choline (SYNCH). Dietary choline is a primary methyl 
group donor that influences the formation of epigenetic marks, such as DNA and histone methylation. Previous 
studies in mice have indicated that DNA methylation changes in developing embryos can result in clearly visible 
and stable phenotypes in offspring51. Further studies confirmed that DNA and histone methylases are directly 
influenced by the availability of diet-derived methyl groups (from choline/betaine, methylfolate, or methionine), 
as these serve as precursors for the universal methyl donor S-adenosylmethionine52, which is required for the 
methylation of cytosine in DNA and lysine in histones. In our study, choline supplementation did not enhance 
the epigenetic effect on the C/M ratio in central lymphoid organs. We assume that the addition of choline to the 
in ovo injected synbiotic preparation did not provide a sufficiently strong stimulus to induce significant changes 
in the C/M ratio of the central immune organs.

The impact of bioactive compounds on secondary lymphoid organs was assessed in the spleen and CTs. The 
spleen is an organ that responds to blood-derived antigens, while the CTs primarily react to gut-derived stimuli. 
As demonstrated in our previous study, in ovo delivered synbiotics can influence the cellular composition in both 
of these organs in chickens11,53.

An intergenerational effect was observed in the SYNCHs group in the spleen on D14 (Fig. 4). The decreased 
number of CD8+ cells present in the F1 generation persisted into the F2 generation. In the F1 generation on D14, 
a reduced number of CD8+ cells was also noted in the SYNs group, but this effect was not significant in the F2 
generation. These results suggests that the addition of choline to the preparation promoted the manifestation of 
effects of epigenetic modulators in the subsequent generation. However, it should be noted that readministration 
of the SYNCHs in each subsequent generation (F2 and F3, D14-SYNCHr groups) did not induce the epigenetic 
effect (e.g., F3-D14-SYNCHr). In the F3 generation, no changes in the number of lymphocytes were found 
between the groups receiving bioactive substances and the control group. Therefore, it can be concluded that in 
the context of the examined spleen cells, intergenerational but not transgenerational inheritance was observed.

Fig. 5.  CD4+/CD8+ cell ratio in the spleen of chickens from the control group (C) and groups treated in ovo 
with synbiotic (SYNs) or synbiotic combined with choline (SYNCHs) in the first generation, as well as those 
treated in the first and each subsequent generation with synbiotic (SYNr) or synbiotic combined with choline 
(SYNCHr). F1–F3 represent generations. Significant differences compared to C are indicated (*P < 0.05, 
**P < 0.01).
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The effect of in ovo administration of bioactive substances on spleen cell populations was generally not 
detected 21 weeks after hatching in the F1, F2, and F3 generations, with the only exception being an increase 
in CD4+ cells in the F2 SYNs group. Therefore, it can be assumed that the effects of epigenetic modulators 
are more clearly visible in younger individuals, while the cross-talk between the bird’s immune system and 
other environmental factors, along with the organism’s constant striving to maintain homeostasis, leads to the 
blurring of the effects at a later age. Moreover, the manifestation of a specific trait resulting from epigenetic 
mechanisms may be age-dependent. The theory of epigenetic dynamics suggests that epigenetic changes should 
be considered time-related, with a modified phenotype potentially undergoing “wash-in” and “washout” not 
only across but also within generations29, as a reaction to current environmental conditions and associated 
adaptation mechanisms54.

It should also be noted that not all effects of the administered substances observed in the F1 generation were 
detectable in the F2 generation. Specifically, the significant increase in the CD4+/CD8+ cell ratio noted in the 
F1 generation on D14 in both the SYNs and SYNCHs groups was not observed in subsequent generations. It is 
important to note that the threshold for detecting significant changes may influence the study of transgenerational 
epigenetic inheritance29. Epigenetic effects may gradually fade across successive generations, rather than 
suddenly disappearing between two generations29. However, a fading phenotype might not be observed in 
successive generations due to the sensitivity of the detection and statistical methods applied.

Fig. 6.  Area occupied by antigen-positive cells (mean ± SD) in the cecal tonsil of chickens from the control 
group (C) and groups treated in ovo with synbiotic (SYNs) or synbiotic combined with choline (SYNCHs) in 
the first generation, as well as those treated in the first and each subsequent generation with synbiotic (SYNr) 
or synbiotic combined with choline (SYNCHr). F1–F3 represent generations. Significant differences compared 
to C are indicated (*P < 0.05, **P < 0.01).
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The influence of synbiotics on immune-related gene expression in the CT has been previously reported55–57. 
Studies have shown that prebiotics affect the mitochondrial expression of genes associated with respiratory chain 
proteins and energy metabolism in the intestinal mucosa and CTs of broiler chickens. This suggests that by 
regulating the microbiota, we can directly influence bacterial metabolites, which, in turn, affect gut epithelial and 
immune cells, impacting their metabolism, epigenetic modifications, and gene expression58,59.

In the CTs of the present studies, the administered bioactive substances did not significantly affect the 
populations of immune cells tested on D14 in the F1 generation. However, they significantly increased the number 
of CD4+ lymphocytes in the F2 generation in the SYNCHr group at the same time point (Fig. 6). Therefore, as 
seen in the spleen, the addition of choline resulted in more pronounced changes in immune cell populations 
compared to synbiotics alone. The question arises as to why the effect of synbiotic + choline administration 
was not visible earlier than in the F2 generation. It can be hypothesized that the injected substances induced 
subtle changes in the epigenome in the F1 generation, but only the repeated administration in the F2 generation 
triggered the phenotypic effect. However, this effect was not observed in the F3 generation. Moreover, increases 
in the number of certain lymphocyte populations at week 21 after hatching, which were not reflected on D14 or 
in previous generations, were observed.

Numerous studies have demonstrated the intergenerational effects of environmental changes in birds30,3660–65. 
To our knowledge, only Leroux et al.66 have provided evidence of epigenetic transgenerational inheritance in 
these species. Previous research has indicated that epigenetic modifications programmed during embryogenesis 
are largely maintained throughout development and, therefore, are less susceptible to environmental changes 
later in life33. In the study by Leroux et al.66, the epigenetic factor genistein was administered to fertilized 
eggs before incubation. It can, therefore, be assumed that the transgenerational effect results not only from 
the properties of the factor but also from its early impact during embryonic development. Although the in 
ovo stimulation method used in the present study allowed the administration of bioactive substances on the 
12th day of incubation, no transgenerational effects on immune system organs were observed. This may be due 
to the individual ability of the GP chickens to adapt to environmental conditions. This breed, unlike broilers, 
is characterized by a naturally higher adaptive capacity of the immune system to environmental stimuli67–69, 
which may also explain the limited intergenerational and transgenerational effects of synbiotic administration. 
Moreover, GP chickens can be classified as a breed of outbred nature. At first glance, this may be regarded as 
a drawback due to their higher genetic variability. However, studies in rodent models have shown that inbred 
lines may be less susceptible to epigenetic transgenerational phenomena70. Therefore, the outbred nature of 
GP chickens appears to be more advantageous than disadvantageous in the context of intergenerational and 
transgenerational epigenetic inheritance studies. Indeed, the advantage of outbred lines over inbred ones is that 
they are genetically more similar to wild species, providing more information about what can be observed in 
nature30.

It should be noted that the literature on intergenerational and transgenerational epigenetic inheritance 
primarily focuses on the negative effects of environmental factors on animals. Many recent articles have discussed 
the impact of maternal stress (such as food deprivation, physical restraint, social isolation, and corticosterone 
administration) on offspring phenotypes62,71. Some studies also describe the effects of dietary deficiencies72 on 
subsequent generations. Additionally, it has been shown that parental age influences the lifetime reproductive 
success of individuals73. Specifically, sparrow females whose mothers were older and males with older fathers 
had fewer recruits in the following years compared to sparrows with younger parents. The cause of at least some 
of these effects is suspected to involve epigenetic factors. In contrast, the current research focused on the impact 
of potentially positive factors, such as synbiotics and choline, on the development and condition of lymphoid 
organs. Therefore, it may be suggested that the influence of factors shaping the immune system in chickens is not 
a strong enough stimulus for the organism to demonstrate a clear, intergenerational and transgenerational effect.

It should be pointed out that, according to the theory of “dynamic” phenomena in epigenetics29, epigenetic 
changes should be considered dynamic across generations. It has been suggested that intergenerational and 
intragenerational epigenetic phenotypic modifications may change in nonlinear patterns over time29. We believe 
that we observed the dynamics of epigenetic changes in our current three-generational studies. The dynamic 
perspective suggests that epigenetic changes should be viewed as gradual, time-related alterations rather than 
simply “digital” (on–off) changes29. Thus, even if a modified trait is not evident in one generation, it should not 
be regarded as a discontinued epigenetic alteration between consecutive generations. Time-related, dynamic 
epigenetic alterations may be subject to “washout” and “wash-in” effects within and across generations, reflecting 
the organism’s response to environmental conditions. This may be due to unexplored additive effects resulting 
from environmental stressors that wax, wane, and then wax again across multiple generations29, which we 
hypothesize may have occurred in our current study.

In conclusion, in ovo administration of synbiotics, either alone or in combination with choline, may induce 
an intergenerational effect observed in the F2 generation. A transgenerational effect was not clearly observed in 
any of the organs studied. We hypothesize that the phenotypic modifications observed in immune organs may 
be of epigenetic origin and could have a dynamic nature due to age and the interaction of the organism with 
environmental conditions.

Materials and methods
Ethical consideration
The study was conducted in accordance with the guidelines established by the Local Ethical Committee for 
Animal Experiments in Bydgoszcz, Poland (Approval No. 15/2022, issued on April 20, 2022), as well as Directive 
2010/63/EU and Regulation (EU) 2019/1010. The animal experimental protocols were approved by the above-
mentioned Ethical Committee. Welfare monitoring was implemented throughout the study. The birds were 
housed under standard environmental conditions on a poultry farm, with rearing conducted by qualified 
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personnel. A veterinarian at the facility oversaw animal welfare. The research adhered to the ethical principles of 
the 3Rs (Replacement, Reduction, and Refinement).

Birds
The experiment was conducted on Green-legged Partridgelike (GP) chickens, an old, native, slow-growing 
breed known for its hardiness and low susceptibility to unfavorable conditions, and well-developed maternal 
traits. Birds of this breed are well adapted to extensive farming and exhibit strong disease resistance. Moreover, 
chickens have minimal environmental and nutritional demands. Unlike broiler breeds, there has been no 
selective breeding within this GP population67–69. Previous research suggests GP as an excellent model for 
academic and scientific research aimed, for example, at understanding the inheritance pattern and interaction 
pathways of genes underlying admixed phenotypes74. In addition, GP breed is thought to be a remarkable avian 
model for investigating the genetic background of immune responses, especially taking into consideration the 
potentially elevated levels of immunity noted in these birds75–77, as well as for studying the possibility of immune 
stimulation in chickens57. These traits make GP chickens an attractive research model for studies related to the 
immune system. It should be pointed out that both outbred and inbred lines have advantages to develop the 
epigenetic line. The inbred lines, e.g. broilers, allow for an objective interpretation of the epigenomic analyses due 
to low genetic variability within the line. On the other hand, outbred lines, e.g. GP, may be more susceptible to 
epigenetic changes and allow to observe transgenerational effects. Moreover, outbred lines show greater genetic 
similarity to wild species what makes them valuable model for studying natural complex biological patterns and 
phenomena30.

Experimental design
The experiment involved three consecutive generations of GP chickens. Three hundred eggs were used 
per each treatment and control group per each generation. Fertilized eggs obtained from F0 GP hens, were 
incubated under standard conditions at a commercial hatchery in Wągrowiec, Poland. On day 12 of embryonic 
development, after candling, bioactive compounds formulations—synbiotic PoultryStar® solUS (Biomin GmbH, 
Herzogenburg, Austria; ) at a dosage of 2 mg/embryo and its combination with choline (Sigma Alrich, Sain 
Louis, MA, USA, cat. no. C7527) at a dosage of 0.25 mg/embryo—suspended in physiological saline (0.9% NaCl) 
were delivered into the air cell of eggs with viable embryos via manual injection. Two experiments—one testing 
different choline sources and dosages, and another examining various dosage combinations of synbiotic PS and 
choline—were described in our previous manuscript78.

Three experimental groups were established in F1: (1) the synbiotic group (SYNs) was injected with a 
single dose of synbiotic PS (2 mg/embryo) suspended in 0.2 mL of physiological saline (0.9% NaCl); (2) the 
synbiotic + choline group (SYNCHs) was injected with a single dose of synbiotic PS (2 mg/embryo) combined 
with choline (0.25 mg/embryo) suspended in 0.2 mL of 0.9% NaCl; (3) the control group (C) was injected with 
0.2 mL of 0.9% NaCl. After injection, the hole was sealed with nontoxic glue to prevent embryo contamination 
and moisture loss. Eggs were then incubated until hatching. The same injection protocol, using the same bioactive 
substances and dosages, was continued for three consecutive generations. In generations F2 and F3, on day 12 
of incubation, groups SYNs and SYNCHs were additionally divided into two subgroups: (A) single injections in 
F1 (SYNs, SYNCHs) with no repeated injections in F2 and F3; (B) repeated injection scheme in each successive 
generation (SYNr, SYNCHr).

After hatching, all chickens in each generation were reared on the same local poultry farm under semi-
intensive conditions in floor pens with bedding made of chopped wheat straw, enriched with perches. Two 
replicates were established for each group (control and treated) in each generation, with 30 birds per replicate. 
Indoor environmental conditions were managed according to breed-specific requirements. During colder 
seasons, the ambient temperature was maintained at 16–18 °C. Lighting conditions combined natural daylight 
from facility windows with supplemental artificial lighting. During the growth phase, a 12-h light and 12-h dark 
cycle (12:12) was implemented. As the birds reached reproductive maturity, the photoperiod was progressively 
increased to 16–17 h of light per day. All birds in each generation received the same commercial diet, free from 
antibiotics, probiotics, and prebiotics, purchased from a feed company (Golpasz, De Heus, Golub-Dobrzyń, 
Poland), with constant access to fresh water. Laying hens were provided with feed prepared directly on the farm, 
consisting of 75% winter wheat and 25% concentrate for laying hens from De Heus Polska (Manufacturer’s code: 
1957-HD660 × 00 S-W00). The study is reported in accordance with ARRIVE guidelines.

Sample collection and processing
From each generation (F1–F3), on the 14th day (D14) and the 21st week (W21) after hatching, eight randomly 
selected chickens from each group were subjected to necropsy. Tissue samples from the thymus, bursa of Fabricius, 
spleen, and cecal tonsil (CT) were collected. The tissues were fixed in 4% neutral-buffered formaldehyde, 
embedded in paraffin using standard procedures, and sectioned into 5 μm thick slices. Additionally, spleen and 
CT samples were fixed in 4% phosphate-buffered paraformaldehyde (pH 7.4) for 1 h, washed in 0.1 M phosphate 
buffer, and infiltrated with buffered 30% sucrose. The samples were then frozen using a cryostat (CryoStar NX50, 
Epredia, Kalamazoo, MI, USA) and sectioned into 10 μm serial slices. The sections were air-dried overnight and 
stored frozen until further immunohistochemical staining.

H&E staining
Paraffin-embedded sections of each tissue were stained with Mayer’s hematoxylin (Roth GmbH, Karlsruhe, 
Germany) and eosin (Poch S.A., Gliwice, Poland) using the H&E staining method. The stained sections were 
then examined and photographed under a Nikon Eclipse Ni light microscope (Nikon, Melville, NY, USA) 
equipped with a video camera.
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Immunohistochemical staining
In the cryosections, endogenous peroxidase activity was initially quenched using a 3% hydrogen peroxide 
solution. To prevent nonspecific binding, the sections were then preincubated with Antibody Diluent with 
Background Reducing Component (Agilent, Santa Clara, CA, USA) for 20 min. Monoclonal mouse antibodies 
(Southern Biotech, Birmingham, AL, USA) specific to chicken antigens—Bu-1 (also known as the chicken B 
cell marker chB6) (clone AV20, 1:500), CD4 (clone CT-4, 1:200), and CD8α (clone CT-8, 1:200)—were applied 
to the serial sections, with PBS serving as a control. The slides were incubated for 1 h at room temperature. 
Antibody visualization was performed using the EnVision FLEX+ (Dako/Agilent) detection system with 
3,3ʹ-diaminobenzidine (DAB) chromogen, following the manufacturer’s instructions. Finally, the sections were 
dehydrated through a graded series of alcohols and embedded in Euparal (Roth).

Morphometry
The cortex-to-medulla (C/M) diameter ratio was measured in three lobules from each of the eight thymus 
samples. In the bursa of Fabricius, the cortex-to-medulla area ratio was measured in transverse sections of three 
individual follicles from each of the eight samples. These measurements were obtained from microphotographs 
taken at 40× or 100× magnification using NIS-Elements BR 5.41 imaging software (Nikon). The decision to 
use diameter rather than area to determine the cortex-to-medulla ratio in the thymus was based on previous 
observations that the medullas of adjacent lobules merge with each other79.

In the spleen and CT, the proportions of Bu-1+, CD4+, and CD8+ cells were estimated on immunohistochemically 
stained slides. The brown-colored area occupied by antigen-positive cells was measured within a 0.344 mm² area 
(200× magnification) using the NIS-Elements BR 5.41 program and expressed as a percentage of the field of 
view. For each individual spleen, the CD4+/CD8+ cell ratio was calculated, followed by the estimation of the 
group average. Moreover, in the spleen, the area of germinal centers was measured within a 1.376 mm² area 
(100× magnification) and expressed as a percentage of the field of view79. In the CT, the fields of view were 
consistently selected, beginning at the lamina propria mucosae and extending toward the organ’s lumen53. In all 
cases, a histologist ensured the elimination of artifacts.

Statistical analysis
Morphometric measurement data were analyzed using Statistica 13.3 software (StatSoft Polska Sp. z o.o., Kraków, 
Poland). To assess the significance of differences between groups, one-way ANOVA with posthoc Tukey tests was 
performed for data that met the criteria of normal distribution and homogeneity of variance. For data that did 
not meet these assumptions, the Kruskal–Wallis test (one-way ANOVA on ranks) was used. A significance level 
of P < 0.05 was indicated with a single asterisk, while P < 0.01 was marked with a double asterisk on the graphs.

Data availability
The datasets generated during the current study are available from the corresponding author on reasonable 
request.
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